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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 Mn** = Cu®* > Ni** >
Co®* ~ Dy**. A pronounced dependence of the paramagnetic
relaxation enhancement on the anion is found in the order CIO; >
Cl™ = SO;™. 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 Ni** (and Co®*), 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 Cu®" salts, additional relax-
ation enhancements arise from dipolar interactions with ions
within the membrane. For the case of Mn?* 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; Ni**; Co**; Cu®*;
Mn**; Dy**; Fe(CN){"; magnetic dipole-dipole interaction;
Heisenberg spin exchange.

INTRODUCTION

of spin-label relaxation enhancements induced by interacti
with paramagnetic ions, or their complexes, is a valuable ai
proven approach to studying the spatial distribution of spir
labeled functional groups of both phospholipids and proteins
membranesl-5. However, to obtain reliable structural infor-
mation from such spin-label EPR measurements, the mecl
nisms of the enhancements need to be clearly understood in
various cases. Both distance-dependent dipolar interactic
(3, 6) and Heisenberg exchange interactidb)sh@ve been used
in such studies, depending on the chemical nature of tl
paramagnetic relaxant. (2) There are many studies on pern
ability and diffusion of small nonelectrolyte molecules (includ:
ing oxygen) in lipid membranes7{9), as well as on the
permeability of univalent ionslQ, 11). Divalent cations (other
than C&" and Mg of the normal physiological milieu) are
known to affect the activity of a number of cytoplasmic anc
membrane proteins. However, only limited data are availab
on the permeability or transbilayer and lateral diffusion o
these ions in lipid membraned,(12, 13. Such information
can be provided by spin exchange contributions to the rela
ation enhancements if they are controlled by the collision:
dynamics between spin label and relaxant [eld., (5].

In the present paper, spin-labeled phospholipids with diffe
ent positions of the nitroxide moiety in the acyl chain are use
in lipid bilayer membranes. This is done both to elucidate th
mechanisms and efficiency of spin-label relaxation enhanc
ments by different paramagnetic metal ions and to obta
information on the partitioning and diffusion of divalent ions in
membranes. The relaxation enhancements by paramagn
ions from the 8l (Cu*", Ni*", Co™", Mn*", F€’") and 4 (Dy*")
series, which differ considerably in both their spin—lattice
relaxation times and their electron spin values, are compare
Further, the role of the anionic counter ions, and also that of t|
lipid phase state and composition of the membrane, in det¢
mining the relaxation enhancements is studied.

Motivations for the present work, which involves study of Progressive saturation techniques with integrated EPR |
the relaxation enhancements of spin labels in membranestegsities and amplitudes are used for measuring the spin rel
various paramagnetic ion salts, are twofold. (1) Measuremeiion parameters. The advantage of using the second integr
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rather than spectral amplitudes, is that these do not dependagain. A total of 1.6 ml of the resulting octanol fraction was
the degree of inhomogeneous broadening in the EPR speciiged with 1.6 ml of water for back-extraction, and the pro
(16). In a previous paperl{), a method was developed forcedure was repeated. The aqueous fraction was taken and v
determining the relaxation parameters from microwave-powiar metal ion determination. The metal ion concentrations wel
saturation curves that took account of both the Zeeman fietteasured on an atomic absorption spectrometer with an ac
modulation and isotropic molecular motion of the spin labelsacy of 0.005 ppm. The solutions were diluted 10-fold befor
For the present work, this method is extended to includiee measurements. In the case of copper and nickel perchl
anisotropy of the molecular motion, as is necessary for spiates and chlorides, the metal ion concentrations were al
labeled lipids in fluid membranes. determined colorimetrically using metal indicators dimethyl
It is found that partitioning of the paramagnetic ions into thglyoxime and dithizone for Ni and Cd" ions, respectively.
membrane (most probably as ion pairs) can be of considerabl&PR spectra were recorded at a microwave frequency of
importance, and—depending on the anion—may be of ov&sHz on a Varian Century Line or Bruker EMX spectromete
whelming importance. In consequence, direct Heisenberg spifuipped with nitrogen gas flow temperature regulation. Sar
exchange interactions, rather than distance-dependent stpléccapillaries were positioned along the symmetry axis of tf
magnetic dipolar interactions with ions in the aqueous phastandard 4-mm quartz EPR sample tube that contained lig
can come to dominate the relaxation enhancements. Thissilicone oil for thermal stability. Temperature was measure
especially the case for membranes in the biologically relevanith a fine-wire thermocouple located within the capillary ir
fluid phase and for particular anionic counterions such asentact with the sample. Samples were centered in thg, TE
perchlorate. For these cases (i.e., spin exchange interactiorsy)tangular microwave cavity and all spectra were records
the relaxation enhancements provide additional informatiemder critical coupling conditions. The root-mean-square m
that relates to the partitioning and dynamics of the paramagewave magnetic fieldH?)"? at the sample was measured a:

netic ions within the membrane. described in Ref. 19), and corrections were made for the
cavity Q as described in the same reference. The in-phase E
MATERIALS AND METHODS spectra were recorded in the first-harmonic absorption mode

a modulation frequency of 100 kHz. The modulation fielc

Spin-labeled phosphatidylcholines;-PCSL (1-acyl-24f- measured at the sample was 0.32 G p-p.
(4,4-dimethyloxazolidineN-oxyl)stearoyl]sn-glycero-3-phos- ~ Water proton NMR linewidths from the residual HDO in
phocholine) withn = 5, 8, 10, 14, or 16, were synthesised,0O were measured at 25°C for aqueous solutions of tf
according to Ref.18). Synthetic phosphatidylcholine, DMPCvarious Nf* and Cd" salts at 30 mM and the Mn salts at 10
(1,2-dimyristoylsnglycero-3-phosphocholine), was frommM on a Bruker DRX-500 spectrometer. Corresponding EP
Avanti Polar Lipids (Alabaster, AL) and egg yolk phosphatilinewidths were measured for the €uand Mrf" salts at the
dylcholine (PC) was from Fluka (Buchs, Switzerland). Chasame temperature on a Bruker ER-200 9-GHz spectromet
lesterol was from Merck (Darmstadt). The paramagnetic salike dependence on anion was small in each case, indicat
NiCl,, CuCl, CoCl, MnCl,, DyCl;, Ni(ClO,),, Cu(ClQ,),, that differences in spin-label relaxation enhancements that ¢
NiSO,, MnSQ,, and K;(FeCN); were from Sigma (St. Louis, reported here cannot be attributed to a dependence on the ar
MO) and Fluka; methanol and-octanol were of analytical of the relaxation parameters of the paramagnetic ions in tl
grade. agueous phase.

Spin-labeled phosphatidylcholines were incorporated in bi-
layer membranes of DMPC or egg PC at a relative concentra-
tion of 1 mol% by drying down the lipid solutions in chloro-
form and then suspending the dry lipid in water. The ggressive Saturation and Spin—Lattice Relaxation
concentration of paramagnetic salts in the aqueous phase of thennancements
lipid dispersions was either 10 or 30 mM. All membrane
dispersions (and also methanol solutions) were saturated withn CW progressive saturation experiments, one determine:
argon. Aliquots of the samples were loaded into 800.7- saturation parameteR, by fitting saturation curves for the
mm-id glass capillaries (Brand, Germany) and flushed wigtouble integral], of the EPR spectrum to the equation
argon. Sample sizes were trimmed to 5-mm length to avoid
inhomogeneities in thél, andH,, fields (19). I.-H,

Partition coefficients of the paramagnetic salts in octanol/ | = (1+P-H)V2 [1]
water were determined as follows-Octanol was added to a 1 !

M aqueous solution of the salt in a volume ratio of 2.5 ml/I ml.

The mixture was vigorously shaken for 2 h, left to equiliboratehere P = 2 - T,T5", and T:" is an effective spin—spin
for 10 min, and centrifuged for 15 min at 13000 rpm. Theelaxation time that takes into account the relaxation contrib
upper part of the octanol fraction was removed and centrifugédn from rotational motion of the spin labell4). In the

THEORETICAL BACKGROUND
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presence of a paramagnetic relaxation agent at concentratidreref, and 6; are, respectively, the angles that the magnet

Cr, the spin—lattice relaxation rat&; *, is given by field and interspin vectar; make with the membrane normal,
andg; is the azimuthal orientation of relative to the magnetic
Til=Tii + KeCr 2] field direction.

Paramagnetic iond, distributed in the aqueous phase ol
adsorbed at the lipid—water interface give additive contribt

hat d q h lisi in th tions to T, 4 (Static). Volume integration, in the first case, anc
a constant that depends on the collision rate In the casett, o integration, in the second case, over the polar coor

Heisenberg spin exchange or on the distance of closest ﬂBfesri, 6,, ande, of the paramagnetic ions give valuesTat,

proach in the case of a static dipole—dipole interaction with tEatic) that are dependent on the magnetic field orientaion

paLamagnetlc rel?)f(faﬂt'_ If the Icontrf])utl(;n qul par:amarg];ne r volume integration over the paramagnetic ion distributior
enhancement toT¢")  is equal to that forT,", then the . . required terms in Eq. [4] are

resulting change in saturation parameRrof the spin label is

whereT, , is the intrinsic spin—lattice relaxation time akg is

given by

(1—-3cog0)? T 3

— s dVv = W C05290 + g S|n460

A(LIP) = (Y2TSD) kaCa [3] '
sin*2Q) 3
where it is assumed thatz,cq < (T59) %, and T,, > T5". J - dv = % (1 -3 sin“()o)
Typically, T,, (=1 us) is an order of magnitude, or more,
greater thanTs", which has values~3-7 x 10°° s from .,
linewidth measurements. sy 7 _ 3
5 dv 36R3 4 — 3 cosh, + g sinto |,

Static Dipolar Enhancements of Relaxation (6]
The relaxation enhancement contributed by a static magnetic

dipole—dipole interaction between the spin label and a pasghereR is the distance of closest approach of ions to the sp

magnetic ion arises from modulation of the dipolar interactidabel, which is directed along the membrane normal. Analc

by the rapid spin—lattice relaxation of the latter. The enhancgeus expressions are obtained in the case of surface distri

ment by a single paramagnetic ianmay be derived from the tions of paramagnetic ions.

Solomon-Bloembergen equation for electron spins [see, e.g.In saturation experiments with macroscopically unoriente

(20, 2] as suspensions, one measures saturation parameters for the r
branes that are randomly oriented with respect to the sta

1 | el 2y2 , magnetic field direction, i.e., for spir_1 packets with differen
TO. (statig = 6o {(1 — 3 cosQ) values off, (0 = 0, = 7/2). However, it can be seen from Eq.
: ' [6] that the residual angle dependenceTgfy, (static) ond, is
Tor much weaker than its initial dependence@rthat is given in
X 1+ (o, — wr)?T2g Eq. [4]. Therefore, for reasonable estimates, one can avere
' T4 (static) overf, and use angular independent expressior
+ 2 sin220). Tir for T, 4 (static). For volume and surface distributions, respe
2 "1+ wiTig tively, one obtains
. T2 R
+ 9 sin*(Q), ’ 4 22
ST 1 (g + wn) ZTE,R}’ 4 T1 4 (statio = % “RL;/E Tire € fi(oy, wg) (7]
wherewg andw, are the Larmor frequencies of the paramag . ) T Wiy’
netic ion and spin label, respectively,is the separation of the Tide(statio = 72 —pa Tir' G- filwr, we), [8]

spin label and paramagnetic iof}; is the angle between the

interdipole vectorr; and the magnetic field directiofl, s and  with

T,r (=T.g) are the spin—lattice and spin—spin relaxation times,

respectively, of the paramagnetic ion, gig (= grBeSr) IS its 1 3

magnetic moment operator. In terms of polar coordinates de- fi(w,, wg) = 1+ (0 — 0 2T? + 1+ o272

fined relative to the membrane normal, the arf@)és given by LR TLR LUIR
6

+ 1
cos(); = cos 6,cos b, + sin 6;sin 6,c0S @;, [5] 1+ (o + wr)*Tig

[9]
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TABLE 1
Numerical Estimates of Enhancements in T,- and T,-Relaxation Rates of Spin Labels in Membranes by Static Dipolar Interactions
with 30 mM Aqueous Paramagnetic lons, and R = 1 nm in Eqs. [7]-[9] and Eqgs. [10]-[12] for Ti4 and T4, Respectively

Tidld (s 1) Tiéd (s 1)
lon, R (gr) Sk T.r(9)° Volume Surfacé Volume Surfacg
Ni%* 2.25 1 3 x10*® 0.8 10 3.9x 10* 0.9x 10* 4.3% 10°
5 x 107 1.1x 10* 5.4x 10* 1.3x 10* 6.6 x 10*
Co*' 4.33 1/2 ~10 = 4.6x 10° 2.2x 10" 4.6x 10° 2.2x 10
cu* 2.2 1/2 1 x107 4 x10° 2.5x% 10 2.4 10° 1.5% 10°
3 x10% 1.4% 10° 0.9x 10* 7.3x 10° 4.6% 10°
Mn?' 1.993 5/2 1 x10% 1 x10" 1.1x 10 2.8% 10° 3.1x 10
3.5x 107 1.5x 10™ 1.6 10’ 8.9x 10° 9.6x 10
Dy** 1.33 15/2 3.5x 107" 1.3x 10" 1.9x% 10° 1.3x 10* 1.9x 10°
8 x10™ 3.0x 10" 45x% 10° 3.0x 10* 45x% 10°

2 Surface concentrations of Nj Co®*, Cu**, and Mrf* ions were calculated from the intrinsic binding constants give@: (Ni** (2.9 x 10 cm™?), Co™*
(2.9 10 cm?), Mn*" (6.5 10% cm?), and in our unpublished electrophoresis datd'G8.8 x 10" cm ?). There are no data available on binding of Dy
jons to membranes. One expects, however, that its binding constant is greater than for divalent ions, so a maximuro,val@e>ofl0"? cm ? was used in
this case.

® Reference 22) accounting for dynamic zero-field splitting in determinifigy.

¢ Accounting for zero-field splitting in determining spin-label relaxation enhancements.

¢ Reference 23) accounting for static zero-field splitting in determiniffige.

¢ Reference Z4).

"Reference25).

9 Reference 30).

" Without accounting for zero-field splitting in determining spin-label relaxation enhancements (see text).

' Reference 25) accounting for static zero-field splitting in determinifigy.

! Reference Z6).

wherec andc, are the bulk and surface ion concentrations, irelaxation enhancements were averaged over the angle
ions/cn? and ions/cm, respectively, anghi = g2B2S:(Sk + tween the principal axis of the Ri-aquo complex and the

1), with B, as the Bohr magneton. interspin vector Z3). Qualitatively, the result is to reduce the
spin-label relaxation enhancement because of the increa:
Estimates of Static Dipolar ,TEnhancements effective values ofwg in Eq. [9]. For high-spin C% in octa

Estimates of the stat ic dinol laxati h hedral or tetragonally distorted hexa—aquo complexes, t
S |m3 es ot the stalic magnetic dipolar relaxation enhanGes,ineq effect of the large crystal-field splitting and spin-

ment, T, g (tatic), for various paramagnetic ions of mteresgrbit coupling yields an isolated Kramers doublet as groun

Ni**, Cu*", Co™", Mn**, and Dy", can be made from Egs. ping y 9

[7]-[9] by using the values off, x and gx-factors that are state. In this case (cf. Table 1), the net effect is to reduce t
) 1R R™

. n - i i
known from NMR relaxation and EPR measurements for tﬁ tal spin of C4" to an effective value o8, = 3with ag-value

+ (e 2+
agua complexes of these ior@2¢-27. These estimates were® 4.33 and no zero-field splitting (see, e2f). For M, the

made forR = 1 nm and a bulk paramagnetic ion concentratioﬁero'ﬁeld splitting of aquo complexes is small, and its effect o

of 30 mM. In the case of ion adsorption at the Iipid—wate'NMR relaxation dispersion was found to be insignificant &
interface, the ion binding constants measured by electf§@gnetic fields corresponding to 9-GHz EPR)( Therefore
phoresis 28) were used to determine the values of the sufero-field splitting was neglected in calculating the spin-labe

face concentratiorz, corresponding to a bulk concentratiorf€lxation enhancements, which means that these are up
of 30 mM. estimates for Mf'.

For ions withS > 4, it is necessary to take into account FOrboth Nf" and C6", »*Tir < 1 and all three terms in the
zero-field splittings. This can affect both the determination &Pectral density contribute, whereas forCand Mrf*, »*T1,
T, from solvent NMRT ;-relaxation dispersion and the spec> 1 and the first term iff;(w,, ) dominates at 9 GHz. The
tral densities (Eq. [9]) used to calculate the spin-label relaxarious EPR parameters of the different aqueous paramagn:
ation enhancement (see footnotes to Table 1). The latter wisres and theT-relaxation enhancements predicted under tr
calculated in a manner similar to that used previously for NMBxperimental conditions stated above are given in Table 1. T
relaxation enhancement&3, 25. For Ni**, a value ofD = values ofT 4 (static) are predicted to be rather small for the
2.5 cm *was used for the zero-field splitting and the spin-labdirst three ions in Table 1, in the order Ni> Co*" ~ Cu*",
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but they are expected to be much greater forMpecause of where
the favorable values of ,; and spinSg. For Dy**, the mag

netic moment is very large because of the lack of orbital 1 3
quenching for 4ions, and values of the Landgfactorg, = fel@w, @r) =4+ 370 = ' T2 1+ 0lTie
1.33 andtotal angular momentund = 15/2 were used to

estimate the dipolar relaxation enhancements. Nevertheless, n 6 i 6 [12]
the predicted values df, 3, are still relatively small because of 1+ wiTin 1+ (o + wp)?Tig

the very short spin—lattice relaxation time that is characteristic

of lanthanide ions (other than &d at ambient temperatures. We note that for Cti and Mrt™ (T, 5 ~ 107° s) the first term

A similar situation (i.e.,wT,g < 1) probably obtains with in f,(w., wg) dominates, which results (o, wg) ~ 4. On

Fe(CNE", for which T,x = 2.3 X 10" s at 77 K @0). the other hand, for Ni, Co*", and Dy", all terms in the

However, values ofT,; have not been determined for thisspectral density contribute afiglw,, wg) =~ 20.

ion at ambient temperatures and therefore it is excluded fromUsing the same values dR = 1 nm and a bulk ion

Table 1. concentration of 30 mM as for the estimationsTaf (static),

One should note that the above estimates are approximat@g¢ obtains the values df,-relaxation enhancement that are

some respects. The effects of hyperfine structure on the regtyen in Table 1. The angular-independent valuesTef,

nance frequenciesyg, in the case of Cli and Mrf" ions, are (static) estimated for Ni ions are about 50 times smaller thar

neglected in Eq. [9]. Also, the values ®f ; for adsorbed ions for Cu** ions, both for volume and surface ion distributions. Ir

may differ substantially from those of the aqua complexe®im, the values of , 4 (static) for Mrf" ions are about 10-20

Furthermore, irrespective of the absolute magnitudes, it is cldépes greater than for Clions.

from the above estimates that the valuesTgf, (static) can . . .

increase by up to almost an order of magnitude for strongRF!@xation by Spin Exchange Interactions

adsorbed cations, because of the decreased average spin labetelaxation is mediated by Heisenberg spin exchange only

ion separation. the paramagnetic ions come into direct contact with the sp
label. For strong exchange, the rate of Heisenberg exchange
determined by the collision rate constént of Eq. [2] that can

Static Dipolar Enhancements of, Relaxation be obtained from the Smoluchowski equation [see &b (

The contribution,T, 3, (static), to the spin—spin relaxation ke, = 470w I rD1(2), [13]
rate that arises from static dipolar interactions of a spin label
with paramagnetic ions modglated by spin—.lattice relaxation @ ere D+(2) is the local (isotropic) translational diffusion
the latter must also be considered, in relation to both progregsefficient of the ion pair (assumed greater than for the lipids
sive saturation and linewidth measureme®8, 0. Accord- | _ s the interaction distance between ion and spin label, a
ing to Leigh theory, the dipolar interaction between a spin labgl, is a steric factor£1). The relaxation enhancement from
and a fast-relaxing paramagnetic ion leads mostly to a decrepgsenberg exchang@, i = Ke N, is then obtained by the
in EPR amplitude rather than to line broadening, because mbination of Egs. [2] and [13]. In Eq. [13], however, it is
strong angle dependence of the static dipolar relaxation resiégumed that the local ion concentrating(z) at distancez
in drastic broadening, except for interspin vectors orienteglong the membrane normal, which appears in Egs. [2] and [
close to the magic angl&Q). However, as in the situation forjs expressed in ions per unit volume, rather than in molar uni
T4 (Static) just treated, this angle dependence is substantialiifich was designated lny. It should be noted that Heisenberg
decreased after integration over the volume or surface igRchange contributions to tHE, relaxation rate are equal to
distribution (see Eq. [6]). This then results in a line broadeninghose forT, relaxation, i.e. Tk = Tk (31).
rather than the apparent amplitude quenching that is obtained
for two isolated dipoles in Leigh theory. The angular-indepeynamic Dipolar Relaxation Enhancements
dent expressions foF, j, (static) that are obtained in a similar

1 : In the case of rapid translational diffusion, spin-label relax
way to those foIT, 4, (Static) are

ation can be induced by the modulation of the dipolar intera
tions that arises from the mutual diffusive motions of the spi
y labels and paramagnetic ions. Unlike the situation for Heise
T KR Ve [10] berg exchange, the contribution of dynamic dipolar interac

T,2, (statig = TirC o, o X i e
204 (StIG 90R® 'R 2w, wg) tions to T, relaxation is greater than the contribution T@
. relaxation. This arises from the contributionsTtg relaxation
- . T R"Y of spectral densities at low frequencies. Dynamic dipolar re
T ks (statio = — S Tipe cor folo, wg),  [11] ’ N Y P

30R* laxation is characterized by the dipolar correlation timge=
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ra/ 2D+, and the criterion that the dynamic mechanism dom AL L B B B
inates over the static relaxation mechanismgs> T x and
vice versa (see, e.g., R&2). For the case that dynamic dipolar i l —A—CuCl,

relaxation dominates, th€, enhancement is given bg2) :3: g%
—O— K, Fe(CN),
1 1 —+—DyCl,
T2da (dynamio = pgye | 5 37(0) + 5, 3% (wr — @) |, X MgCl,
1 -
14 @ 3
a
where wg and w, are the electron Larmor frequencies of the = \
paramagnetic ion and spin label, respectively. In Eq. [14], é\ s
spectral densities]®(w), at the Larmor frequency and above [ §\\
are assumed to be negligible compared with those at low §\ A~
frequency 83) and therefore are omitted. For ions (e.g., Mn §§§/ v Q—0
with g-values close to the spin labgivalue, such thatdr — o >§
w/)?75 < 1, it can be assumed tha(wg — ) ~ J9(0). ol 9 = +

For ions with wg — o )’t5 > 1, on the other hand, the
relaxation term involvingd®(wr — ) may be neglected.

P I B | .
4 5 6 7 8 9 10 11 12 13 14 15 16 17

With the zero-frequency spectral density for translational dif- spin label position, n
fusion given byJ@(0) = (487/15°)na/(D+re) (32), the  FIG. 1. Dependence of tha(1/P) relaxation enhancement parameter on
T,-relaxation enhancement becomes labeling positionn, of n-PCSL spin labels in DMPC membranes at 39°C. Dat:

are given for different paramagnetic ion chlorides at a bulk concentration of
mM: CuCl, (A), NiCl, (O), CoCl, (V), DyCl; (+), and for KsFe(CN), (<).

T,d (dynamig = C- wiyang/(D1rgy), [15]  The cross X) indicates the value ok (1/P) for the diamagnetic control, 30
mM MgCl,.
where C= 27/45 for (wg — w )75 < 1, andC = 8/15 for
(0r — @)1 > 1. relaxation enhancement mechanisms. Different anions are a
In contrast, the corresponding expression for the dynaniiged because these may affect ion solubility in the membrar
dipolar enhancement i, relaxation is 82) Ni?" ions are favored for further experiments on temperatul

dependence and membrane composition becau$e dilies
. o1, 0 B reasonably large relaxation enhancements and no backgrot
T1dg (dynamig = 55 pryed (wr — @), [16] EPR signal and has been used extensively in previous me
brane studies.

i.e., Trdas = (2/5)T i for (wg — 0 )75 < 1, andT g < Toag
for (wg — w.)’5 > 1. Therefore, for ions witly-values that
differ considerably from that of the spin labedg > 0.01), The dependence of the relaxation enhancement parame
the dynamic dipolaiT; relaxation is expected to be small. ForA(1/P), on spin label positiom, of n-PCSL probes in fluid-

ions with g-values close to those of the spin labélg{ < phase DMPC membranes is given for the interaction wit
0.01), theT,-relaxation enhancement is two-fifths that of thelifferent paramagnetic ion chlorides in Fig. 1. An equivaler

Dependence on Paramagnetic lon

dynamic dipolarT, relaxation rate. concentration of MgGlwas used as a nonparamagnetic-cor
trol. The value ofA(1/P) for 8-PCSL was zero in the presence
RESULTS of 30 mM MgCl,, which shows that the enhancements ob

served are entirely due to paramagnetic contributions. It is se

Paramagnetic relaxation enhancements were determinedtf@t the paramagnetic relaxation enhancement is greatest
phospholipids spin-labeled in tls&-2 chain by using progres- Cu”* and decreases in the order Cu> Ni** > Co*" ~

sive saturation methods. Most of the measurements are cBe{CN)~ ~ Dy>". This progression is not entirely in accord

fined to fluid lipid bilayers in thé& ,-phase, which correspondswith the estimates of the static dipolar contributions to th

to the dynamic state of biological membranes at physiologicalaxation enhancements that were given in the previous st
temperatures, and concentrate on the nature of the parantam (cf. Table 1). The larger values af(1/P) for Cu*" and
netic relaxant. Results on the intermedifg gel phase are Ni** chlorides, compared to those of €cand Dy, do not
presented later. A range of paramagnetic ions is used whiobrrelate with the corresponding estimatesTgf, (static) and

differ in their electron sping-values, andr, relaxation times, T, (Static). Also, the relaxation enhancement does net d
in order to discriminate between the dipolar and exchangeease monotonically with increasing valuesoffor all ions.
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1T slightly negative value ofA(1/P) for Mg(ClO,), is probably
] attributable to a decrease in rotational mobility (and henc
—O—Ni(CIO,), increase inT;") of the spin labels that is seen in the cerre
2517 —O—NiCl, T sponding linear EPR spectra (see later).
—A—Niso, | Most Ni**, CU**, and Mrf* salts are strong electrolytes. At

30 mM concentration in water the chlorides and perchlorat

2.0 1 almost fully dissociate, i.e., the cations exist in water as tf

aqua complexes. The degrees of dissociation, estimated fr

”@ i o | critical stability constants, are 0.98, 0.97, 0.99, and 0.97 for
T mM NiCl,, CuClL, MnCl,, and CoCJ, respectively. Those for
% the perchlorate salts are expected to be even greater. Only

the sulfates are they considerably smaller (approximately C
for 30 mM NiSQ, and MnSQ). Further, experiments have
been performed that demonstrate that there is little effect
anions on the relaxation properties of the various aqueo
paramagnetic ions, either from ion pairing or from any othe
agueous mechanism. Both the water proton NMR linewidtt

0.0 +———— and the paramagnetic ion EPR linewidths (forCand Mrt™)
4 6 8 10 12 14 16 show only small variations with anion for the aqueous par:
spin label position, n magnetic salts. Manganese salts show the most apprecia

FIG. 2. Dependence of thA(1/P) relaxation enhancement parameter orgeper_]dence on anion and that is only an appromr_nately 1C
spin-label position,n, for 30 mM bulk concentration of Ri salts with Variation. Therefore, the pronounced effects of anions on tl

different anions: Ni(CIQ), (), NiCl, (O), and NiSQ (4). Data are given for  spin-label relaxation enhancements cannot arise from a me
n-PCSL spin labels in DMPC membranes at 39°C. anism involving paramagnetic ions in the aqueous phase. Al
the dependences on anionic counterions that are almost fu
. o ) , dissociated in water cannot be explained in terms of a dipole
For those ions for which it does, fits to theRf/or 1/R" dipole interaction of spin labels with paramagnetic ion—anio
dependence on separation predicted for a static mag”et'ctféifnplexes located in the aqueous phase or adsorbed at
pole—dipole relaxation do not yield entirely consistent Va'“%id—water interface. On the other hand, they can be due

of the fitting parameters. partitioning of the paramagnetic ions into the lipid membran

In principle, the relaxation data could be consistent, hOWgsot probably as cation—anion pairs. Then direct Heisenbe
ever, with a mechanism for the enhancement that is dued exchange, or either a static or a collision-controlled dip
Heisenberg spin exchange or dipole-dipole interaction Bg: iieraction, with the spin labels could account for th

tween spin labels and paramagnetic ions which may partitiogf 5y ation enhancement. In particular, perchlorates of univale

into the membrane. or divalent ions are known to be partly soluble in polar organi
solvents (e.g., acetonitrile, acetone, or dimethyl formamid
(34, 35. Partitioning of divalent cations into the membrane i
In order to distinguish further between the different mectexpected to take place as compensating ion pairs on elect
anisms, the dependence of the relaxation enhancement ongta¢ic grounds, because of the high Born energy penalty
nature of the counterion was studied. The dependenceshbamying a highly charged ion of small radius in a medium o
spin-label positionn, of the A(1/P) enhancement parametedow dielectric constant (see, e.g., R&R).
for Ni*" ions with CIO,, CI-, and S  anions and fluid
DMPC membranes are given in Fig. 2. The value\¢1/P)
are considerably greater for Ni(Cl) than for NiCl, for all
values of n; the dependence on is also steeper and is To obtain additional information relevant to the ion parti-
approximately linear. In turn, the values &4{1/P) for NiCl, tioning hypothesis, tha-octanol/water partition coefficients
are somewhat greater than those for NjS® similar relative (K,) of the different salts were measured by using atomi
order was found also for M# chloride and sulfate, with fluid absorption spectroscopy (Table 2). Some of the larger valu
DMPC membranes (see later). were confirmed by colorimetric measurements using indicat
The value ofA(1/P) for 5-PCSL in the presence of 30 mMdyes. The dependence of the partition coefficient on the ani
Mg(CIO,), was also measured as a diamagnetic control affdr a given paramagnetic cation) is very clear in Table Z
found to be small and equal t60.07 G, indicating that the Partitioning into the more hydrophobic environment is in th
strong positive effect of Ni (and Cd") perchlorate is due order perchlorate> chloride > sulfate.
entirely to the paramagnetic properties of these ions. Theln addition, the Lorentzian line broadening in the EPF

Dependence on Anion

Paramagnetic Salts in Organic Solvent
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TABLE 2

LIVSHITS, DZIKOVSKI, AND MARSH

Properties of Paramagnetic Salts in Nonaqueous Solvents:
Partition Coefficient, K,, between n-Octanol and Water and
Biomolecular Rate Constant, k., for Spin Exchange with the

10-PCSL Spin Label in Methanol

For the remaining salts with lower partition coefficients, othe
mechanisms may also make a significant contribution to t
overall relaxation rate.

Dependence on lon Magnetic Moment

Kex X 107° Kp * Kex

Paramagnetic salt Ko ("M (s"M™) The static dipolar relaxation mechanism predicts a stror
Ni(CIO.), 12.2 X 10 13 +01 1.6% 107 (quadrgtic) dependencg of the relaxation enhgncement on
NiCl, 4.46% 10~ 11 +01 4.9% 10° magnetic moment or spin of the paramagnetic ion (see Egs. [
NiSO, 153X 10° 0.67 =0.1 1.0x 16°  [7], [8]). On the other hand, the spin exchange rate for stror
Cu(CIO,), 14.2 X 10:2 19 =01 2.7X 10; exchange between the radical and paramagnetic ion is virtua
Cucl, L75x 107 18 +0.1 3.1x10" independent of the magnetic moment of the paramagnetic i
CoCl, 4,69 10 0.13 *0.02 6.1x 10 31). Theref to discriminate betw th f laxati
DyCl, 84 X 10° 005 4 x1¢ (3. erefore, to discriminate between these two relaxatic
MnCl, 5.02x 107 1.6 +0.1 8.0x 10° mechanisms it was important to compare the values(afP)
MnSO, 2.04x10° 0.77 0.2 1.6x 10° for ions which differ mainly in their electron spin. Mhand
KsFe(CN) <10° 0.072+ 0.02 <10 Cu** ions are appropriate for this purpose because their s

values areS; = 5/2 and 1/2, respectively, and tlefactors
differ somewhat (see above), whereas the spin—lattice rele
ation times are both on the order of & (37).
The second integrals of the EPR spectra from*Mion-
W%%ntaining samples are difficult to measure because of t

B B ; fa 2
measured in methanol. Corresponding bimolecular excha eline assgmated with the .strong underlzylng MEPR

rate constantsk(,) were calculated by assuming that the par gnall. For this reason, ds%turat_lon c;]urves for FAuontlgln(;ng f
magnetic broadening was attributable solely to collisional spﬁ‘?mp es were measured by using the spectral amplitude of

exchange in this low-viscosity solvent. These valuek,ofre central hyperfine component and a linear baseline correcti
given also in Table 2. The values kf, for the salts of C& over this region. Microwave saturation curves were measur

Ni?*, and Mrf" are characteristic of strong exchanga)( The for 8-PCSL and 12-PCSL in DMPC membranes, in the pre

value ofk., for CoCl, in methanol is found to be considerablye"¢€ of 10 mM MnCl, MnSQO,, or CuC}. (Lower concentra
lower, which probably corresponds to the transition to wedlo"S were “S%‘j in this case to reduce the amplitude of
exchange 31). The very low value ok, for DyCl; is attrib background Mn" EPR signal). The data for the 8-PCSL spir

utable to the small exchange integral for the screened 42Pe€l in fluid-phase membranes are given in Fig. 3. It is see
electrons of D" (21). that the extent of saturation is lower in the presence of Cu

As seen from Table 2, the product of the exchange constif@n in the presence of Mh The saturation curves for the
(ke with the octanol/water partition coefficienKf) parallels
the relative values oA(1/P) for Cu**, Ni**, Co*", and Dy
chlorides and for Ni" salts with different counterions (cf. Figs. 16
1 and 2, respectively). Thus, the low value &{1/P) for
CoCl,, compared with NiGl and CuC}, can be explained by |
the relatively low values ok, for a collisional exchange 127
interaction, rather than by a very shity in terms of the static ]
dipolar relaxation mechanism (cf. Table 1). Similarly, the very
low value of A(1/P) for DyCl; is evidently explained by the
low value of the exchange rate constant. Potassium ferricya-®
nide almost does not partition into octanol, so its rather low
values ofA(1/P) may be explained partly by its low solubility
in membranes. 2
Thus, to within the limitations of this model system, the o]
relative values of the exchange rate constants and partiton oo o1 o2 03 o4 o5 o5 o7
coefficients for different paramagnetic salts in organic solvent H, (gauss)
do not contradict a relaxation mechanism that is mediated b*

artition of the paramaanetic ions into membranes. most orab. IG. 3. Saturation curves as a functionldf-microwave field strength for
parut p 9 IC 1 ! ! p qpe amplitude of the centraln( = 0) manifold in the EPR spectrum of

ably as cation—anion pairs. This is especially the case for ecsL in DMPC membranes that are suspended in waterl0 mM MnSQ,
perchlorates, which have relatively high partition coefficientgy), 10 mM MnCl, (A), and 10 mM CuCl (®). Temperature: 39°C.

* Measured from the peak-to-peak linewidthiH"™ + 0.783 G, where the
correction is for inhomogeneous broadeniBg)(
® Measured in 50% v/v methanolf® mixture.

spectrum of the 10-PCSL spin label by paramagnetic ions

water

mplitude

10 mM CuCl,, MnCl,, MnSO,, |
DMPC , 38°C, 8-PCSL
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TABLE 3 are in the direction expected for a dipolar relaxation enhanc
Values of A(1/P,) and Corresponding Spin-Lattice Relaxation ment, but their ratio is much less than that predicted from tt
Rate Enhancements, A(1/T,), and Paramagnetic Line Broadening  relative values off; i (Static) in Table 1.
(AAw) for the EPR Spectra of n-PCSL Spin Labels in DMPC  The saturation curve for 8-PCSL in DMPC in the presenc
Membranes in the Presence of 10 mM Concentrations of Mn** and of 10 mM MnSQ, corresponds to a higher degree of saturatio
2+ i
Cu™ lon Salts in the Aqueous Phase (i.e., lower value ofA(1/P,)) than that with MnC) (see Fig.
A(LITY) X Adw % 3)- A similar trend is found also for measurements with 12

Paramagnetic A(1/P;)

n-PCSL T (°C) salt (G?»*? 10¢ (s 10°s > PCSL (see Table 3). As for NiS@Table 2), MnSQ partitions
less into octanol (and, hence, into the membrane) than does
5 39 MnSQ 057 3804  76x06 corresponding chloride. Therefore the lower valued (f/P,)
8 39 &":3? gég ;g i 8:; Zéi g:g for MnSO, correspond to lower partitioning into the membran:
CuCl, 0.41 33 +03 47+ 03 compared with the chloride, which is similar to the case wit
12 39 MnSQ 0.25 2.1 0.2 59+03 the corresponding Ni salts.
MnCl, 0415 40 =04 8.4+ 0.6 Thus, all of the experimental results obtained, with th
CuCl, 0275 2903  41x03 possible exception of the sulfate salts, indicate that the rela
2 ig mgg 8:(1)3 g:ggi 8:8? g:;i g:; ation enhancements produced by different paramagnetic ions
MnCl, 0.05 026+ 003 73+03 the fluid phase of DMPC or egg PC membranes are caus
CuCl, 0.09 0.47+0.05 4.4+03 Substantially by partitioning of these ions into the membran
12 19 MnSQ 0.08 040£ 005 53+03 most probably as ion pairs. The principal contribution to th
MnCl, 0.15 10=01  73+03 relaxation enhancement is then a collisional spin exchan
CuCl, 0.05 0.28+0.03 4.1 0.4

interaction, or a dipole—dipole interaction (possibly dynamic]

*Values of A(1/P,) are obtained from fitting progressive saturation curveWith the spin labels. The relaxation enhancem_e_nt Obta'n_e_d w
for spin-labeled membranes in the presence and absence of paramagnetictidsSulfate salts, which have the lowest partition coefficient
to Eq. [17], yielding values oP, and P3, respectively, wherd\(1/P;) = gives an upper limit for the static dipolar contribution from
llpz - l/PS, with an average rmsd of O.OSZG/alueS OfA(l/TD are obtained paramagnetlc |onS Conflned to the aqueous phase or to

from spectral simulations (see text).
® Peak-to-peak linewidth&H™ andAH " are measured for the central line membrane surface.

(m, = 0) in the low-power EPR spectrum, in the presence and absence of

paramagnetic salt, respectively. Expressed in angular frequency units, Kﬁalysis of Low-Power Spectra
T,-relaxation enhancement SAw = (V3/2)y(AH™ — AH!P).

Because of the possibility that paramagnetic species per
trate the membrane, evidence for spin—spin interactions w
also sought from the conventional EPR lineshapes. The line
(i.e., nonsaturated) EPR spectra of the membrane-incorpora
n-PCSL spin labels, in the presence of paramagnetic salts, wi

A= Ao Hy [17] used to determine the additional Lorentzian line broadenir
(14 P-HY relative to membrane samples in water. This additional broa

ening was absent in the presence of diamagnetic M¢Gé

where the parameté, is similar to the saturation paramefr ionic radius of Md" is close to those of Ni, Cu**, and CG"
characterizing the saturation of the double integral of tH&8)). For 5-PCSL and 8-PCSL in fluid DMPC and egg PC
spectral intensity (see Eq. [1]). The values of the expongent,membranes, the paramagnetic broadening is rather signific
in Eq. [17] lie in the ranges 1.38—1.5 and 1.15-1.2 at 19 aim the presence of Cli and NF" perchlorates and chlorides
39°C, respectively, for 5-, 8-, and 12-PCSL in DMPC menisee, e.g., Fig. 4). The values of the paramagnetic broaden
branes. These exponents remained approximately the sameéne determined from spectral simulations and also directly f

the presence and absence of paramagnetic salts. measuring the peak-to-peak linewidth of the central € 0)

The values ofA(1/P,) for 8-PCSL and 12-PCSL in the spectral component or the half-width at half-height of th
presence of 10 mM MnG| MnSQ,, or CuCl, are given in low-field (m, = +1) component. Values of the spin—spin
Table 3. For 8-PCSL, the smaller valuesAqfl/P,) for MnCl, relaxation enhancementAfw) estimated from the paramag-
relative to CuCJ, e.g., 0.30 versus 0.41°@n the fluid phase, netic broadening of the, = 0 hyperfine component, by using
are contrary to expectations for a static dipolar relaxatidghe relation for Lorentzian lineshapestiAow = (V3/
mechanism (cf. Table 1). They are, however, consistent wittRy. AAH"", are given in Fig. Sor variousn-PCSL spin labels
collisional spin exchange mechanism because the octanol par-fluidl DMPC membranes in the presence of CuCI
tition coefficient (and to a lesser extent the valuekg) is Ni(ClO,),, or NiCl,. The relative values of the line broadening
lower for MnCl, than for CuC} (see Table 2). In the case offor CuCl, and NiCl, and the dependence on spin-label positior
12-PCSL, the relative values af(1/P,) for MnCl, and CuC} n, are seen to correlate with the corresponding values

spectral amplitudeA, could be fitted satisfactorily to the
following semi-empirical expression:
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12-PCSL

14-PCSL

A E SO S IR RSN SPE N
3260 3280 3300 3320 3340 3360 3380

H (gauss)

order parameterS,,, and the rotational correlation timey)
and spectral parameters (intrinsic spin—spin relaxation tim
T,, and inhomogeneous Gaussian broadeniidg) were first
determined from simulations of the corresponding linear (i.€
low power) EPR spectra. Full details of the model and cal
brations for the relaxation parameters obtained from simul
tions will be given elsewhere. Limitations on the accuracy i
determining theT,; values from such simulations come from
the approximations of the motional model, as well as from tr
difficulty in extracting intrinsicT, values from inhomoge
neously broadened lineshapes. In particular, simulations of t
linear EPR spectra were found to be only approximate ft
12-PCSL and 16-PCSL in the gel phase. However, the e
hancements (i.e., differences) in relaxation raié%/T,) and
A(1/T,) were found to be relatively insensitive to the exac
values of the simulation parameters. The valueAdf/T,) for
different paramagnetic ions and differemPCSL spin labels
are given in Table 4. Values of the paramagnetic broadenil
(AAw = AA(1/T,)) deduced from simulations of the linear
(i.e., nonsaturated) spectra are also given in Table 4 for tl
same systems.

The enhancements ii;-relaxation rate obtained by this
nonlinear CW method are comparable to those obtained frc

FIG. 4. EPR spectra afi-PCSL phosphatidylcholine spin labels in DMPCtime-domain saturation recovery techniques. For instance,
membranes at 39°C, in the presence (solid lines) and absence (dotted lineg)gllie of A(1/T,) = 1.4 X 10° s™* was measured for 9-PCSL

30 mM Ni(CIO,),. From top to bottom, spectra are of 5-PCSL, 8-PCSL]-,n DOPC—

12-PCSL, and 14-PCSL.

cholesterol membranes in the presence of 50 m
K;Fe(CN) by saturation recovery3@). Using the present
technique and data from Fig. 1, a valueqfL/T,) = 1 x 10°

A(1/P) (cf. Fig. 1). It is found that the line broadening is
largest for Cd" and Nf* perchlorates, is very small for €o
and Dy chlorides, and is absent for magnesium chloride,
which was used as a control.

The paramagnetic broadeningsAw, of them, = 0 com
ponents in the spectra of 8-PCSL and 12-PCSL in fluid DMPC
membranes, which are induced by 10 mM MpQiInSO,, or
CuCl,, are given in Table 3. For both spin labels, these values
are greater in the presence of Mp@han the corresponding
values in the presence of CyCHowever, this difference is
less than a factor of 10-20 times that is predicted for a static
dipolar interaction (cf. Table 1). At the same time, the values
of AAw for Mn*" ions depend on the nature of the counterion:
they are greater for MnGlthan for MnSQ.

Spin-Label T Relaxation Times

Absolute values of; andT,,, and hence of the spin—lattice
relaxation enhancements(1/T,), were obtained from simu
lations of the partially saturated spectra. The model used for
simulation was one of spin-label rotational diffusion within a
cone with allowance for microwave saturation and the Zeeman
field modulation. Calibrations were established for the exper-
imental values of the saturation paramet&sndP,, for the
integrated intensities (Eqg. [1]) and spectral amplitudes (E;Sblsi

Ao 10° (s

[17]), respectively. The dynamic parameters (cone angbe mM NiCl, (O).

10

T T I T T T v
1 —&A—CuCl,

—m—Ni(CIO,),

—0—NiCl,

spin label position, n

FIG. 5. Dependence of the additional broadenidg\w, of the central
m, = 0) spectral manifold on-PCSL in DMPC at 39°C on spin-label
tion,n, in the presence of 30 mM CugQ(A), 30 mM Ni(CIO,), (m), or 30
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TABLE 4 itative agreement with expectations for a static dipolar inte

Spin-Lattice Relaxation Enhancements, A(1/T;), and Para- action with ions confined to the aqueous phase. Howeve
magnetic Line Broadening (AAw) for Spin-Labeled Phospholipids  much of the evidence given above points to a major contribi
n-PCSL in Fluid DMPC Membranes in the Presence of 30 mM  tjon to the relaxation enhancement in the fluid phase froi

1 a “y. . . - -
Paramagnetic lon Salts partitioning of the paramagnetic ions into the membrane. Tt
Paramagnetic A(LIT,) X A X _temperatu_re dependenc_e_observed is conS|st<_ant \_N|th_such
Spin label salt 10°° (s 10°(sY) interpretation, because it is expected that partitioning into tf
membrane will increase at the chain-melting transition and th
5-PCSL NiCh 46+04 5.3+ 0.4  poth partitioning and frequency of collision with the spin labe
CuCl, 88=04 12.3£ 04 |l increase with increasing temperature in the fluid phase.
Ni(CIO.), 14.0+ 0.4 13.6+ 0.4
8-PCSL NiCL 3.9*04 4.4* 0.4 -
CuCl, 51+0.4 8.8+ 0.4 Effects of Membrane Composition
Ni(CIO.), 10.6+ 0.4 114+ 0.4 . o o
12-PCSL NiC} 24+0.4 26+ 0.4 Because of the importance of paramagnetic ion partitionir
Ni(ClO.), 8.7+0.4 8.8+ 0.4 into the membrane, it is of interest to explore the effects th
14-PCSL Ni(CIQ), 7004 7.0£04  membrane lipid composition has on the paramagnetic rela
16-PCSL NiC} 35* 0.4 2.6+ 0.4

ation enhancement and broadening. FomtRCSL spin labels
in egg PC membranes, the dependenc&(d@f/P) onn is given
* Obtained from spectral simulations, where Therelaxation enhancement, in Fig. 7. It is seen that th@-dependences in egg PC are
AAw, is obtained from the Lorentzian half-widths at half-height of the lowgualitatively similar to those for fluid DMPC membranes (Fig
field (m = +1) manifold. T = 39°C. 1), although differences in the detailed profile are observe
The largest discrepancy between the profiles is at the C
o _ ~_position, which is close to the location of tleés-double bond
s " is found for 8-PCSL in DMPC membranes at 39°C in th@ the oleoylsn2 chain of egg PC. A rather strong dependenc
presence of 30 mM kKre(CN). of the A(1/P) parameters on the counterion is also observe
It is seen from Table 4 that, in the presence of Nihlorides for egg PC membranes (Fig. 7), just as for fluid DMPC
and perchlorates, the values®diw andA(1/T,) measured for membranes (Fig. 2).
several spin labels are close to one another. However, in thenclusion of cholesterol in the egg PC membranes gives ri:

case of Cd" ions, the values oAAw are systematically larger o pronounced changes in the dependenca(@f/P) on spin
than those ofA(1/T,) for all spin labels.

The spin—lattice relaxation enhancemenig1/T,) for
5-PCSL, 8-PCSL, and 12-PCSL that are induced by the pres- 1.0 —
ence of 10 mM MnCJ, MnSQ,, or CuCl, were also determined
from spectral simulations in terms of tiRe saturation param
eter of Eq. [17] for the spectral amplitude. These values are
included in Table 3. In the fluid phase, the valueA¢L/T,)
are lower than the corresponding value\&w in Table 3 for
all three paramagnetic salts, the ratM1/T,)/AAw being
higher for CuCJ than for MnCl, and MnSQ. 0.6 -

CuCl, 3204 79+ 04

DMPG, 30 mM NiCl,

0.8 |-

Dependence on Lipid Phase

A(1/P) (GY

The temperature dependence of both the paramagnetic
broadening and the effects of paramagnetic relaxation on the
saturation behavior were also measured. Values(afP) for
8-PCSL and 16-PCSL in DMPC membranes in the presence of
NiCl, are given as a function of temperature in Fig.Tée
temperature dependence is relatively slight in the gel phase. It
increases at the lipid chain-melting transition (ca. 23°C) and
continues to increase rather steeply in the fluid phase (at least 0.0 P S S S
for 8-PCSL) 0 10 20 30 40 50

The DMPC membrane becomes thinner at the chain-melting T (°C)
transition and continues to thin with increasing temperature in, o Temperature dependences of thél/P) relaxation enhancement
the fluid phaseX2, 40. The increase in paramagnetic enhanc@arameter for 8-PCSL) and 16-PCSL [{J) in DMPC membranes in the
ment of membrane-embedded spin labels is therefore in quaksence of 30 mM NiGl

0.2 -

16-PCSL l
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—A—Cu(ClO,),
—e—Ni(CIO,),
—4—CuCl,
—0—NiCl,
—0— K Fe(CN),
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at 19°C are given in Table 3. It is seen that the spin—lattic
relaxation enhancements in tRg. gel phase are considerably
lower than in the fluid phase; furthermore, the former value
are an order of magnitude smaller than the correspondi
values ofAAw in Table 3. At the same time there is a depen
dence ofA(1/T,), AAw and A(1/P,) on the nature of the

anion.

Diamagnetic MgCl and Mg(CIQ), were used as controls
also in theP, intermediate gel phase. The valuesAffL/P,)
for 8-PCSL in the presence of 30 mM MgGind of 5-PCSL
in the presence of 30 mM Mg(Cl(, were —0.03 and—0.04
G?, respectively. In the linear EPR spectrum, a decrease
linewidth of 0.22 G for Mg(CIQ), and, simultaneously, an
increase in the outer splittind\...,, by 0.95 G was observed.
Thus, the negative values A{1/P) for MgCl, and Mg(CIQ),
in the P, intermediate gel phase, like those in the liquic
_ . crystalline phase, are due to a perturbation of the rotation
10 11 12 13 14 15 16 17 dynamics, i.e., an increase T".

spin label position, n These results indicate that in tRg. intermediate gel phase,

FIG. 7. Dependence of thA(1/P) relaxation enhancement parameter oftS well as in the liquid crystalline phase, the paramagnet
spin-label positionn, for n-PCSL in egg phosphatidylcholine membranes atelaxation enhancements are not dominated by a static dipo
39°C, in the presence of chlorides and perchlorates bf alid Cd*™ at a bulk  interaction of the membrane-bound spin labels with parama
concentration of 30 mM: Cu{4), NiCl; (O), Cu(ClQ). (&), Ni(CIO.). (®).  netic jons in the aqueous phase, but in an anion-depend
and for K;Fe(CN) (). . . .. .

fashion are due to partitioning of paramagnetic ions into tf

membrane.

T~
8 @

label position, as is shown in Fig. 8. In the presence of 30
mol% cholesterol, the value @f(1/P) for 5-PCSL positioned

in the more polar part of the bilayer increases, whereas that for W=7 1 T

16-PCSL located toward the hydrophobic centre of the bilayer % . %

decreases. This striking modification of the relaxation enhance- 1 TEree e ;

ment profile allows conclusions to be drawn about the nature of . ATResT |
. ¥ PC+chol, 19 °C

divalent cation permeation into the membrane (see later Dis-
cussion).

O PC+chol, 39°C

P, Gel Phase

The dependences of tlig 1/P) parameter and paramagnetic
broadening of the linear EPR spectra on spin-label positipn (
were also studied in the intermedid®g gel phase, in a way
similar to that for the liquid crystalliné ,-phase, and for both
different paramagnetic ions and different counterions. It is
found that: (1) The values af(1/P) andA(1/P,) are signif
icantly smaller than for the fluid phase. (2) The dependence of
A(1/P) on spin-label position for different ions (including
Mn?") is rather weak and nonmonotonic. In particular, for
some ions (Ni" and CG"), a small but distinct maximum
exists in the region of the C-8—C-10 positions. (3) A depen-
dence ofA(1/P) andA(1/P,) on the nature of the anion is also
observed in thé, intermediate gel phase for Niand Mt FIG. 8. Dependence of thA(1/P) relaxation enhancement parameter on
ions (see Table 3). (4) There is no complete correlation p@n-label positionn, for n-PCSL in egg phosphatidylcholine (PC) mem-
tween the values of(1/T,) andAAw (see Table 3). brahes with and W|£houtI3O mol% cholester;)l, at 19 and 39°C. Ifgg I.DC at 19

(O); egg PC at 39°CA); egg PC+ 30 mol% cholesterol at 19°C1); egg

The values ofA(1/T,) for 5-PCSL, 8-PCSL, and 12-PCSLpc + 30 mol% cholesterol at 39°G3). In each case, relaxation is induced by

in DMPC in the presence of 10 mM CuCMnCl,, or MNSQO, 30 mM NiCl,.

A(1/P) (G)

spin label position, (n-18)
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DISCUSSION For numerical evaluation of the rat{d@ 3, (static)/ Tz one
must specify the ion concentration profile in the membran
Besides demonstrating the different efficiencies of Va.l'iOlWe take an exponentia| decay (for which there is some expe
paramagnetic ions for inducing spin-label relaxation enhanggental justification—see Ref5)): nx(z) = nree * for 0 <
ment, this study shows the importance of the penetration k< d andng(z) = ngee *® 2 for d < z < 2d, whereng,
ions into the membrane, which depends strongly on the cofs-the ion concentration on the lipid side of the lipid/wate
pensating anion. To use the latter to derive spin-label positiomgderface, which generally is not equal to that on the aqueo
information, both lateral and transverse, and also dynamjgle. (It is also noted that the transmembrane polarity profi
information on the paramagnetic ions within the membrane,décreases progressively toward the center of the membrar
is necessary to analyze the mechanisms of relaxation enhanegan estimate for &/ we take the distance at which the values
ment and broadening. This is done in the following sectionsf A(1/P) for NiCl, and Ni(CIO,), decrease-fold. For both
First, intramembrane relaxation and broadening mEChaniSF@faxants’ this corresponds to a position between the N
are considered. It is shown that dipolar mechanisms do nf¥bups of 5-PCSL and 14-PCSL in DMPC membranes (st
contribute greatly to the intramembrane interactions with difigs. 1 and 2) and thereforedl/= 0.95-1.15 nm (see, e.g.,
solved paramagnetic ions, in the case of Nibut may be (41)). Takingr g, ~ 0.45 nm @2, 43 then: (T, 4 (static)/T1 4
appreciable in the case of €uand Mrt*. Then, the intramem = B,/D+, where the factoB, ~ 5-8 X 10°® cm? s* for
brane spin exchange frequencies are used to investigate trans= 0.8—2.2 nm. Thus, the Heisenberg exchange mechani:
lational diffusion of the paramagnetic ions. Finally, the depegominates for translational diffusion coefficies > 5—8 X
dence on membrane composition is used to deduce saligpt® cm? s 2.
features of the divalent ion permeation mechanism. In the case of rapid translational diffusion, effective spin
label T, relaxation may also be induced by the dynamic dipole
Intramembrane Spin Exchange and Dipolar Interactions  mechanism, but only by ions witrvalues close to that of the

Because of the membrane penetration of the paramagnéfi 1abel. In the latter case we have, from Eqg. [16],

ions, it is necessary to estimate the relative effectiveness of

both dipolar and exchange mechanisms of relaxation enhance-  Tigq (dynamig = (47/15%) u&yang/(Derg).  [20]
ment by interactions taking place within the membrane. In this

section we consideT, relaxation;T, relaxation is dealt with Then with Mrf*, which is the only ion studied for which the
later. Strong exchange holds for“Niions (see Table 2), and g-value is close to that of the spin labdl, i, (dynamic)T; e
the rate of Heisenberg exchangg,, are given by the com ~ 2.0x 10 cm® s/D? and Heisenberg exchange dominate

bination of Egs. [2] and [13], over dynamic dipolar relaxation for diffusion coefficients
D; > 2 X 10 ®cm’s*. As might be anticipated, this condition
Tihe= 4morlrD1(2) - N(2), [18] requires faster translational diffusion rates than for that i

which collisional exchange dominates static dipolar relaxatiol

where the local ion concentration(z) at distance along the . . .

membrane normal is expressed as ions per unit volume. T(Flgmparlson with Experiment

rate of static spin-lattice dipolar relaxation induced by para- values of the translational diffusion coefficient for divalent

magnetic ions located in the membrane can be expressedoifis, estimated from their values in wat&8) by using the

terms of the integrated value, Stokes—Einstein relation, ai; = 5 X 107=10 " cm? s for
effective membrane viscosities of 20 to 100 cP, respectively.

- [dew n(2)27mpdpdz comparison, the anomalous non-Stokesian diffusion coef

RYeT1R

r

N

>3 cients found for small polar nonelectrolytes in liquid hydro
) [(z= 20"+ 1" carbons and in polymers reach values of upto= 3 X 10°°
cm’ s™* (40-46. Thus, using these estimates for the transle
N fzdf“ Ng(z)2mpdpdz ] [19] tional diffusion coefficients of divalent ion pairs in membrane
0

(Tod(statio) = z-

R

[(z—2zs)?+ p?]® shows that for Ni' ions the Heisenberg exchange interactiol
should dominate over dipolar relaxation.

Experimental arguments in favor of the Heisenberg e
wherezg, is the vertical location of the spin-label group ahd change mechanism are the temperature dependences of
is the bilayer half-width. This equation is obtained from Eq. [4lelaxation enhancements measured for Mhlorides and per
by angular averaging, and the conditieii, s << 1 that is valid chlorates (see, e.g., Fig. 6). Diffusion in the membrane is ¢
for Ni** ions is assumed. As regards the lower limit of thactivated process and one expects the Heisenberg excha
radial integral ovep, it is reasonable to take the same value ahte to increase with increasing temperature, as is observ
r-. that is used above for diffusional encounters. experimentally. On the other hand, dynamic dipolar relaxatic
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becomes less effective with increasiiy, and for a static  The contribution to theél', enhancement from dynamic-di
mechanism, with the conditionT, s < 1, one would expect polar relaxation,T, 4, (dynamic), is given by Eq. [15]. The
either no temperature dependence or rather a decredsg.in contribution toT, relaxation from dipolar interactions modu
becauseT, ; is expected to decrease with increasing temperated by the paramagnetic ion spin-lattice relaxati®ggg
ture (see Eqgs. [19] and [20]). It should be noted, however, thatatic), can be estimated in a way analogous to that used
the paramagnetic ion concentration in the membrane mine static contribution td@, relaxation (cf. Eq. [19]). However,
increase with temperature, thus increasing the contributiothe lower integration limity 5 , must be modified if the dipolar
from both exchange and dipolar relaxation mechanisms. ifiteractions become so large, on close approach, that they
conversely, the paramagnetic ion concentration in the meno longer averaged by, relaxation of the metal ion. The
brane were to decrease with increasing temperature, the dipakandition for this is thaty.ux/r S ~ T1x, which corresponds to
mechanism would definitely be excluded. a critical distance of ; = 0.7 nm for Cd" ions. With 1k ~
Similar arguments and conclusions are (most probably) vald35 nm, as deduced from the data for CLi@IFig. 1, the ratio
for the fast-relaxing Co ions for which, however, the rate of the transverse relaxation rates from the two mechanisms
constants for Heisenberg-exchange, octanol partition coeffien T, (dynamic)T,4, (static) = B,/D;, where B, =
cients and, correspondingly, the valuesXffl/P) and AAw 0.3-2X 10 ° cn?’ s for zg_in the range 2.2—0.8 nm. Thus
(andA(1/T,)) are significantly smaller than for Kiions. For the motional mechanism of dipoldr, relaxation dominates if
the slower relaxing Ci and Mrf" ions, there is a greaterthe translational diffusion coefficient of the Cuion pairs is
possibility of appreciable enhancements from dipolar interagreater than 2< 10° cm®* s *. This relatively high value
tions. This latter case requires consideratiorTgfrelaxation suggests that both dipolar mechanisms may make apprecia
for which dipolar mechanisms are more effective. contributions to thel', enhancement.
For Mn*" ions, it follows from the experimental values of
AAw andA(1/P,) (Table 3), and from estimates of the static
For Heisenberg exchange interactions, the contribution dgolar enhancements (Table 1), that ions adsorbed at t
the spin-labell, relaxation is equal to the contribution 1@ membrane surface can contribute not only to A{&/T,) rate
relaxation. For magnetic dipole—dipole interactions, on tlenhancement but also to the valueAgfl/T,). Thus, as seen
other hand, th& ,-relaxation enhancement is greater in generfilom Table 3, the relative differences (1/P,) values for
than that forT, relaxation (compare Eqgs. [7]-[9] with Eqs.CuCl, and MnC}, are less than those in the correspondin
[10]-[12] and Eq. [14] with Eq. [16]). Only in the case ofexchange-partition coefficient producks, - k., (cf. Table 2).
extreme narrowingp’T: ¢ < 1 (i.e., only for Nf* and CG")is The values ofAAw for 8-PCSL in the presence of 10 mM
T, (static) = T g (static), for the static contribution to dipolarMnCl, are close to the static dipolar estimates Tog, (Table
relaxation (cf. Table 1). It is seen from Table 4 that, in th&) and are greater (although by less than 10 times) than t
presence of Ni ions, the enhancement T relaxation,AAw, corresponding values for CuC{see Table 3). However, the
is approximately equal to that ifi, relaxation,A(1/T,). For values ofA(1/P,) and AAw for Mn**, as those for Ni" and
Ni** ions, paramagnetic relaxation enhancement is theref@e”" ions, depend on the nature of the counterion. They a
dominated by Heisenberg exchange. Static dipolar enhangeesater for MnCJ compared with MnSQ(see Table 3). Also,
ments that would contribute equally TqQ andT, relaxation, in the values ofA(1/P,) in the presence of Cu and Mn chlorides
this case, have already been estimated to be less significanté. comparable in magnitude: for 8-PCSL they are greater
However, for Cd" ions and also for MfT ions (see Tables 3 the presence of Cti and for 12-PCSL they are greater in the
and 4), the values chAw are greater than those af(1/T,), presence of Mii' (see Table 3). These data show that, in th
indicating an appreciable contribution from dipolar paramagase of MA", the dipolar interactions both with ions in the
netic broadening. aqueous phase and with paramagnetic ions partitioned into
For 30 mM Cud" ions,AAw-A(1/T,) ~ 3-4 X 10°s* (see membrane contribute to the n&fy, and T, 4, relaxation rate
Table 4). This difference is comparable to fheenhancement enhancements.
from static dipolar interactions with surface-absorbedCu In the P, intermediate gel phase, the paramagnetic lin
ions that was estimated above by using modified Leigh thedsyoadening is of the same order of magnitude as in the flu
(see Table 1). However, abundant experimental evidence vpdmse, whereas the ratidg1/T,)/AAw are significantly lower
given above for the penetration of €uons—most probably than the corresponding values for the fluid phase, both féf Cu
as ion pairs—into the membrane interior, at least for ttend Mrf" ions (see Table 3). These results indicate that tf
perchlorate salt. Intramembrane dipolar interactions are thecentribution of Heisenberg exchange to therelaxation en
fore expected to make an appreciable contribution to the teancement is very small in th, phase, evidently because of
laxation enhancement by €uions. This can arise from med the slower translational dynamics in the gel state. For the sal
ulation of the dipolar interaction by spin—lattice relaxation ofeason, a purely static dipolar interaction appears to doming
the paramagnetic ion (the static case) or by translational diiver the dynamic (or diffusion-controlled) dipolar relaxation
fusion of the paramagnetic ions (the dynamic case). In favor of this argument is the rather small difference betwee

Dipolar T, Relaxation and Line Broadening
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the values of the paramagnetic broadening at 19 and 39°C fivase transitiord@, 49, in contrast to the approximately two-
Mn*" and Cd" ions (see Table 3). fold decrease found here fak(1/P) (Fig. 6). The apolar
Thus, all the experimental results obtained allow one taxygen molecule has greater affinity for the hydrophobic re
conclude that the relaxation enhancements produced by diffgien of membrane, and its fast diffusion is attributed to th
ent paramagnetic ions in the liquid crystalline &gl phases movement of small conformational defects (of a kink type) i
of DMPC, and in egg PC membranes, are caused to a congftk bulk lipid @9-5)). In contrast to molecular oxygen, the 3
erable extent by partitioning of these ions into the membranemetal ions are strongly polar and therefore are probably locat
most probably as ion pairs—and the resulting Heisenbeirg other defect microregions, possibly in those where watt
exchange or dipole—dipole interactions with the spin labelsmolecules are occluded. These latter defect regions may 1
sense the main phase transition to such a great extent.
Intramembrane Translational Diffusion
Effects of Membrane Composition
The Smoluchowski expression for the diffusion-controlled = | )
rate constant of collision between paramagnetic ion and spint IS instructive to compare the dependencedfl/P) or

label in the membrane is given by Eq. [13] above. Using tHeA«@ On spin-label position for paramagnetic ions with the
corresponding Eq. [18] witl,. = 1 gives an upper limit for corresponding dependences for oxygen transpd8) and

the product of the translational diffusion coefficient and th@embPrane polarity2) when changing the lipid composition.
average (local) ion concentration in the membrane, when itA$ Will be seen below, this gives a strong indication of the
assumed that dipolar interactions are negligible. If one takesRffmeation path taken by paramagnetic ions into the met

encounter radius of,. ~ 0.5 nm @2, 43, then forAAw = Drane. _ _
5.3 X 10° s* (corresponding to an additional broadening of Addition of 30 mol% cholesterol increases the relaxatio

0.3 G) one obtain®;n, ~ 8.4 X 107 cm™* %, where the enhancement in the polar region of the membrane and c

intramembrane ion concentration is given in cm®. creases it at the hydrophobic_ membrane_ midregion (Fig. 8). F
The diffusion coefficients for divalent ions in lipid mem-0XYgen transport, the opposite change is observed: choleste
branes are not known. Values for the diffusion coefficients ECreéases the oxygen transport parameter in the polar reg
the hydrated ions in water are aroudg ~ 10°° cm? s * (38). and increases it in the middle of the bilayd@). On the other
Taking this value oD, gives a lower estimate for the coneena@nd, there is a good correlation of the changes (#v/P) for
tration of ion pairs in the membrane nf ~ 8.5 x 107 cm™3, Paramagnetic ions with the polarity changes produced by ch
which corresponds to a molar intramembrane concentration/g$teol that were observed usingPCSL spin labels in lipid
¢, = 1.4 mM. Using even a conservative estimate of tHeembranes52). Intercalation of cholesterol (50 mol%) in-

effective intramembrane viscosity @, ~ 20 cP @7) would Créases the polarity in the more polar region of the bilayer b

increase this value by a factor of 20, according to the Stoked€creases it in the central hydrophobic region of the bilaye

Einstein relation. It therefore seems likely that the intramenf1US, probably, paramagnetic metal ions are located in t
brane diffusion of the divalent ions takes place by some medR€mbrane in the same regions as those in which penetr
anism other than the simple viscosity dependence predicted3ier molecules are occluded.
the Stokes—Einstein model.

It is therefore of interest to compare the present results on CONCLUSIONS
divalent paramagnetic ions with data on diffusion of small
polar nonelectrolytes and gases, @ membranes and poly  Different relative contributions from the various mecha
mers @4—-46. For these molecules, anomalously high diffunisms of spin-label relaxation enhancement in fluid membran
sion is known to occur44, 45 with translational diffusion are found depending on the paramagnetic salt. Experimen
coefficients in polymers and liquid hydrocarbons reaching valesign may therefore be optimized to the particular situation
ues of D; ~ 3 X 10° cm’* s *. The mechanism of suchthe appropriate choice of relaxation agent. With the exceptic
anomalous diffusion is thought to be connected with structurall Co**, the efficiency of relaxation enhancement by Heiser
defects in these caseé4j. berg spin exchange at a fixed concentration is comparable |

The relaxation enhancement produced by Heisenberg splh3d ions studied. The strength of the enhancement deper
exchange interactions of molecular oxygen with spin labels &so on the solubility of the ion in the membrane, which i
membranes was studied in detail by Hyde and co-workezentrolled principally by the anion. Relaxation by dipolar
(48, 49. The concentration-diffusion product was found to bimteractions is strongest for paramagnetic ions with loriger
aboutDng ~ 10 cm™ s in the fluid phase of DMPC values, Cad" and Mrf", of which M*" is more effective
membranes. This value is of the same order of magnitude @ecause of its higher electron spin.
the D.ng product found here for Cli and Nf* perchlorates  For experiments relying solely on Heisenberg exchanc
and chlorides in fluid lipid membranes. However, then; interactions, Ni* is the paramagnetic ion of choice with fluid
product for Q decreases by an order of magnitude at the mamembranes, because complications from dipolar contributio
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do not arise. Whenever contributions from intramembrane in-
teractions are appreciable, determination of the depth at which
the spin label is located in the membrane requires an experi-
mental calibration of the relaxation enhancement profile b
using different positional isomers of spin-labeled lipids (e.g.,
the n-PCSLs). This method has been used previously with an
electroneutral Ni"* complex by Hubbell and co-workers [e.g.
(5)]. Given that an empirical calibration must be performeds.
Cu*" salts (or electroneutral complexes) are likely to provide
stronger relaxation enhancements than those ofidicause of
potentially higher solubilities and additional contributions
from intramembrane dipolar interactions.

Mn?*" ions provide additional distance-dependent enhance’
ments by static dipolar interactions with the population of ions
in the aqueous phase because of the higher spin 6f Minese
contributions may, however, be offset by a less favorable.
membrane solubility relative to i ions. In addition, there is
the technical complication of the background EPR signal in the
g = 2 region from aqueous Mh at ambient temperatures.
Nevertheless, Mfi ions do provide a possibility for modutat
ing the depth profile of enhancement by means of the charagc-
teristic depth-dependence of the dipolar contribution from ions’
in the aqueous phase. If one wishes to emphasize dipojgr
interactions from ions localized in the aqueous phase, at the
expense of Heisenberg exchange, thenMis the most ap
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ments using paramagnetic ion-induced relaxation in the saturation
transfer electron spin resonance of spin-labeled biomolecules. Ap-
plication to phospholipid bilayers and interdigitated gel phases,
Biophys. J. 61, 1595-1602 (1992).

X W. L. Hubbell and C. Altenbach, Site-directed spin labeling of

membrane proteins, in “Membrane Protein Structure: Experimental
Approaches” (S. H. White, Ed.), pp. 224-248, Oxford Univ. Press,
New York, 1994.

C. Altenbach, D. A. Greenhalgh, H. G. Khorana, and W. L. Hubbell,
A collision gradient method to determine the immersion depth of
nitroxides in lipid bilayers: Application to spin-labeled mutants of
bacteriorhodopsin, Proc. Natl. Acad. Sci. USA 91, 1667-1671
(1994).

6. J. Voss, L. Salwinski, H. R. Kaback, and W. L. Hubbell, A method

for distance determination in proteins using a designed metal ion
binding site and site-directed spin labeling: Evaluation with T4
lysozyme, Proc. Natl. Acad. Sci. USA 92, 12295-12299 (1995).

S. Paula and D. W. Deamer, Membrane permeability barriers to
ionic and polar solutes, in “Current Topics in Membranes,” Vol. 48
(D. W. Deamer, A. Kleinzeller, and D. M. Fambrough, Eds.), pp.
77-95, Academic Press, San Diego, 1999.

. A. Finkelstein, Water and nonelectrolyte permeability of lipid bilayer

membranes, J. Gen. Physiol. 68, 127-135 (1976).
“The Bimolecular Lipid Membrane,” 470 pp., Van
Nostrand, New York, 1972.

Y. Cheng, X. Han, P. Schlesinger, and R. W. Gross, Nonesterified
fatty acids induce transmembrane monovalent cation flux: Host-—
guest interactions as determinants of fatty acid-induced ion trans-

propriate paramagnetic ion and sulfate should be chosen as theport, Biochemistry 37, 9497-9508 (1998).

anion (to minimize penetration). To confine relaxation er.

hancements to contributions from ions in the aqueous phase,

measurements should be made at low temperature in the li
gel phase [cf. J)].

Finally, the possibility of studying translational diffusion of
paramagnetic ions in the membrane opens up the possibilitylgf
a new range of experiments that, being localized to different
membrane regions, are complementary to oxygen transpgt
studies 48, 49 and therefore deserve further consideration.
For this, Nf* ions and particularly the perchlorate salt seem
especially suitable. 15.
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