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Evidence for competition between Li* and Na* for binding sites
of human unsealed and cytoskeleton-depleted human red blood
cell (csdRBC) membranes was obtained from the effect of added
Li* upon the ®Na double quantum filtered (DQF) and triple
quantum filtered (TQF) NMR signals of Na*-containing red blood
cell (RBC) membrane suspensions. We found that, at low ionic
strength, the observed quenching effect of Li* on the ®Na TQF
and DQF signal intensity probed Li*/Na* competition for isotro-
pic binding sites only. Membrane cytoskeleton depletion signifi-
cantly decreased the isotropic signal intensity, strongly affecting
the binding of Na* to isotropic membrane sites, but had no effect
on Li*/Na* competition for those sites. Through the observed *Na
DQF NMR spectra, which allow probing of both isotropic and
anisotropic Na* motion, we found anisotropic membrane binding
sites for Na* when the total ionic strength was higher than 40 mM.
This is a consequence of ionic strength effects on the conformation
of the cytoskeleton, in particular on the dimer—tetramer equilib-
rium of spectrin. The determinant involvement of the cytoskeleton
in the anisotropy of Na* motion at the membrane surface was
demonstrated by the isotropy of the DQF spectra of csdRBC
membranes even at high ionic strength. Li* addition initially
quenched the isotropic signal the most, indicating preferential
Li*/Na* competition for the isotropic membrane sites. High ionic
strength also increased the intensity of the anisotropic signal, due
to its effect on the restructuring of the membrane cytoskeleton.
Further Li* addition competed with Na* for those sites, quenching
the anisotropic signal.

'Li T, relaxation data for Li*-containing suspensions of un-
sealed and csdRBC membranes, in the absence and presence of
Na* at low ionic strength, showed that cytoskeleton depletion does
not affect the affinity of Na* for the RBC membrane, but increases
the affinity of Li*™ by 50%. This clearly indicates that cytoskeleton
depletion favors Li* relative to Na* binding, and thus Li*/Na*
competition for its isotropic sites. Thus, this relaxation technique
proves to be very sensitive to alkali metal binding to the mem-
brane, detecting a more pronounced steric hindrance effect of the

cytoskeleton network to binding of the larger hydrated Li* ion to
the membrane phosphate groups. © 1999 Academic Press

Key Words: lithium; human red blood cell membranes; cytoskel-
eton; multiple-quantum-filtered Na NMR; "Li relaxation times.

INTRODUCTION

Lithium ion is widely used in the treatment of manic-
depressive or bipolar iliness, a psychiatric disorder characte
ized by severe mood swingd4,(@. Although lithium salts
(carbonate or citrate) have been used to treat manic-depress
individuals for more than 40 years, its pharmacological mod
and sites of action are still under investigati@ 4). The two
inter-related hypotheses that we are investigating at the mole
ular level are competition between ‘Land Mg for Mg**-
binding sites in biomolecules, and a cell membrane abnorme
ity. To understand the mode of action of‘Lihuman RBC%
were used as a model system since they were readily availal
and easy to handle. A detailed NMR study of the interaction
of Li* within RBCs and with their component§)(revealed
that the inner leaflet of the plasma membrane provides a ma;
binding site for Li", while SA does not contribute significantly
toward Li* binding, as opposed to what had been previousl
postulated §).

*Na MQF spectroscopy is a powerful tool for the detailec
study of the membrane molecular sites of Nend Li* binding,
and, in particular, for investigation of the involvement of the
cytoskeleton network. It is well known that quadrupolar nucle
with spin| = 3, such as®Na, *K, and ¥Rb, may exhibit
biexponential spin relaxation in systems where they rapidl

 Abbreviations: DQF, double quantum filtered; Hepes, [4-(2-hydroxy-
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time; w, radiofrequencyiq, residual quadrupole splitting.
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exchange between free and nonextreme narrowing motiotta effect of Li” addition upon thé’Na DQF and TQF NMR
bound states. The biexponential transverse (spin—spin) relaignals. We also conducted complementériy T, relaxation
ation can be described by a faster decay rate of the outeeasurements to study UNa" competition for the two types
transitions 3 <> —3 and3 <> J) relative to the inner transition of preparation of human RBC membrane. Thus, a much mo
(—3% < %), but such a description does not apply to biexponenemplete picture of the molecular sites of [NNa” competition
tial longitudinal (spin—lattice) relaxation/(8). This biexpo- for the RBC membrane and of the role played by the cytoske
nential relaxation behavior allows the creation and detection@ton on that process is obtained in this work.

multiple quantum coherences, (10. MQF NMR spectroscopy

of quadrupolarl = £ alkali metal nuclei has been studied EXPERIMENTAL

extensively in macromolecular model systeri$«15 and in _ )
perfused organs, such as rat salivary glanti§),(rat and  Materials. Fresh human RBCs were obtained from a blooc

guinea-pig hearts1—22, and rat liver £3). It was also ap- Pank (Life Source, Chicago, IL) and they were processe
plied toin vivo organs, such as rat live24), human brain, and Within 2-3 days. Inorganic chemicals such as NaCl, LiCl
skeletal muscle25). In particular,Na MQF NMR experi- MgCl,, and EDTA were of high purity and were purchasec
ments have proven to be powerful tools for measuring bieffom Sigma Chemical Company. Hepes in free acid form wa
ponential relaxation rates of sodium ions in biological systeri§€d t0 prepare Hepes buffer, which was also from Sigma.
(26, 27 and in the measurement of intracellular sodium con- Preparation of unsealed and cytoskeleton depleted RB
centration 28). membranes. The procedure for the preparation of unseale
In isotropic systems, DQF and TQF spectra are identidcdBC membranes was adapted from the literatd@ @nd the
except for a 50% increased efficiency of the TQF coherengodified procedure was published in our previous article
formation Q9). This results from the fact that in the isotropidS. 41). Briefly, washed RBCs were lysed using 5 mM Hepe:
phase, as the outer transitions are degenerate, biexponeRtgfer at pH 8.0 and the suspension was centrifuged at 22,0
relaxation only creates the third-rank ten3gr, which evolves 9 at 4°C for 15 min; the supernatant was discarded while tr
into both DQ and TQ coherence tensdrg and Tg;, respec- pellet was washed until pale pink membranes were obtaine
tively (10). The DQF and TQF signals for isotropic system&emoval of the cytoskeleton was accomplished according to
thus consist of a positiv&,, signal with a lineshape resultingPublished proceduret). Incubation of 2 mL of the unsealed
from two Lorenzian lines in antiphase. In ordered system8BC membranes in 18 mL of 0.1 mM EDTA at pH 8.0 and al
with a static quadrupolar interaction, or in partially ordered?°C for 30 min, was followed by centrifugation of the sus-
systems, where the average quadrupolar interadiipis non- Pension at 22,000 g and 4°C to remove the supernatant cc
zero, the degeneracy of the outer spin transitions is lifted afining the cytoskeleton. The pellet was washed twice with
the even-rank tensdr,, can be formedX0). This results in the MM Hepes buffer at pH 8.0 to ensure complete removal of th
detection in the DQF spectra of a broad negative componéitoskeleton and to prevent EDTA contamination of the san
presenting a pair of overlapping dispersive lines of the sat®le. The removal of cytoskeleton was monitored by the de
lites in antiphase, split bya, (12). Anisotropic motion of N& ~crease in protein concentratioA3) in the membrane pellet
ions has been detected using this meth®@) (n a variety of relative to the unsealed RBC membrane, and the presence
biological systems, such as RBAL( 14, connective tissues— SA in the supernatant by SDS-PAGE4). The pellet was
cartilage, tendon and skinl8, 31-33, perfused rat hearts finally made up to a volume of 2.0 mL using 5 mM Hepes
(22, 3[91 rat brain 65), andin vivo human skeletal muscle andbUffer at pH 8.0 and required amounts of NaCl or LiCl were
brain 5), as well as cartilage3). In RBCs the anisotropic added using a highly concentrated stock solution so that tt
sodium binding sites are present at the membrane level in b¥fiume change was minimal.
the intra- and extracellular compartments and depend on thé\MR experiments. *Na SQ NMR experiments were con-
integrity of the cytoskeletonl@, 14, 37, 38 ducted using a Varian Unity 500 NMR spectrometer, operatin
Although 'Li MQF NMR experiments would provide aat 132.212 MHz, using a broadband 10 mm probe tuned f
direct approach to address the question of binding, the sodium, and 10 mm o.d. sample tubes. Typically a spectr
weak quadrupolar moment of tHei nucleus, with very long width of 2500 Hz in 4K complex points was acquired. Othel
spin—lattice relaxation times (usually in seconds), has thus fgpical conditions were: line broadening for signal-to-noise
made these measurements unsucces3f)l Hence the indi- enhancement, 10 Hz; 90° RF pulse width, 28 pulse delay,
rect approach of monitoring the effect of ‘Laddition on the 100 ms; acquisition time, 410 ms.
»Na MQF NMR signal was primarily used in this study. The *Na MQF NMR spectra were measured at 132.212 MH.
*Na DQF NMR signals of sodium ions in both the intra- andsing a Varian Unity 500 NMR spectrometer. The DQF ant
extracellular compartments of human RBCs are quenchedTiQF T, measurements were performed using the pulse s
the presence of increasing concentrations ofibieach com- quence
partment 87). Here we present evidence for competition be-
tween Li* and Na for unsealed and csdRBC membranes using 90°~71/2-180~7/2-0°=8—0"~t (1]
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FIG. 1. *Na TQF spectra as a function preparation time of unsealed RBC membranes in the presence of 5 mM NaCl at 25°C.

with 6 = 90° and 54.7° for DQF ané = 90° for TQF. In this the nonlinear regressions was evaluated by the minimization
sequencer is the creation or preparation timé,s the evolu- the corresponding’ (sums of the square deviations) values.
tion time, and ,, is the acquisition timeg, 10. The evolution ~ The Li" binding constantK,, to the RBC membrane was
time was fixed at 1Qus, while the preparation time varied. Thiscalculated from a James—Noggle pld6),

was changed typically in 20 steps, from 0.1 to 300 ms. Al-

though we used the same pulse sequence for both DQF amtR ! = (R,,s— Ry) 7t

TQF experiments, each type of spectrum was selected through _ _ , _
suitable phase cycling (128 steps for DQF, 384 for TQF).( = KGH{[BI(Ry — R} " + [Li"Id[BI(R, — Ry}
Special care was taken to calibrate the 90° pulse width accu- [2]
rately for each sample and the carrier frequency was selected to

coincide with the SQ signal. The performance of the DQ anghere R,,, R;, and R, are the reciprocals of the observed
TQ filter was checked for any SQ signal leakage by running(, ), free (T;) and bound T.,) spin—lattice relaxation val-

150 mM NaCl sample in BD, and observing the absence ofjes, [Li'], is the total Li" concentration, and [B] is the con-
DQF and TQF signals from monoexponential fregl@ns. centration of binding sites. This equation, which assumes 1

The performance of the DQ and TQ filter in the RBC menxktoichiometry for the binding of Li to binding sites in the
brane preparations was checked using a sample of RBC mefiembrane, is valid when [L], > [B] (5).

brane containing 5 mM NaCl and 10 mM LiCl. This was done

through observation of the effects of any missettings of the 90° RESULTS

pulse width on the lineshape and intensity of the DQF and TQF

signal. A change of up tac1 us from the measured 90° pulse **Na TQF and DQF spectra for unsealed or csdRBC men

width did not affect the shape or the intensity of the MQIBranes suspended in media containing either 5 or 50 mM Na

signal significantly. All NMR spectra were recorded at 37°@ere obtained as a function of creation time, as Fig. 1 illus

and the MQF spectra were recorded without spinning. Atifates. The TQF signals exhibit the typical MQF lineshape ¢

NMR measurements were repeated twice using two separatbly T, signal, with antiphase components expected for th

prepared samples to confirm the reproducibility of the resultdifference of two exponentials (Fig. 1), characteristic of iso
Li NMR measurements were conducted at 116.5 MHz onteopic tumbling of N& ions (12). The signal intensity is

Varian VXR-300 NMR spectrometer, equipped with amodulated by the preparation time, as shown in Fig. 2. Th

multinuclear probe at 37°C, using nonspinning 10 mm NMBxperimental points were fitted to a double exponential of th

tubes.T, measurements dt.i NMR resonances were done byform

the inversion recovery method.

Data processing. Post-processing of all FIDs included S(w, 7) = Alexp(—7/T,) — exp(—7/Ty)], (3]
baseline correction before Fourier transformation. 5Qval-
ues were determined using the nonlinear least-square thwédeere 7 is the preparation timel,; and T, are the fast and
parameter fit procedure of the Varian software. For DQF astbw components, respectively, of the biexponential spin—-sp
TQF spectra, a magnitude calculation was done after Fourietaxation time T,) (9, 32.
transformation. The areas under the resultant peaks were deFhe effect of Li" on the TQF signals of unsealed or csdRBC
termined by point-to-point integration between user-definedembranes containing 5 or 50 mM NaCl in the suspensic
break points. The values afy, T,, andw, were obtained by medium was studied in order to evaluate the extent of/Na
fitting the DQF or TQF signal peak area versusth@lue data competition toward membrane binding sites and to understa
to the appropriate function (see later) using a Marquarthe contribution of the cytoskeleton to ion binding. In all cases
Levenberg nonlinear optimization algorithm. The goodness afquenching effect of Li on the*Na TQF signal intensity of
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FIG. 2. *Na TQF NMR signal intensity versus preparation time at increasing LiCl concentrations of unsealed RBC membranes in the presence o
NaCl at 25°C. The solid lines correspond to calculated curves using the parameters in Table 1, resulting from nonlinear least-squares fittiteg of the d

Na" containing membrane solutions was observed, in agredows the dependence af,, on Na" concentration and the
ment with the reported quenching effect of the lithium ion opresence of the cytoskeleton, with a significant decrease wh
the Na DQF signals of both the intracellular and the extraNa“ decreases from 50 to 5 mM. This is a reflection of the
cellular compartments in human RBG¥). Figure 2 compares large decrease of thE, and T, values at lower Na concen-
the dependence of the TQF signal intensity on preparation titnations. Such a decrease Bf to very short values reflects a
for a membrane sample containing 5 mM NaCl before and afiarger percentage of Naons bound to the membrane at lower
addition of increasing amounts of LiCl. The experimental datoncentrations.

were fitted well by Eq. [3], except for the unsealed RBC The extent of quenching of tiédNa TQF T, signal intensity
membranes when the total ionic strength was higher than Bp Li "~ at increasing Li/Na" ratios was examined. Figure 3A
mM (all the membrane samples with 50 mM NaCl and increashows plots of the dependence of the intensiy 6f the T,
ing LiCl, and the membrane sample with 5 mM NaCl and 4€ignal on the ratiod) of LiCl to NaCl concentrations for the
mM LiCl). Equation [3] applies to isotropic samples with zerdsotropic unsealed and csdRBC membranes. This allows fl
residual quadrupole splittingd, = 0, a condition which is not quantitative evaluation of the parametef(%) (see Table 1),
found in the latter samples, as shown by thi&ita DQF signals which gives the percentage decrease of the TQF peak intens
(see below). Table 1 lists the various parameters obtained dwe to the replacement of Ndons, bound at the membrane
fitting the experimental curves, for the various'INa" con- isotropic sites, by Li ions. At 5 mM NacCl, the percentage of
centration ratios, in the isotropic samples. The calculated gaienching is the same in intact and csdRBC membranes, at
rameters includé\, T, andT,, as well as the values of theLi "/Na" ratios, indicating that, at this low ionic strength,
preparation timer,., which give thel .., values, the maximum removal of the cytoskeleton has no effect ori/Na" compe-
TQF signal intensities. Thi,,, values are naturally higher for tition for the membrane isotropic sites. This is not surprising
samples containing 50 mM NaCl than for 5 mM NaCl, becausecause the cytoskeleton is expected to be at least partia
they increase with the single quantum magnetizatddp, released from the membrane at low ionic strengt®);(un-
which in turn increases with the Naconcentration. However, sealed membrane suspensions containing 5 mM NaCl w
at a given Na concentrationl .., is larger for intact RBC therefore contain free cytoskeleton and will have isotropic site
membranes than for csdRBC membranes. This significant @egposed just like csdRBC membrane suspensions containing
crease of theT,;; TQF signal intensity upon cytoskeletonmM NaCl. However, for the csdRBC membranes at 50 mi
depletion of the membranes shows that binding of Na NacCl, that percentage of quenching is much higher than for tt
isotropic membrane sites is strongly affected by the presenceottier cases.

the cytoskeleton network and by its conformational changesThe effect of Li" addition on the value of,., for the TQF
induced by an increase in ionic strength?), Table 1 also signal, also shown on Table 1, is highly dependent on th
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TABLE 1
®Na TQF and DQF NMR Parameters, Obtained from Curve Fitting,* for Unsealed and csd-RBC Membranes, in the Presence
of Varying Concentrations of NaCl and LiCl (Cases where No T, Signal is Present for DQF, Isotropic Samples, w, = 0)

[Li 1] I max Tinax @q AA
Sample MQF (mM) A (a.u.) Ty (MS) T (MS) (a.u.) (ms) (Hz) (%)° a
RBC memb. TQF 0.0 34#1) 3.5(0.1) 57.6 (-1.0) 26.5 11 — 0 0.22
5 mM NaCl 2.0 28 1) 4.5(*0.1) 60.2 (-1.6) 215 15 — 18 0.35
4.0 23 (1) 5.3 (*0.2) 66.5 (-2.4) 17.2 20 — 32 0.40
10.0 16 ¢=1) 6.3 (0.2) 69.8 (-3.2) 11.6 21 — 53 0.33
DQF 0.0 39 ¢1) 2.7 (+0.1) 58.1 (-1.9) 32.0 9 — 0 1.14
2.0 29 (1) 5.0 (+£0.1) 62.5 (-1.2) 21.6 12 — 26 0.18
4.0 26 1) 6.5 (+0.3) 61.9 (-2.5) 16.8 15 — 33 0.65
10.0 16 (1) 7.1 (*0.4) 58.5 (-3.7) 11.4 17 — 59 0.39
CsdRBC memb. TQF 0.0 58@Q) 10.2 ¢-0.6) 83.7 (-4.6) 37.4 30 — 0 6.65
50 mM NacCl 10.0 39£2) 8.9 (+0.6) 92.1 (-5.6) 27.0 30 — 33 3.95
20.0 28 (£2) 6.9 (+0.6) 99.5 (:7.7) 20.7 30 — 52 3.48
40.0 21 (£2) 5.7 (£0.7) 88.2 (+8.8) 14.4 30 — 64 3.19
60.0 14 ¢=1) 3.8(0.4) 102.3 (9.2) 10.6 25 — 76 121
DQF 0.0 70 ¢1) 11.6 ¢-0.5) 84.3 (-3.6) 43.8 27 — 0 5.23
10.0 27 £1) 11.2 ¢0.5) 86.2 (-3.6) 17.4 30 — 47 0.75
20.0 19 ¢-1) 12.0 ¢-0.5) 102.4 (=4.7) 12.3 40 — 73 0.44
40.0 13 (1) 9.7 (£0.6) 85.1 (-4.4) 8.4 30 — 81 0.29
60.0 11 ¢1) 8.9 (£0.4) 68.0 (-2.5) 6.8 20 — 84 0.10
CsdRBC memb. TQF 0.0 2311) 2.8(*0.1) 52.7 (-1.6) 18.9 10 — 0 0.38
5 mM NaCl 2.0 19 §1) 4.4 (*0.2) 59.5 (-1.9) 14.3 15 — 17 0.26
4.0 15 1) 3.8 (*£0.3) 61.6 (-3.3) 11.0 17 — 35 0.45
10.0 11 ¢1) 6.0 (=0.4) 66.0 (-3.8) 7.3 20 — 52 0.28
40.0 8 (2) 14.1 ¢=0.7) 40.2 ¢-1.8) 3.0 22 — 65 0.04
DQF 0.0 15 1) 2.8 (*0.1) 55.8 (-1.3) 12.2 10 — 0 0.10
2.0 14 1) 6.4 (+0.3) 63.6 (-2.4) 9.6 15 — 7 0.18
4.0 9 (1) 4.0 (=0.3) 76.6 (-5.3) 7.2 18 — 40 0.28
10.0 8 (1) 7.5 (*0.4) 71.0 ¢:3.1) 6.0 20 — 47 0.10
40.0 7 1) 21.0 ¢1) 43.8 1.2) 1.8 35 — 50 0.01

*Using Eq. 3,0 = 0.
® Decrease of the TQF or DQF peak intensity, givenfbyalue, in the presence of LiCl, relative to the intensity before LiCl addition.

solution ionic strength. At 5 mM NaCl concentration in theguenching of the isotropid s, signal upon Li addition, a
suspension medium, both types of membranes show a marketiavior similar to what has been found for the TQF signa
increase ofr,, upon Li" addition, which results from in- For the intact unsealed membranes at 5 mM NaCl, Li
creasedr,; and T, values. At this low NaCl concentration, thequenches the isotropi@,, signal, which is again the only
observed increase of the relaxation time components, espiginal present in the absence of land in its presence up to 40
cially of T, upon LiCl addition up to a total ionic strength ofmM. Li* has previously been shown to quench ffi¢a DQF
15 mM, corresponds to that expected from replacement 6f Naignals of both the intracellular and the extracellular compar
by Li" at membrane binding sites. However, the csdRBfents in human RBCs36). As the intensity of the isotropic
membranes at 50 mM NaCl show constaRt, values upon T;, component of the DQF signal has, for isotropic sample:
Li © addition up to a total ionic strength of 110 mM, resultinghe same preparation time modulation as the TQF sig3®| (
from a decrease of 5 while T, increases slightly. it is also described by Eq. [3]. Table 1 shows the variou:
The DQF signal evolution as a function of preparation timgarameters obtained by fitting the experimental curves to E
was also studied for suspensions of unsealed and csdRBCfor the various membrane samples and/Na’ ratios. It
membranes containing 5 and 50 mM NaCl. For intact RB€an be seen that all parameters obtained from the analysis
membranes in the presence of 5 mM NacCl, as well as ftire TQF and DQFT;, signal (Table 1) agree very well.
csdRBC membranes at 5 and 50 mM NaCl, only thg However, we found anisotropic behavior BNa DQF sig-
component, characteristic of isotropic motion, was observathls for the unsealed RBC membranes when the total ion
The effect of Li" on the preparation time dependence of thgtrength was higher than 40 mM (all the membrane sampl
DQF signals from these isotropic samples was also analyzedth 50 mM NaCl and increasing LiCl, and the membrane
The samples containing csdRBC membranes showed a markathple with 5 mM NaCl and 40 mM LiCl). The DQF spectra
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FIG. 3. Intensity of theT,, and T,; components of thé’Na TQF and DQF NMR signal vs the ratjpof LiCl to NaCl concentrations for the isotropic
unsealed and csdRBC membranes in the presence of 5 and 50 mM NacCl: (A)).] @Fthe isotropic spectra; (B) TQF and DQF; andT,, for the anisotropic
spectra.

with § = 90° for the intact membranes at 50 mM NaCl alreadgnd anisotropic motion, continues to evolve at longer prepar
show a superposition of two components, whose proportiotign times. This has been observed previously for unseale
depend on the preparation time (see Fig. 4A). The broadeBC membranes and ghost2( 14, 37, 38 and is attributed

negativeT,; signal, characteristic of anisotropic motion of theéo ionic strength effects on the conformation of the cytoskel
Na’ ions at the membrane surface, is dominant at short preggen (L2), in particular on the dimer—tetramer equilibrium of
aration times, but disappears at values longer than 40 ms. Bpectrin (4). The cytoskeleton is involved in the anisotropy of
narrower positive componeiit;;, arising from both isotropic Na® motion at the membrane, as shown by the observe
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FIG. 4. *Na DQF ¢ = 0°) NMR spectra vs preparation time for unsealed RBC membranes in the presence of 50 mM NaCl in the absence (A) and
presence of 10 mM LiCl (B) and 40 mM LiCl (C).

isotropic DQF spectral(;; component only) of csdRBC mem-components) signals in the anisotropic samples was then at
branes in the presence of 50 mM NaCl (see TablelP).( lyzed. In these cases, where the residual quadrupolar coupli
When Li" is added to this sample up to a’lINa" ratio of 2.0, constant is nonzerdy, # 0, the modulation of thd@,, com-
both the anisotropi@,, signal and thd 5, signal are quenched, ponent intensity of the TQF signal by thevalue is given by
as shown by Figs. 4B and C. 32

Addition of 40 mM LiCl to the sample of unsealed RBC
membranes with 5 mM NacCl also quenched The signal of _ _
the DQF significantly and led to the appearance of an aniso-s(w’ ™) = Alexp(=1/T) — exp(—7/Ty)codwen)].  [4]
tropic T,, signal at low preparation times. This signal evolves
and disappears for preparation times higher than 30 ms. Skar a disordered, chemically heterogeneous system, with
an anisotropy results from ionic strength effects on the memseries of nonequivalent binding compartments in slow ex
brane cytoskeleton, besides the ion competition for the mephange, with different local quadrupolar coupling constant
brane sites, that quenches the isotropic signal. o¢° and local directors at angl@swith the magnetic field, each

The T,, component of the DQF signal was observed sepeempartment has @, value given by, = (05%/2)(3 cos6 —
rately from theT;, component by using the DQF pulse sel). The TQF signal is the sum over all those contributions, wit
quence withg = 54.7° for all the anisotropic samples2 14. weights of the orientational distributions depending off
Deconvolution of the DQF signals with = 90° gave the (12, 14, 32, with a change of lineshape with Fitting of all
intensities of both components as a function of preparatigpectral lineshapes, and assuming an orientational distributi
time. The quenching effect of Liaddition on the intensities of model leads to full characterization of such syste®.(In
the TQF (T;; component only) and DQF (both;, and T,, this work, we used the simplifying assumption that the systel
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TABLE 2
»Na TQF and DQF NMR Parameters, Obtained from Curve Fitting, for RBC Membranes, in the Presence of 50 mM NaCl
and Increasing Concentrations of LiCl (Cases where a T,, Signal is Present for DQF, Anisotropic Samples, w, # 0)

[Li*] AA . T AB
MQF (mM) A (a.u.) (%) To (Ms) Tag (Ms) (au)  (ms) wqo (Hz) B (a.u) (%)° X
TQF 00  215¢1) 0 8.4(01)  550(13) 132 20 — — — 3.53
T31 (Eq. [3]) 10.0  200%1) 7 9.3¢0.1)  56.9(04) 117 21 — — — 1.15
200  153¢1) 29 10.0¢0.1)  60.3 ¢0.5) 88 24 — — — 1.27
40.0 70¢1) 67 7.3¢02)  80.3¢1.7) 49 24 — — — 1.78
100.0 17¢2) 92 6.3(0.3)  79.9 ¢3.4) 125 24 — — — 0.46
TQF 0.0  191£3) 0 8.4(02)  60.7¢15) 120 19 10.0%1) — — 0.74
T31 (Eq. [4]) 10.0  190%2) 0.5 9.3¢:02) 586¢15) 113 20 6.2¢1) — — 0.82
200 152¢2) 20 10.0¢0.2)  60.6 (-1.5) 89 22 4.2¢€1) — — 1.41
40.0 71¢1) 63 7.4(¢01)  78.9¢2.0) 50 19 3.5¢1) — — 1.96
100.0 17¢1) 91 6.2(-0.1)  80.9 ¢-2.0) 126 17 2.0%1) — — 0.51
DQF 00  2563) 0 75@04)  762¢19) 202 20 11.1£0.3) — — 12.50
T31 100  190¢2) 26 8.0(07)  826(20) 142 25 6.840.4) — — 13.34
(Eq. [4]) 200  135¢1) 47 8.6(1.1)  83.0¢2.3) 90 20 5.840.3) — — 16.79
400 114€¢2) 55 9.1¢12)  853¢1.4) 33 17 3.0£0.1) — — 2.38
DQF 0.0 — — 6.4(0.2) — 120 7 11.740.2) 697 (-12) 0 1160
T21 10.0 — — 7.2£0.1) — 110 7 3.7¢€02)  1714¢22) -146  16.58
(Eq. [5]) 20.0 — — 8.0 £0.2) — 90 9 32¢02)  1450¢20) —108  3.20
40.0 — — 9.3 (¢0.1) — 40 9 4.040.2) 473 ¢17) 32 1.67
100.0 — — 5.1 ¢-0.1) — 11 7 2.8¢0.1) 300 (-12) 57  0.14

® Decrease of th@;, peak intensity, given by value, in the presence of LiCl, relative to the intensity before LiCl addition.
® Decrease of thd@,, peak intensity, given by value, in the presence of LiCl, relative to the intensity before LiCl addition (a negative value means
increased value).

studied is chemically homogeneous, with a single value, from these fits. The values of the paramet@is and wq
rather than a powder average value. This is justified by tltained fromT,, and T, agree generally quite well.
observation of only a small (10%) dependence of the signalThe addition of Li" to this sample causes a small increase o
lineshape onr, indicating that the degree of heterogeneity i$,, and of T,, and a decrease of the residual quadrupole
small. As we are mostly interested in this work on the effect®upling constanto,, reflecting the replacement of Naons
of Li * on MQF signal intensities rather than lineshapes, we diyy Li * at the membrane isotropic and anisotropic binding site:
not attempt to fit these. The observed TQF signal intensitthe T, values obtained from the TQF;, signal show a
versusr was fitted to Eq. [4] using a singke, value. Table 2 decrease at high>40 mM) Li* concentration, possibly re-
shows that the goodness of the fittings of the TQF data is muitdcting ionic strength effects on the conformation of the cy
better if Eq. [4] is used than for Eq. [3], as shown by theoskeleton.
parametery’, and also shows the fitted parameters obtained.Figure 3B compares the intensities of fhg components of
The preparation time dependence of the DRRYFsignal inten- TQF and DQF and th&,, components of DQF as a function
sity, obtained for the anisotropic sampleés,(# 0), was also of the Li"/Na" ratio p. Removal of the cytoskeleton signifi-
fitted by Eq. [4]. Table 2 summarizes the calculated parameteemtly reduces th&,, signal intensity at all ionic strengths but
obtained from these fits, where we used the calcul@jeise) has no significant effect on its percentage quenching. Howeve
and T (fall) parameters, which also depend @g, as good in the intact RBC membrane, addition of Liip to 10-20 mM
approximations td ,; and T (14). The values of these param-significantly increases the intensity Bf,, and only at 40 mM
eters and their trends in the different samples are generallyoihhigher Li* efficiently quenches this anisotropic signal.
good agreement with those calculated fromThecomponent  The linewidths at half-height of the TQF and DQF signals
of the TQF signals (Table 2). were found to decrease by about 10% with an increase of tl
The modulation of the absolute value of the anisotrapic preparation time, which indicates the presence at the RB
signal intensity, shown in Fig. 5, was fit by Eq. [329), again membrane of nonequivalent Nainding sites in slow chem-

with a singlew, value: ical exchange X2). The presence of some heterogeneity o
membrane binding sites is illustrated by the TQF signal line
S(w, 7) = B exp(—7/Tz)sin(@qT). [5] width for the RBC membranes in the presence of 50 mM NaC

which decreases initially very steeply at low preparation time
Table 2 also summarizes the calculated parameters obtaiaed stabilizes forr = 7,,. The presence of increasing 'Li
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FIG. 5. Plot of the preparation time dependence of the intensity offthecomponent of thé’Na DQF NMR signal at increasing LiCl concentrations for
unsealed RBC membranes in the presence of 50 mM NaCl at 25°C. The solid lines correspond to calculated curves using the parameters in Table 2,
from nonlinear least-squares fitting of the data.

concentrations causes the limiting linewidth value at higbrane samples was unchanged (5t50.02 mg/mL and 5.75%

preparation time to decrease substantially in intact membra®e82 mg/mL, respectively). The total phospholipid content wa

(from 28 Hz in the absence of Lito 22 Hz in the presence of also comparable in all samples (60:63.0 mg [PL]/100 mg

100 mM Li"). This indicates competition of Liwith Na” for [TP]). In the absence of Na(data not shown), the average

all types of membrane binding sites. (n = 4) 'Li T, values for unsealed membranes (7280.80 s)
To help understand the involvement of the cytoskeleton iere not significantly different from those for the csdRBC

Li* binding and Li'/Na" competition,’Li T, measurements membranes (8.3t 0.38 s). As the NaCl concentration in-

were also conducted with samples of unsealed RBC menteased to 10 mM, théi T, values increased to 9.920.50 s

branes and csdRBC membranes. Two types of experiments

were performed: membrane samples containing 4.0 mM LiCl

were titrated with 0 to 10 mM NaCl (data not shown), and TABLE 3

alternatively, membrane samples were titrated with 2 to 14 mmCalculated Li* and Na® Binding Constants to Unsealed and

LiCl in the presence of 0, 2, 5, and 8 mM NaCl (Table 3). ThEgsdRBC Membranes Obtained from James-Noggle Plots of 'Li T,

monoexponential approximation for thei T, values of these Data fo_r Membrane Sample§ Titrated with LiCl in the Presence

L S . Increasing NaCl Concentrations

samples is justified because their LiCl concentrations are lower

than 20 mM. In fact, th&, andT, values of the intracellular Unsealed RBC membrane CsdRBC membrane

Li resonance of frog hearts perfused with tdontaining [NacCl] (mm) K& (M™ K& (M™

buffer have been found to be monoexponent&l) (whereas

both relaxation parameters are weakly biexponential (€.4.,
Ty is only 1.2) for 20 mM LiCl in the presence of unsealed

© o1 N O

185+ 27 (n=5)
149+ 12 (n=3)

328+ 39 (n=5)
251+ 29 (n=3)

_ _ Sea 85+ 13 (n=3) 122+ 48 (n=3)

RBC membranej). Also, no anisotropic membrane binding 62+ 14 (n=3) 114+ 3 (n= 3)

sites are present for Naions, and presumably also for Li Kna = 292 M™* Kya = 262 M™*

ions, at a total ionic strength lower than 22 mM, as shown by Ky =209 M™* Ky =321 M"
R? = 0.98 R? = 0.92

the present®Na DQF experiments.

In the eXpe”m_entS Whe_re membrane samples containing 4'QR2 values are correlation factors for the linear least-squares fi€ Bt
mM LiCl were t'tr‘?‘ted with 0 to 10 mM NaCl, the averag&ajues, obtained from James—Noggle plots’iof T, data, as a function of
protein concentration of the unsealed and the csdRBC melna‘], according to Eq. [6].
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(unsealed RBC membranes) and to 112%.21 s (csdRBC results from the evolution of even and odd rank two quantur
membranes). Thus, th&i T, values increase upon Naddi- states,T,, and T,,, yielding theT;;, and T,, tensors. AsT,,
tion, approaching the limiting values measured in the presermay appears for anisotropic interactions, the DQF, beside
of a large excess (500 mM) of NaCl, where most of théisi providing the same information as the TQF on all types (iso
free (19.10+ 1.79 s for unsealed RBC membransd5.12+ tropic and anisotropic) of Nasites and Li/Na® competition
0.20 s for csdRBC membranes). This is indicative of/Na” through T,,, specifically can probe the anisotropic sites
competition for the same isotropic membrane binding sitesthrough T,,. Thus, the DQFT,,/T;, ratio may reflect the
These qualitative experiments were complemented with thercentage of anisotropic sites present in a sample.
quantitative determination of the ion binding constakKts and The DQF spectra of unsealed RBC membranes containit
Ka t0 the unsealed and csdRBC RBC membranes. The mesf-mM NaCl exhibited two superimposed signals of opposit
brane samples were titrated with 2 to 14 mM LiCl in theigns at lower preparation times (Fig. 4A), while at highel
presence of 0 to 8 mM NacCl. For each titration, d binding values the broad negative signal disappeared. This kind
constant was calculated using a James—Noggle plot. In #ignals was first observed fé6iNa DQF NMR in bovine nasal
absence of N3 this yields a true Li binding constantK,;, but cartilage 81) and later in mammalian erythrocytek3f. The
in the presence of increasing Naoncentrations, [Ng,, ap- appearance of the negative signal is due to the formation of tl
parent Li" binding constants are obtained, which are given Becond rank tensof,;, which arises when the quadrupolar
interaction between the nuclei and the surroundings is n
app _ + averaged to zero3@). The formation ofT,,, with the broad
K= K[+ [NaTJoKa] [6] negative DQF signal component, provides a good method
detect anisotropic motion of bound ions in biological system:
A linear least-squares fit of thii values as a function of Removal of the cytoskeleton of the unsealed membrane at |
[Na']; gave the calculated binding constants of Table 3. It caf\ NaCl concentration causefh,, to vanish and the DQF
be seen that cytoskeleton depletion did not cause a statisticg‘géctra exhibited a sharp positive resonance resulting from t
significant (p < 0.40)decrease of the Nabinding constant to oqd ranked tensoF,,. In human RBCs, anisotropic motion of
the membrane. It induced a significantlp (< 0.029)larger  the intracellular N& was found to be due to interaction with
increase of the Li binding constant, from 209 M for the the plasma membrane modulated by the conformation of i
unsealed RBC membrane to 321 Mor the csdRBC mem- cytoskeleton networklQ, 14, 37, 3§ Variation of the medium
brane. Thus, cytoskeleton depletion favors télative to Na  ignjc strength dramatically influences the anisotropic motion c
binding, and Li/Na" competition for its isotropic sites. In the memprane-bound cations by affecting the cytoskeletal spectr
absence of the cytoskeleton, direct alkali cation binding to thgmer/tetramer equilibrium 14, 49. Spectrin tetramers and
phosphodiester groups of the membrane phospholipids folloyisners have structures based on the left-handed tereelix
the relative order oK, values (Li > Na" > K") expected for pyndie motif 60). At low salt levels, dissociation of the spec-
strong chelating ligands, such as phosphate or other aniong/ff tetramers into dimers leads to a decrease in the percentz
weak acids. This is illustrated by the, values reported for of its o-helical structure 1) and loss of anisotropy of the
phosphateK, = 0.95 (Li"); 0.75 (Na); 0.60 (K)) (47). In  |50sened cytoskeleton netword). In the unsealed mem-
the intact RBC membrane, the relative orderkafvalues is pranes; this effect is followed by partial dissociation of the
reversed (Li < Na'), possibly because the cytoskeleton nekytoskeleton from the membrane surface, as the absence of
work has a larger steric hindrance effect to binding of the Lications prevents the shielding of the electrostatic repulsic
ion to the membrane phosphate groups than for the iNa, petwveen the negatively charged surfaces of the membrane ¢

due to the larger hydrated radius of'Li cytoskeleton %2). The T,, component of the DQF signal
disappears at low<(40 mM) ionic strength (Table 1).
DISCUSSION The preparation time dependence of tfida TQF and DQF

NMR signal intensity for the unsealed and csdRBC membran
*Na MQF NMR experiments, conducted using unsealed aatl5 and 50 mM NaCl (see illustrations in Figs. 1 and 4) wer
¢csdRBC membranes at two ionic strengths (5 and 50 mashalyzed and the corresponding parameters are shown in T
NaCl) in the presence of increasing amounts of LiCl, can probées 1 and 2. The TQF spectra gave only Thesignal, whose
the effect of the presence and the conformation of the memaximum intensity was affected by ionic strength and th
brane cytoskeleton on the interaction of Naith the mem- presence of the cytoskeleton netwoll2). An increase in the
brane binding sites and on the competition of for those NaCl concentration in the suspending medium from 5 to 5
sites. The observed TQF signal provided evidence fofNa™~ mM resulted in a decrease of the maximum TQF/SQ sign:
competition for all membrane binding sites, through the oddtensity ratio by a factor of 2.6 for the unsealed membrane
rank T, tensor, which results from evolution of the threeand 3.8 for the csdRBC membranes. Cytoskeleton depletion
quantum statd ;. In fact, T4, results from both isotropic and the membranes was accompanied by a significant decrease
anisotropic Na interactions. However, the observed DQFhat TQF/SQ signal ratio (by 1.4 at 5 mM Naby 3.5 at 50
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mM Na"). Thus the absence of the cytoskeleton weakens thePrevious studies, usindLi relaxation measurements in
binding of Na to the membrane sites probed by the TQRgar gels as models for the ‘Limolecular interactionsgj,
signal. led to the suggestion that the lard&i T,/T, ratio in
The decrease in TQF signal intensity upon LiCl addition wag *-loaded human RBCs was due to electric field gradient
due to the displacement of Naby Li" from all the N& on this quadrupolar nucleus when Ltransverses the SA
binding sites (isotropic and anisotropic) of the membrane. Thgtwork. Thus, it was proposed that SA could provide
extent of competition between these two ions depends on mﬁjor binding site for LT in the RBCs. A later studys)
ionic strength, the afﬁnity of thg lithium ion to the membra_”%roved that it is the RBC membrane, in particular the inne
and the presence and integrity of the cytoskeleton. This |i$ifet with a greater percentage of anionic phospholipid:

iIIustraFed by, the plots of Fig. 3, representing the dgpende%ich provides the major binding site for LiThe observed
of th§+|ntePS|tyA of the.T31 cqmponent of the TQF signal ONincrease of theli T, values with increasing Naconcen-
the .LI /Na“ concentration ratig, as Well+as k?y the parameter, ations to both unsealed and csdRBC membrane prepal
AAIN T'a'bles L anq 2. At the same’UNa’ ratio, the extent of tions indicates the occurrence of IINa” competition for
competition of Li" is higher at 50 mM NaCl than at 5 mM

NaCl. This could be due to the saturation of the membrart%e Isotropic membrane binding sites. A comparison of th

binding sites by N& ions at this high concentration, as Li calculated Li apparent affinity constants for the unsealec

addition causes immediate displacement of Nice no va- and csdRBC memb_ran_es in the presence of O+to 8_m_l\7| Ne
cant sites are available for Lito bind. However, the percent-2/lowed the determination of the true’Land Na affinity
age of quenching of th,, TQF signal is comparable in intactconstants (Table 3). These show that the removal of tf
and csdRBC membranes, showing that the effect of the @[toskelet(_)n increases the "Laffinity for the RBC mem-
toskeleton on Li/Na'" competition for the TQF-probed sitesPrane. This could be because, once the cytoskeleton
could be detected by this technique. removed, the absence of the mesh-like structure of the S
This Study was Comp|emented Bma DQF measurementsﬂetwork allows easier diffusion of the hydrated*Lion
on the unsealed RBC membranes at 50 mM NaCl, whi¢award the inner leaflet surface and enhanced binding to tf
simultaneously probed all sites and selectively the anisotropiore exposed anionic phospholipids. The observed sm:
membrane sites via the intensity of tiig, and T,, signals, decrease of the Naaffinity for the RBC membrane upon
respectively. Figures 3B, 4, and 5, as well as Table 2, show tlegtoskeleton removal should reflect the less pronounce
when Li" is added to this sample up to a'INa" ratio of 2.0, steric hindrance effect of the SA network to binding of the
both the anisotropit ,; signal and thd ;; signal are quenched. Na* ion, with a smaller hydrated radius, to the membrane
However, the ratio of the maximuri,,/T;, intensities in- 7Li T, values proved to be a technique more sensitive t
creases from 0.6 in the absence of LiCL{ predominates) to quantitative Li/Na’ competition than*Na MQF, as this
1.2 in the presence of 40 mM LiCTr¢, predominates) (Table technique could not detect any effect of the cytoskeleton o
2). The predominance of,, vs Ts, as LiCl is added is even | j*/Na* competition for the membrane isotropic sites.
better illustrated by th&/A ratio (Table 2), which increases oy results fron*Na MQF and’Li T, NMR experiments
from 2.7 (0 MM LiCl) to 10.7 (20 mM LiCl) and then decreasegjth the unsealed and the csdRBC membranes demonstr:
to 4.2 (40 mM LiCl). This indicates that Licompetes With 4t the cytoskeleton plays only an indirect role toward Na
Na" preferentially at the isotropic membrane sites, and only ahd Lit binding to the RBC membrane. This membrane
higher concentrations Licompetes for the anisotropic sitesbgnding could occur both to phospholipids and membrane

Possibly, the former sites are of lower affinity and the latter ound proteins, such as Band 3 protein. The SA networ

higher affinity for cations. Also, the increased ionic strengtonly discriminates between these two ions through the

initially incr the number of membrane anisotropic sit . . .

ally Increases e nu pe of membrane a SOtroplc Sie ifferent hydrated radii, facilitating the diffusion of the
Thus, it is important to take into account the contribution of the ler hvdrated . H th £ th
second rank tensadr,, in any study of DQF signal intensity smaller nydrate lon. However, the presence ot the

(53), which has not been done in a previous study of the ef.re(@{toskeleton is responsible for the anisotropic motion of th

of Li* on the®Na DQF signal of RBCs7). bound Nd ions at the surface of the unsealed RBC mem

There is a strong indication of the presence of nonequivaléfgtn® Phospholipids and membrane-bound proteins, leadi
Na' binding sites in slow chemical exchange at the membraf the presence of isotropic and anisotropic sites. The co
of intact RBCs 12). This binding site heterogeneity is mucHormation of the cytoskeleton network affects the extent o
smaller in the presently studied isolated membranes, as N&" binding to the anisotropic, higher affinity sites and the
flected by a small dependence of the TQF and DQF sigriaftent of Li* competition for the isotropic and anisotropic
linewidths on the preparation time. Increasing amounts 6f LNa" sites. It will be interesting to see if a similar experi-
causes the limiting linewidth value at high preparation time tmental strategy using-i MQF methods could be developed
decrease substantially in intact membranes, indicatifigNa” to probe directly the molecular details of UNa" compe-
competition for all the membrane binding sites. tition for the RBC membrane binding sites.
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