e
Sodium interaction with ordered structures in mammalian red blood
cells detected by Na-23 double quantum NMR
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ABsTRACT  Na-23 double and triple quantum filtered NMR spectra of intact dog and human red blood cells were measured with the pulse
sequence 90°-7/2-180°-7/2-6°-t,-8°-t,(Acq). For 8 = 90° the triple quantum filtered spectra exhibited the typical multiple quantum
filtered lineshape, characteristic of isotropic media, while the double quantum filtered ones presented a superposition of two signals,
whose proportion depended on the creation time 7. This effect is due to the formation of both second and third rank tensors. The
formation of the second rank tensor, T, results from non-zero residual quadrupolar interaction and is related to the anisotropic motion of
sodium ions. Measurements of the double quantum filtered spectra with § = 54.7° enabled the detection of the contribution of T,
exclusively. No residual quadrupolar interaction was detected for sodium in the cytoplasm, while unsealed ghosts displayed the double
quantum filtered spectral pattern, similar to that of intact cells. The anisotropy of motion of the sodium at the plasma membrane of
mammalian erythrocytes depended on the integrity of the cytoskeleton network. Theoretical analysis of the double quantum filtered
spectra gave a value of residual quadrupolar splitting of ~20 Hz for intact unsealed ghosts. The data presented prove that double

quantum filtering is a sensitive technique for detection of motional anisotropies in biological systems.

INTRODUCTION

Recently we reported that Na-23 double quantum fil-
tered (DQF) NMR spectra of bovine nasal cartilage dis-
played a superposition of two components, whose ratio
varied with the creation time 7 (1). We demonstrated
that the effect is due to the formation of the second rank
tensor resulting from the residual quadrupolar interac-
tion of anisotropically moving sodium ions. The data
indicate that order exists in this connective tissue. How-
ever, the question arises to what extent is the phenome-
non specific for cartilage or occurs in other biological
systems.

Mammalian red blood cells (RBC) have become the
prototypal system for investigation of the plasma mem-
brane structure and function. These cells are simply
“bags” of hemoglobin rich cytosol and do not contain
nuclei and intracellular organelles. The specific feature
of RBC plasma membrane is the presence of well defined
cytoskeleton (a dense protein shell which underlines the
phospholipid bilayer). The major proteins of the cyto-
skeleton are spectrin and actin, which together comprise
~30% of the total protein content of the RBC mem-
brane. The cytoskeleton plays a crucial role in the main-
tenance of the shape and deformability of the erythro-
cyte (2).

Here we report the detection of anisotropic motion of
sodium in mammalian RBCs and their ghosts. Evidence
is provided that the effect is determined by the integrity
of the cytoskeleton.

EXPERIMENTAL

Dog venous blood was collected with heparin, kept at 4°C, and ana-
lyzed within 48 h. Dog RBCs have a high sodium concentration and
were studied without further treatment.

Human venous blood was collected with EDTA (35 ml blood with 1
ml of 0.2 M EDTA) and kept at 4°C not more than 24 h. RBC were
loaded with Na* by using nystatin as described previously (3 ). Erythro-

cytes were separated from plasma by centrifugation and washed three
times with a solution containing 125 mM Na(l, 25 mM KCl, 5 mM
Hepes, 10 mM glucose, pH 7.4. The cells were incubated for 30 min at
4°C in a solution containing 125 mM NaCl, 25 mM K(l, 0.6 mM
NaH,PO,, 0.9 mM Na,HPO,, 27 mM sucrose, 10 mM glucose, 50
ug/ml nystatin, pH 6.7. The RBCs were washed four times with a
10-fold excess of the same solution devoid of nystatin, and then three
times with a 10-fold excess of phosphate buffer saline. The resulting
concentration of intracellular sodium was in the range 80-90 mM (3).
RBCs were washed in solution containing 20 mM Hepes, 95 mM KCl,
12.5 mM NasP,0,,, S mM DyCl;, pH 7.4 immediately prior to NMR
measurements. The final content of shift reagent (SR) Dy(P;0,0)3~
was 5 mM and enabled a good separation of intra- and extracellular
sodium signals (4).

Ghosts were prepared from human RBCs by means of hypoosmotic
hemolysis at 4°C according to the original procedure of Dodge (5)
modified by Fairbanks (6). Cells were separated from plasma by cen-
trifugation and washed three times with solution containing 150 mM
NaCl, 5 mM sodium phosphate buffer, pH 8.0. Erythrocytes were he-
molyzed in a 40-fold excess of solution containing 5 mM sodium phos-
phate buffer, pH 8.0. Ghosts were sedimented by centrifugation and
washed twice with the same solution. Finally the ghosts were washed
once with solution containing 10 mM NaCl, pH 6.0. In order to in-
crease the concentration of Na* aliquots of 1.5 M NaCl were added to
the pellet of ghosts. The supernatant after the RBC hemolysis, which in
fact presented a diluted erythrocyte cytosol, was concentrated to the
final concentration of 5 mM hemoglobin by means of vacuum dialysis.

Ghosts were depleted of cytoskeleton according to traditional proce-
dure, suggested by Fairbanks et al (6). A pellet of fresh ghosts was
diluted tenfold with warm solution, containing 0.1 mM EDTA, 0.25
mM sodium phosphate buffer, pH 8.0 and incubated at 37°C for 30
min. Inside-out vesicles, resulting from this treatment of ghosts were
sedimented at 4°C by centrifugation at 30,000 g for 120 min, and
resuspended in solution containing 40 mM Hepes, 80 mM KCl, 50
mM NaCl, pH 7.4. The supernatant was analyzed for protein content.
Selective proteolysis of band 3 was achieved by aging of ghosts at 4°C
due to the activity of endogenous proteases.

The shape of the ghosts was analyzed by phase contrast microscopy.
Inside-out-vesicles were studied by negative staining electron micros-
copy. Samples of ghosts and inside-out-vesicles were characterized by
SDS-polyacrylamide gel electrophoresis (10% PAGE ) according to the
traditional procedure suggested by Laemmli ( 7). Protein content of the
samples was assessed by the standard Bradford technique (8). The
calibration was performed on albumin solution.
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FIGURE 1 The contributions of the second rank tensor T, (&, b) and

the third rank tensor T, (¢, d) to the DQF spectra of I = 3/2 nucleiasa
function of the ratio between the linewidth of the satellite transitions
Avy,; and the residual quadrupolar interaction wq: Av,;,/2wq. The
simulation is performed in the ideal case where all the binding sites are
represented with a single value of wg,.

Na-23 NMR spectra were recorded at room temperature on AM-
360-WB and AM-400-WB Bruker NMR spectrometers operating at
95.3 and 105.8 MHz for sodium-23, respectively. For detection of the
multiple quantum coherencies the carrier frequency was adjusted on
the measured signal. The double quantum filtered ( DQF) or the triple
quantum filtered (TQF) spectra were selected by a suitable phase cy-
cling (9).
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THEORETICAL BACKGROUND

DQF and TQF spectra were measured using the follow-
ing pulse sequence (10, 11):

90°—7/2-180°-7/2-6°—1,-8°~1,( Acq), (1)

with 8§ = 90° and 54.7° for DQF and ¢ = 90° for TQF.

The first 90° pulse transfers the T, tensor (z magneti-
zation ) into the single quantum coherences T,,and T ;.
During the creation time 7 quadrupolar relaxation in
isotropic media causes evolution of T,, into T;, exclu-
sively but in anisotropic media where average of the
quadrupolar interaction w, is nonvanishing, the second
rank tensor T,, is formed as well. The time conjugate,
T,.;, undergoes similar time evolution. The 180° pulse
serves to refocus chemical shifts and magnetic field inho-
mogeneity. The third pulse with § = 90° transfers T,
into Ty, and T;; and T, into T,,, i.¢e., double and triple
quantum coherences are formed and evolve during ;.
The last pulse transfers T, and T;; into T;, and T, into
T,,, which evolve into the observable T,, during ,.
Phase cycling allows the selection of either DQ or TQ
coherences. While the TQF experiment selects the con-
tribution of the third rank tensor only, the DQF in aniso-
tropic medium selects the contributions of both third
rank (T,,) and second rank (T,,) tensors. However by a
judicial choice of § = 54.7° the formation of T}, is elimi-
nated and only the contribution of T,, appears in the
spectrum (1, 11, 12).

In isotropic medium the formation of T;, results in
detection of two absorptive lines in antiphase (10, 11).
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FIGURE2 SQ, DQF, and TQF Na-23 NMR spectra of intact dog red blood cells suspended in the presence of 5 mM of shift reagent ( Dy(TPP),)”"
(see Experimental Section). DQF and TQF spectra are shown only for the intracellular Na-23 signal. DQF and TQF spectra were measured with

pulse sequence (1) with 8 = 90° and various creation times 7.
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FIGURE 3 Intracellular signal in DQF spectra of Na*-loaded human
red blood cells suspended in the presence of 5 mM of Dy(TPP);™. The
cells were loaded with sodium by means of treatment with nystatin ( see
Experimental Section ). Na-23 DQF NMR spectra were measured with
the pulse sequence (1) with 8 = 90° (4) and 8 = 54.7° (B) at various
creation times 7.

In anisotropic medium the spectrum is more compli-
cated and presents a combination of three absorptive
lines, the central band and two satellites in antiphase to
it. The formation of T,, results in detection of a broad
component presenting in fact pairs of overlapping dis-
persive lines of the satellites in antiphase. The splitting is
equal to the residual average of quadrupolar interaction,
2wq. The simulated contributions of T, and T, tensors
for the ideal case of a single value of wq provide a good
visualization of the lineshape dependence on the ratio
between wq and the linewidth (Fig. 1). When wgq is much
larger than the linewidth, like in liquid crystals, the con-
tributions of the second rank (T,,) and the third rank
(T;,) tensors are presented in Fig. 1 aand Fig. 1 ¢, respec-
tively. In such a case the presence of splitting is also evi-
dent from the single quantum (SQ) spectrum. When wq
is of the order of magnitude of the linewidth, the anisot-
ropy cannot be detected by SQ spectra. The contribu-
tions of T, and T, to the DQF spectra are given in Fig.
1, b and d, respectively.

Theory predicts that contribution of the T,, is in-
creased 1.5-fold for 6§ = 90° as compared to 0 = 54.7°
(13). Thus, it is possible to exclude the contribution of
T,, and select that of T, by taking the difference be-
tween the DQF spectra measured with § = 90° and that
measured with # = 54,7° with 50% more accumulations.

RESULTS

In Fig. 2 Na-23 SQ, DQF and TQF spectra of intact dog
RBCs, suspended in the medium containing SR, are
given. The TQF spectra of the intracellular Na-23 signal

exhibit the typical multiple quantum filtered lineshape,
characteristic of isotropic medium. The lineshape re-
mains almost invariable for the whole range of creation
times, and only the amplitude is modulated. In contrast,
the DQF spectra present a superposition of two compo-
nents, whose proportion depends on 7. The broad com-
ponent is dominant at short creation times, but then dis-
appears, while the narrow one still evolves at longer 7
values. This pattern is analogous to that we reported re-
cently for bovine nasal cartilage (1) and is in full agree-
ment with the theoretical considerations presented
above: the narrow component results from the forma-
tion of T;;, while the broad one in DQF, from that of
T,,. Similar data were obtained for fresh and Na®-
loaded human RBCs (Fig. 3). Na-23 DQF spectra mea-
sured with the pulse sequence (1) with 8 = 54.7° detect
only the broad component, which is a result of the con-
tribution from T,, exclusively, again in agreement with
the theoretical considerations.

To examine the contribution of each of the RBC com-
ponents to the anisotropic motion of the sodium ions a
Na-23 DQF study of separated cytosol and plasma mem-
branes from human erythrocytes was performed. In case
of the cytosol the Na-23 DQF spectra did not display the
pattern typical for anisotropic motion and for § = 54.7°
the signal was negligible. For intact unsealed ghosts we
found that Na-23 DQF signal is similar to that observed
for intact RBCs (Fig. 4). Measurement of DQF spectra
with pulse sequence (1) with § = 54.7° and their subse-
quent subtraction from those registered with § = 90°
resulted in deduction of the contributions from the T,,
and the T, separately. These data prove that anisotropic
motion of sodium ions in RBC is due to their interaction
with plasma membrane.

Further experiments were aimed at the elucidation of
sources of anisotropy in plasma membrane of human
RBCs. Cytoskeleton depleted inside-out vesicles with the
diameter ~ 1 um are produced as a result of spectrin and
actin extraction from the ghosts. The selective depletion
of spectrin and actin is proved by gel electrophoresis
(PAGE with SDS) (Fig. 5). In intact ghosts one can
clearly see the «- and §- chains of spectrin as well as actin
and band 3. The amount of spectrin and actin in the
preparation of depleted ghosts is drastically reduced,
while band 3 is practically unchanged. The extracted cy-
toskeleton proteins are readily registered in the superna-
tant. These sealed inside-out vesicles may serve as a
model for the inner side of the plasma membrane devoid
of the cytoskeleton. Na-23 DQF spectra of the vesicles
exhibit the multiple quantum filtered lineshape typical
for isotropic motion, i.e., a drastic decrease in the contri-
bution of T, as compared to T 5, occurs. Moreover, cyto-
skeleton depletion of ghosts was accompanied by a signif-
icant diminution of the intensity of Na-23 DQF signal
relative to that of the SQ.
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FIGURE4 Na-23 DQF NMR spectra of suspension of intact unsealed ghosts (4 mg protein/ ml) measured with the pulse sequence (1) with 8 = 90°

(A), 8 = 54.7° (B), and their difference (C = 4 — B).

Another indication to the cytoskeleton involvement
in the anisotropy of sodium motion at the membrane is
obtained from the drastic dependence of the effect on the
ionic strength of the suspending solution (Fig. 6). For
ghosts in 10 mM NaCl the contribution of T,, to Na-23
DQF spectra with § = 90° was negligible, and for 8 =
54.7° practically no signal was detected. At the same
time the DQF signal was surprisingly intensive relative
to that of the SQ. An increase in the NaCl concentration
in the suspending medium to 50 mM resulted in the
detection of a typical anisotropic pattern. The amplitude
ratio of the T ;, to that of SQ was decreased as compared
to 10 mM Na(Cl, while the relative proportion of T,, was
drastically increased. The increase in the NaCl concen-
tration from 10 to 50 mM is accompanied by changes in
the shape of the ghosts from cup-shaped to a shape close
to a regular discocyte. Further increase in the ionic
strength did not cause any significant changes either in
the pattern of the Na-23 DQF spectra, or in the shape of
the ghosts. The dependence of the anisotropy on ionic
strength of the suspending solution is in agreement with
conformational changes of the cytoskeleton in the same

range of NaCl concentrations already found by tradi-
tional biochemical techniques (14).

Selective proteolysis of band 3 was achieved by aging
of the ghosts at 4°C. Gel electrophoresis unambiguously
proves that complete proteolysis of band 3 was achieved
(Fig. 5). This treatment of ghosts was not accompanied
by any significant changes in their shape. Since the cyto-
skeleton is attached to the phospholipid bilayer via two
anchoring sites: to band 3 (via ankyrin), and to glyco-
phorin C (via band 4.1) (2), the proteolysis of band 3
may cause a detachment of the whole network from the
membrane. Fig. 7 demonstrates that band 3 proteolysis
of the ghosts is accompanied by a diminution of Na-23
DQF signal intensity and the contribution of T, is de-
creased to the larger extent.

In order to check the validity of our theoretical inter-
pretation we have chosen to analyze the Na-23 DQF
spectra of intact unsealed ghosts of human RBCs. The
analysis of intact erythrocytes was more complicated
due to the contribution of the interaction of sodium with
the intracellular proteins to the spectra and the use of
SR. The experimental data were fitted to the following
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TABLE 1 Spectral densities and residual quadrupolar splitting
that were obtained by a fit of the experimental data to the
theoretical model described in the text

Jo (Hz)* J, (Hz)* J, (Hz)* Wl Awk*

18.5 35 1.8 223 10.5

* Spectral densities.

model (1, 13 model c¢): (a) DQF spectra are a result of
the time evolution of the second (T,,) and the third
(T5,;) rank tensors; (b) both tensors are formed as a re-
sult of the evolution of T |, under the nonvanishing quad-
rupolar interaction and multiexponential relaxation; (¢)
the value of wq in the laboratory frame of reference (with
z direction along the magnetic field) is given in terms of
its value, w5°°, in a local director frame of reference by
the following transformation:

wld'b = wb‘”(3 cosp — 1)/2, (2)

where 8, , is the angle between the local director and the
magnetic field; (d) a symmetrical Gaussian distribution
of wg® with a width Awg™® (15) is assumed in order to
take into account the heterogeneity of the system. The
nonequivalence of the binding sites is unequivocally de-
duced from the variations of the linewidth of the T,,
contributions to the observed spectra as a function of 7.
These variations imply that the chemical exchange be-
tween sites with different w&™* and 8, is slow; (e) a fast

intact inside-out super- aged
ghosts vesicles natant ghosts
spectrin
: | — -
ankyrin
band 3 -
actin .
— [o——" w;ﬂﬂ

FIGURES SDS-PAGE (10%) of (a) fresh intact ghosts (5 gl of a fixed
sample, containing 1 mg protein/ml), (b) inside-out vesicles (5 ul of a
fixed sample, containing 1.3 mg protein/ml), (¢) supernatant, ob-
tained after the preparation of inside-out vesicles ( 30 l of a fixed sam-
ple, containing 0.05 mg protein/ml), and (d) aged ghosts, (10 days
old), (5 ul of a fixed sample, containing 1 mg protein/ml), the same
preparation as a.

50 mM NaCl
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FIGURE 6 Na-23 DQF NMR spectra of suspension of intact unsealed
ghosts (4 mg protein/ml) measured with the pulse sequence (1) with
6 = 90°. The suspending medium contained 10 mM NaCl (top) and 50
mM NaCl (borrom).

chemical exchange between sodium in the bulk solution
in the vicinity of the binding sites and the sites them-
selves is assumed. The latter assumption is based on the
similarity of the longitudinal relaxation times of sodium
ions in the suspension of ghosts and in saline. Fig. 8
shows a fitting of DQF spectra of intact unsealed ghosts
measured with the pulse sequence (1). The values ob-
tained for the spectral densities and the residual quadru-
polar interaction are given in Table 1.

DISCUSSION

We have recently shown for Na-23 in cartilage that the
formation of the second rank tensor is a sensitive marker
for the presence of ordered structures in biological tissue
(1). In the present work we show that this method can
serve to detect anisotropic motion of sodium in mam-
malian erythrocytes. The effect of anisotropy persists in
RBC ghosts but is completely undetectable in the sepa-
rated cytoplasm. We have thus deduced that the aniso-
tropic motion originates from the interaction of sodium
with the plasma membrane. More specifically we have
evidence that it is related to the integrity of the cytoskele-
ton. This point is however quite hard to prove as any
changes in the cytoskeleton network inevitably affect
morphology of erythrocytes and their ghosts.

The dramatic decrease in the T,, contribution to Na-
23 DQF NMR spectra of cytoskeleton depleted mem-
branes suggests that the presence of the network is rele-
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FIGURE 7 The contribution of T;, and T,, to the Na-23 DQF NMR spectrum as a function of creation time, 7: (4) intact and (B) band 3
proteolized ghosts. ( C) Relative decrease in the both components T, and T, in the result of aging of the ghosts.

vant for the anisotropy of sodium motion. However, de-
pletion of spectrin and actin from intact ghosts results in
disintegration of the membrane and the formation of
inside-out vesicles with the diameter < 1 um. The faster
Brownian motion of these species as compared to the 7
pm diameter ghosts may by itself lead to an averaging of
the residual anisotropy to zero. Therefore, in this case
the disappearance of anisotropy cannot be unequivo-
cally associated with the loss of the cytoskeleton.

Two other experiments were designed to induce only
minor changes in the cytoskeleton network. The first of
them is based on a dependence of the cytoskeleton con-
formation on the ionic strength of the suspending solu-
tion. Our results indicate that when intact unsealed
ghosts are suspended in a medium with low ionic
strength, and obtain a cup-shape form, no anisotropy is
detected. On the other hand in case of ghosts suspended
in 50 mM NaCl, when their shape is already close to a
discocyte, the anisotropic pattern is clear. This drastic
change in the T,, contribution to DQF spectra is not
accompanied by any changes in the total size of the
ghosts, which is around 7 um. Further increase in ionic
strength did not produce any changes in the Na-23 DQF
NMR spectra and the ghost shape also did not change

significantly. It is well known that drastic conforma-
tional changes take place in the cytoskeleton of ghosts
suspended in 10 mM NacCl. At this salt level the major
dissociation of spectrin tetramers to dimers inside the
ghost membrane was observed (14). The dissociation is
accompanied by a decrease in the percentage of the -
helical regions in the spectrin molecules (16), which
might be the major reason for loosening of the whole
cytoskeleton network and the loss of anisotropy.

Another experiment, which produced only minor
changes in the cytoskeleton conformation, is aging of the
ghosts. Here we detected a significant decrease in T,,,
representing the nonvanishing quadrupolar interaction.
In this experiment the ghosts retained their original size
with no noticeable change in their shape.

The model used in the present study assumes regions
of free sodium exchanging with sodium bound in or-
dered sites. The latter gave rise to the formation of the
second rank tensor. The directors in these regions are
randomly oriented, but the exchange between them is
not fast enough to annihilate the effect. One set of param-
eters was sufficient to reproduce spectra originating from
both T,, and T, for the whole range of creation times.
These values are weighted averages of the free and bound
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FIGURE 8 Simulation of Na-23 DQF NMR spectra of intact unsealed
ghosts suspended in 75 mM NaCl. DQF spectra were measured with
pulse sequence (1) with 8 = 90° and 8 = 54.7° at various creation times
7. (- - - ) Experimental spectra; (——) simulated spectra.

sodium and are a function of the bound fraction. In a
system of intact ghosts we obtain a value of wq of ~20
Hz from our theoretical fit. If we assume the quadrupo-
lar coupling constant x of 1.5 MHz, the product of the
fraction of bound sodium Py and the order parameter Py
X 8 =3 X 1073, This is an order of magnitude smaller
than the value obtained for cartilage (13). Typical values
for liquid crystals are of the order of 1072,

The method presented here for the detection of aniso-
tropic movement is extremely sensitive and a residual
quadrupolar interaction of the order of magnitude of the
linewidth can be detected. Thus by DQF techniques
both the dynamics of the bound sodium as well as the
order of the system can be studied.
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