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Erythroid band 4.1 enhances the binding of erythroid spectrin to phosphatidylserine
vesicles under conditions of ionic strength and at protein concentrations similar to those in
the red cell. The extent of enhancement depends on the concentration of band 4.1; at 2 yM
4.1, spectrin binding increases approximately 10-fold (to 600 wmoles/mole lipid). The Ky
is 0.5 uM, as measured by SDS-PAGE of protein-bound vesicles recovered by ficoll gradient
centrifugation. The 4.1-enhanced binding of spectrin was also measured by a gel filtration
assay. The electrostatic nature of the enhancement of spectrin binding is indicated by its
dependence on the phosphatidylserine content of the vesicles. © 1993 acadenic press, Inc.

The elastic properties of the red cell skeleton may be modulated by its interaction
with the underlying lipid bilayer (1), a major component of which is phosphatidylserine (2).
In support of this suggestion, the major skeletal proteins, band 4.1 (3-5) and spectrin (6-8,
R. L. MacDonald, submitted), can bind specifically to vesicles composed of acidic
phospholipids, as well as to each other (9-11) and to other red cell surface-associated
proteins (12). The K for phosphatidylserine binding of spectrin is 0.1 - 1 uM (7-8, R. L.
MacDonald, submitted), whereas the Ky for phosphatidylserine binding of band 4.1 is
somewhat lower (3,4, this work). Since 4.1 and spectrin associate with each other with a

similar affinity (11), it seemed likely that band 4.1 would enhance the binding of spectrin to

Abbreviations: ATP, adenosine 5’-triphosphate; CF, carboxyfluorescein; DTT, dithiothreitol;
EDTA, ethylenediamine tetraacetic acid; EGTA, ethylene glycol-bis(8-aminoethylether)-
N,N,N’,N’-tetraacetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; K5,
dissociation constant; PC, egg yolk phosphatidylcholine; PMSF, phenylmethylsulfonyl
fluoride; PS, bovine brain phosphatidylserine; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; MLV, multilamellar lipid vesicles; LUVETS, large,
unilamellar vesicles produced by extrusion technique; TNBS, 2,4,6-trinitrobenzenesulfonic
acid; TNED, 25 mM Tris, pH 7.6, + 0.1 M NaCl + 0.1 mM EDTA + 0.2 mM DTT; Tris,
tris(hydroxymethyl)aminomethane.
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PS vesicles. We report here that 4.1 indeed substantially increases the amount of spectrin

binding to PS vesicles.

MATERIALS AND METHODS

Preparation of red cell skeletons. Human red cell ghosts were prepared by a
standard procedure (13) within 3 weeks of withdrawal. Chemicals were from Sigma unless
otherwise noted. Protease activity was reduced by removing white cells with a leukocyte
filter (Pall Biomedical Products Corp.) and by the inclusion of pepstatin (2 pg/ml) and
PMSF (34 pg/ml) in the lysis buffer. Skeletons were liberated from ghosts by solubilizing
the membrane with an equal volume of 4% (v/v) Triton X-100 in 25 mM HEPES, pH 7.0,
+ 1 mM EGTA + 0.5 mM DTT + 0.174 mM PMSF (14). To pellet the skeletons stripped
of ankyrin and band 3, the detergent-containing mixture was layered over chilled 30%
sucrose in 1.5 M NaCl + 25 mM HEPES, pH 7.0, + 0.5 mM ATP + 0.5 mM DTT + 0.5
mM EGTA (15) and centrifuged for 1 h at 112,000 x g in a Beckman SW28 rotor.

Purification of spectrin and band 4.1. Pelleted skeletons were dissociated in 1 M Tris,
pH 7.2, (16) and centrifuged for 1 h at 130,000 x g in a Beckman SW50.1 rotor. Solubilized
spectrin and band 4.1 were separated on a Sepharose CL-6B column (60 x 2.5 cm)
equilibrated with 1 M Tris, pH 7.2, + 0.2 mM EGTA at 4°C. Spectrin was concentrated
by precipitation at 50% saturation with (NH4),SOy. The redissolved spectrin was dialyzed
against TNED and eluted from a Sepharose CL-4B column (80 x 2.6 cm) with TNED at
4°C to obtain spectrin heterodimer which was concentrated by addition of (NH,4),SO4 to
50% saturation and dialysis of the resuspended pellet against TNE The spectrin
concentration was estimated by its absorbance at 280 nm which is 10.71 ®1em(17)- Band
4.1 was further purified by DEAE-Sephacel chromatography on a 4.5 x 1.4 cm column and
concentrated by dialysis against aquacide III (Calbioch%}n). 4.1 was quantified by the
Bradford method (18) or by its absorbance at 280 (8.0l ° 1cms 19)- Spectrin dimer and
band 4.1 were stored at 4°C in TNED and 4.1 was used within a week after purification.

Monitoring the quality of spectrin and band 4.1. 1) Spectrin and band 4.1 isolated
from the stripped skeletons contained only the a and B8 subunits and a single band,
respectively, on SDS-PAGE. The integrity of proteins was regularly verified by SDS-PAGE.
2) Spectrin and band 4.1 formed a gel when incubated with muscle actin (20). 3) The
spectrin dimer-tetramer equilibrium K4 was 1.2 uM at 30°C, which compares well with the
2.5 uM obtained by electrophoretic separation of dimer and tetramer (21). 4) Others (3-5)
have reported PS binding of band 4.1 isolated by 1 M KCI extraction of spectrin-depleted
ghosts, rather than the method of Ohanian and Gratzer (16). We therefore tested 4.1
obtained by the latter method for binding to PS vesicles and found maximal binding of 4.1
to the outer monolayer of PS MLV to be 3.6 mmole/mole PS, 40% of the 9 mmole/mole
PS found by Cohen et al. (3) and about 3 times higher than the 1.25 mmole/mole PS
reported by Rybicki et al. (4). The dissociation constant for band 4.1 and PS vesicles was
found to be 0.3 uM, corresponding to that obtained previously (4). The binding of band 4.1
to LUVETs of PS, phosphatidic acid, phosphatidylinositol, PC-phosphatidylethanolamine
(1:1) or PC was in the ratio 1:2.2:1.1:0.2:0.08, i.e. parallel with the lipid charge.

Preparation of lipid vesicles. MLVs were prepared by shaking dried lipid with the
appropriate buffer under N, and freezing and thawing nine times. The fraction of PS in the
outer monolayer was measured with TNBS (Fluka) [22] and found to be 11% of the total.
LUVETSs were prepared as described (23). Phospholipid was measured according to (24).

Ficoll-SDS PAGE assay of protein binding to lipid vesicles. Proteins were incubated
with MLVs in 100 ul of 152 mM NaCl + 5 mM Tris, pH 7.2, + 1 mM NaNj3 at room
temperature for 1 hr. To isolate the vesicles from the protein, the incubated sample was
mixed with 100 ul of 24% ficoll-400 in buffer and overlaid with 500 ul of 8% ficoll-400 in
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buffer and 20 ul of buffer alone. The gradient was centrifuged at 28,000 x g in a Sorvall
HB-4 rotor for 40 min at 4°C, after which 50 pl of the top layer was removed. 25 pl of this
layer was analyzed by SDS-PAGE (25) on 8% gels and the amounts of Coomassie blue or
silver-stained (26) protein quantified in an LKB Gelscan densitometer with known amounts
of similarly stained spectrin and 4.1 as internal standards. Phosphate in the remaining 25
ul of the top layer from the gradient was measured (24) to determine lipid content.

Gel filtration assay of CF-spectrin binding to LUVETs. To corroborate binding data
obtained with the ficoll:SDS-PAGE assay and to expedite data gathering, we measured
spectrin binding to PS by an alternative assay, in which bound and free spectrin were
separated by gel filtration on Sepharose CL-2B (R.I. MacDonald, submitted). Spectrin at
pM concentrations and labeled with carboxyfluorescein (final dye:protein ratio close to 1:1)
by reaction with 5-(and) 6-carboxyfluorescein, succinimidyl ester (Molecular Probes), was
incubated with 250 uM PS LUVETS with or without 1 yM 4.1 in 0.2 ml TNED for 30 min
at room temperature. Vesicle bound CF-spectrin was separated from free CF-spectrin on
a Sepharose CL-2B column (1 x 11 cm) by elution at room temperature with TNED at 1
ml/min. Spectrin in the eluant was detected by its carboxyfluorescein fluorescence. The
bound CF-spectrin was determined from the area under the free and vesicle-bound peaks.

RESULTS

Enhancement by 4.1 of spectrin binding to PS vesicles. Several reports have
indicated the K of spectrin binding to PS to be 0.1 uM - 1 yM (7-8, R.I. MacDonald,
submitted), which is in the same range of the K of 4.1 binding to PS vesicles—-i.e., 0.3 uM

(3-4, this work). Since 4.1 and spectrin associate (9-11), we tested whether 4.1 could
enhance spectrin binding to PS vesicles. Figure 1A shows that at a total concentration of
0.6 uM, spectrin binding to 2.1 mM PS MLVs, as measured by the ficoll gradient method,
increases from 2.5 pmoles of spectrin/mole lipid (20 wmoles spectrin/mole of lipid in the
outer monolayer) of MLV in the absence of 4.1 (Figure 1A, filled circles) to 30 pmoles of
spectrin/mole lipid (270 pmoles of spectrin/mole of lipid in the outer monolayer) of MLV
with a K of 0.5 uM in the presence of 4.1 at 0.9 uM (Figure 1A, open circles). The K
obtained in the absence of 4.1 was similar to that obtained in the presence of 4.1 although
there is greater uncertainty in the former case because of the much smaller amounts bound.
The apparent primary effect of band 4.1 is thus to increase the extent rather than the
strength of spectrin binding to PS vesicles.

Figure 1B shows the effect of the concentration of band 4.1 on the binding of
spectrin to PS vesicles, measured as for Figure 1A. In confirmation of the data of Figure
1A, binding of spectrin at 0.73 pM to 2.4 mM PS MLYVs is strongly dependent on the
amount of band 4.1 and increases to 600 pmoles/mole lipid as the band 4.1 concentration
is increased to near 2 pM.

Effect of PS content on binding of spectrin to PS vesicles depends on the presence

of 4.1. The binding of 4.1 to PS-PC vesicles increases in proportion to their PS content (4;
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Figure 1. A) Effect of 4.1 on spectrin binding to PS vesicles. Spectrin was incubated at
concentrations shown with 2.1 mM PS MLVs in the presence (open circles) or absence
(filled circles) of 0.9 uM band 4.1 in 100 pl of S mM Tris, pH 7.2, + 0.152 M NaCl + 1 mM
NaNj for 1 hr at 25°C. Bound spectrin was measured as described under MATERIALS
AND METHODS. Each point is the mean of duplicate samples except for the 2nd, 3rd and
5th points in the lower curve, which represent single measurements. The upper curve
corresponds to an adsorption isotherm with the parameters, Ky = 0.5 yM and maximum
binding = 400 pmoles/mole lipid in the outer monolayer of the MLVs. The lower curve is
characterized by the same K4 and a maximum binding of 40 pmoles/mole lipid in the outer
monolayer of the MLVs. B) Spectrin binding to PS vesicles as a function of band 4.1
concentration. The spectrin concentration, incubation conditions and procedures for
measuring bound spectrin were the same as in A) and the band 4.1 concentration was varied
as shown. Each point is the mean of duplicate samples.

MacDonald, unpublished). To ascertain whether 4.1 would affect the dependence of
spectrin binding on the PS content of the vesicles, we measured spectrin binding to vesicles

containing different amounts of PS in the presence and absence of 4.1. Spectrin binding was
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measured by a gel filtration assay by which we have obtained results similar to those
obtained by the ficoll gradient assay (R.I. MacDonald, submitted). Table I gives the pmoles
CF-spectrin bound/mole phospholipid in the outer monolayer in the presence and absence
of band 4.1 at 25°C. Next to this value and in parentheses is the % represented by this
value of that for 100% PS vesicles, i.e. [spectrin bound to PC-PS vesicles] x 100 divided by
[spectrin bound to PS vesicles]. The amount of spectrin binding is closely related to the PS
content of the vesicles and an increase from 50% to 100% PS leads to somewhat more than
a doubling of the amount of bound spectrin. The amounts of spectrin bound to 100% PS
LUVETs in the absence of 4.1 were about the same, whether measured by gel filtration or
by ficoll gradient centrifugation. The order of magnitude difference between data in Table
I and in Figures 1A and 1B is due to the latter representing spectrin bound to MLV PS,
only 11% of which is accessible for binding. The smaller 4.1-mediated increase in spectrin
binding shown in Table I compared with Figures 1A and 1B, however, is real and may be

due to some enhancement of the 4.1 effect by ficoll used in the latter case.

DISCUSSION

We report that band 4.1 substantially enhances the binding of spectrin to PS vesicles.
Although others have demonstrated that band 4.1 (3-5) and spectrin (6-8, R. I. MacDonald,
submitted) individually bind to vesicles composed of acidic phospholipid, it had not been

shown previously that band 4.1 can enhance the binding of spectrin to phosphatidylserine

Table 1

Enhancement by band 4.1 of CF-spectrin binding to vesicles of various PS:PC ratios

%PS without band 4.1 with band 4.1
Exp. 1 100 21 (100%) 75 (100%)
69 15 (71%) 43 (57%)
44 6 (29%) 21 (28%)
Exp. 2 100 40 (100%) 100 (100%)
65 25 (63%) 50 (50%)
39 9 (23%) -

*0.55 (Exp. 1) or 044 (Exp. 2) pM CF-spectrin was incubated with about 1 mM
phospholipid with or without 1 yM band 4.1 in 0.2 ml of TNED buffer for 30 min at room
temperature. The bound spectrin was measured as described under MATERIALS AND
METHODS.

*umole CF-spectrin bound/mole phospholipid in outermost monolayer. Values in
parentheses indicate % of spectrin bound relative to that bound to 100% PS vesicles.
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vesicles and to an extent of potential physiological importance (Figures 1A and 1B). This
result shows that the interaction of spectrin with band 4.1 need not preclude its interaction
with phosphatidylserine. This observation is also promising of the reconstitution of a
skeleton on a lipid bilayer, which should further understanding of the role(s) of skeletal
components in membrane mechanics (27-28).

In contrast to the well-characterized protein-protein interactions responsible for the
integrity of the skeleton and its attachment to the red cell membrane, the properties and
roles of the weaker protein-lipid interactions are more obscure, precisely because they are
weaker and, therefore, not amenable to study in the presence of the higher affinity protein-
protein interactions. The significance of attaining a degree of binding of the major skeletal
component, spectrin, to defined, model membranes which is comparable to that in the cell,
nevertheless, depends on whether the in vitro conditions approximate in vivo conditions.
The concentration of spectrin at the inner surface of the red cell is calculated to be 0.92 x
10'13 g/um2, or 230 mg/m (29), which considerably exceeds the 0.5 pM K of spectrin-PS
binding at room temperature (Figure 1A) and even the 3 pM K, determined for the
spectrin-PS interaction at 37°C (R.I. MacDonald, submitted). In the presence of 4.1,
spectrin lying on the surface of the vesicle could be as concentrated as 0.41 x 101 gjpm2
(Figure 1A), given that 11% of the PS in MLV is in the outer monolayer and that one PS
molecule occupies 60 A2, Moreover, this density was attained at a bulk spectrin
concentration of about 0.3 yuM, an order of magnitude lower than the cellular concentration.

Data obtained by a gel filtration assay in Table I affirm the ability of 4.1 to enhance
the binding of spectrin to PS vesicles as first measured by the ficoll gradient assay (Figures
1A and 1B). The increase in spectrin bound to PS in the presence of band 4.1 apparently
occurs without a correspondingly large increase in binding aftinity (Figure 1A). An increase
in amount but not affinity of binding is unexpected in a situation involving single, non-
interacting sites. Since the present case may involve more complicated interactions, its
treatment by adsorption isotherm formalism may be an approximation. In particular, it is
unlikely that the binding site area or the dissociation constant are completely independent
of the extent of coverage of the PS surface by spectrin. An alternative possibility is that
spectrin occupies a smaller area on the vesicle surface when interacting with band 4.1 than
when interacting with the PS surface in the absence of band 4.1--perhaps because band 4.1
may affect spectrin flexibility or cause spectrin to attach perpendicular, rather than paraliel,
to the lipid surface at high spectrin surface density. Further experiments are necessary to
determine whether 4.1 enhances spectrin binding to PS vesicles by simultaneously interacting
with spectrin and with the lipid vesicle surface--the simplest explanation of the effect

reported here.
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