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ABSTRACT: Interactions between human red cell band 2.1 with spectrin and depleted inside-out vesicles were 
studied by fluorescence resonance energy transfer and batch microcalorimetry. The band 2. l spec t r in  binding 
isotherm is consistent with a one to one mole ratio. The association constant of 1.4 X lo8 M-' corresponds 
to the association free energy of -11.1 kcal/mol. Under our experimental conditions, the enthalpy of 
interaction of band 2.1-spectrin was found to be -10.8 kcal/mol and is independent of the protein mole 
ratio. The  calculated entropic factor (-TAS = 0.3 kcal/mol) strongly suggests a predominantly enthalpic 
character of the reaction. In addition, we investigated the role of band 2.1 on the binding of band 4.1 to 
spectrin [Podgorski, A., & Elbaum, D. (1985) Biochemistry 24, 7871-78761 and concluded that only small, 
if any, alterations of binding of band 4.1 to spectrin have taken place in the presence or absence of band 
2.1. This suggests thermodynamic independence of the binding sites. Although the attachment of the 
cytoskeletal network to the membrane takes place through, at  least, two different interactions, band 2.1-band 
3 and 4.l-glycophorin, the relative enthalpy values suggest that band 2.1 contributes significantly more 
than band 4.1 to the energy of the interaction. In addition, we observed that polymerization of actin is 
modulated by the cytoskeletons as judged by their effect on the rate of actin polymerization. 

x e  mechanical properties of mammalian erythrocytes are 
defined by the organized system of proteins located on the 
cytosolic side of the membrane. Despite the fact that the major 
cytoskeletal proteins (spectrin, band 4.1, band 2.1, and actin) 
have been isolated, purified, and, to some extent, characterized, 
the thermodynamics and the kinetics of the network formation 
are still an open and unexplored area. Spectrin molecules are 

the major structural component (approximately 70% by 
weight) able to bind a single molecule of band 4.1. Two 
heterodimers of spectrin associated head to head have been 
postulated to be the predominant form of the protein in the 
red cell (Ungewickell & Gratzer, 1978). The location of the 
band 4.1 binding site near the ends of the proteins (Tyler et 
al., 1979) as judged by electron microscopy renders the tet- 
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5 m M  sodium phosphate and 0.15 M NaCl, pH 7.3. 
Concentrations of band 4.1 and band 2.1 were determined 

by using Al%zsonm values of 8.0 and 6.5, respectively (Tyler 
et al., 1980). 

Preparation of Vesicles. The inside-out vesicles (IOVs) and 
depleted inside-out vesicles (IOVs) were prepared by previously 
described methods (Bennett & Branton, 1977; Tyler et al., 
1979). 

IOVs were prepared by incubation of washed erythrocyte 
ghosts in 40 volumes excess of 0.3 mM sodium phosphate, pH 
7.6, a t  4 OC for 18 h. Depleted IOVs were obtained by 
washing erythrocyte ghosts incubated in 30 volumes excess 
of 0.3 m M  sodium phosphate, p H  7.6, a t  37 OC for 30 min. 
This incubation extracted spectrin, actin, and band 4.1, and 
band 2.1 from the membranes and reduced the ghosts to 
vesicles smaller than 1 pm (Bennett & Branton, 1977). The 
membranes were then pelleted by centrifugation at 9000 rpm 
for 1 h, resuspended in 0.3 m M  sodium phosphate, pH 7.6, 
and passed 3 times through a 27-gauge needle to complete 
shearing and sealing of vesicles. Sealed and unsealed vesicles 
were separated over a T-70 dextran barrier (10% w/v in 0.3 
m M  sodium phosphate and 0.5 m M  NaN,, pH 7.6) by cen- 
trifugation a t  38 000 rpm for 2 h. The vesicles pelleted a t  the 
dextran/buffer interface were washed in 0.7 mM sodium 
phosphate, 20 m M  KC1, and 0.5 m M  NaN,, pH 7.6. 

Bands 4.1 and 2.1 were extracted by incubation spectrin 
depleted inside-out vesicles in 30 volumes excess of 25 mM 
sodium phosphate, 5 m M  EDTA, 1 M KCl, and 0.5 m M  
NaN,, pH 8.5, a t  37 OC for 1 h (Tyler et al., 1979). After 
incubation, the vesicles were pelleted and finally washed in 
5 m M  sodium phosphate and 0.15 M NaC1, p H  7.3. KCl 
extraction removed more than 65% of band 2.1 and more than 
75% of band 4.1 (Tyler et al., 1979). 

The protein concentrations in depleted inside-out vesicles 
were determined by the method of Lowry et al. (1951), using 
a BSA standard. 

Preparation of Labeled Proteins. Bands 4.1 and 2.1 were 
labeled with fluorescein isothiocyanate as described previously 
(Nakajima et al., 1979; Podgorski & Elbaum, 1985). The 
proteins were separately incubated with dye in the presence 
of 10 m M  NaHCO, and 25 m M  NaCl, pH 9.0, for 4 h at 
room temperature. After reaction, the mixtures were dialyzed 
against 5 mM sodium phosphate and 0.15 M NaCl, pH 7.3, 
in a cold room until no detectable amount of free dye was 
observed in dialysates. The molar ratio of bound fluorescein 
to both proteins was 0.1-0.2. 

Spectrin dimer was labeled with eosinyl-5-maleimide in 20 
m M  histidine hydrochloride buffer, pH 7.4, for 2 h a t  room 
temperature (Skou & Esmann, 1980; Podgorski & Elbaum, 
1985). The removal of free dye was accomplished by ex- 
haustive dialysis against 5 m M  sodium phosphate and 0.15 
M NaC1, pH 7.3, at 5 OC. The molar ratio of band dye to 
protein was 2. 

G-Actin was labeled with N-(  1 -pyrenyl)iodoacetamide as 
described by Konyama and Mihashi (1981). After removal 
of unreacted dye, the labeled F-actin was sedimented by 
centrifugation and resuspended in an aqueous solution con- 
taining 2 m M  Tris (pH 8.0), 0.2 m M  CaCl,, 0.02% NaN,, 
and 0.2 m M  ATP and was dialyzed against the same buffer 
a t  4 "C during 48 h. 

Fluorescence Measurements. A Perkin-Elmer 650- 1 OS 
spectrofluorometer, equipped with thermostated cell com- 
partments, was used to monitor fluorescence intensities and 
spectra. Control experiments have shown that neither inner 
filter effects nor the heating effects play any significant role 

rameric spectrin bivalent to band 4.1. 
While tetrameric spectrin induces an increase in the viscosity 

of F-actin solutions (Brenner & Korn, 1979), Ungewickell et 
al. (1979) observed that band 4.1 stimulates F-actin gelation. 
The data strongly suggest that band 4.1 contributes to the 
structural stability of the cytoskeleton by enhancing the in- 
teraction between spectrin and actin (Elbaum et al., 1984) and 
by binding directly to band 3 (Pasternack et al., 1985) or other 
membrane components: cytoplasmic segment of glycophorin 
(Anderson & Lovrien, 1984) and phosphatidylserine (Sato & 
Ohnishi, 1983). 

Band 2.1 binds to the p subunit of spectrin a t  a site close 
to the oligomer binding region. The protein, in turn, binds 
to the integral membrane (band 3) attaching the cytoskeletal 
network to the bilayer of phospholipids [see Branton et al. 
(198 1) for a review]. Although some aspects of the thermo- 
dynamics of the spectrin-band 4.1 complex formation have 
been previously studied (Tyler et al., 1980; Ohanian et al., 
1984; Cohen & Foley, 1984; Wolfe et al., 1982; Ungewickell 
et al., 1979; Podgorski & Elbaum, 1985), less is known about 
the mechanism of spectrin-band 2.1 binding. 

In an attempt to determine the magnitude, type, and 
properties of the interactions responsible for the formation of 
the cytoskeletal network, we examined several aspects of band 
2.1 and band 4.1 binding with the neighboring proteins, hoping 
that the integration of the available information will contribute 
to a more complete and holistic energy model of the red cell 
membrane. 

MATERIALS AND METHODS 
Materials. Eosinyl-5-maleimide, fluorescein isothiocyanate 

I (FITC),' and N-(  I-pyreny1)iodoacetamide were obtained 
from Molecular Probes. Actin rabbit muscle, DEAE-cellulose 
(mesh medium), Folin-Ciocalteu's phenol reagent, bovine 
serum albumin (BSA), and L-histidine were Sigma products. 
Dextran T-70 and Sepharose 2B were obtained from Phar- 
macia. Other common chemicals used for buffers were of a t  
least reagent grade. N o  more than 1-week-outdated human 
blood was obtained from the Jacobi Hospital Blood Bank 
(Bronx, NY).  

Protein Preparations. Spectrin dimer was prepared by 
well-established methods (Ralston, 1976; Tyler et al., 1980): 
low ionic strength extraction from red cell membranes a t  37 
O C  followed by column chromatography on Sepharose 2B (90 
x 2.5 cm) equilibrated in 5 m M  sodium phosphate, 1 m M  
EDTA, 20 m M  KC1,0.2 mM DTT, and 2 mM NaN,, pH 7.7. 
The concentration of spectrin, finally dialyzed against 5 m M  
sodium phosphate and 0.15 M NaCl, pH 7.3, was determined 
by assuming A$&, = 10.1 (Clarke, 1971). 

Bands 4.1 and 2.1 were isolated and purified from red cell 
membranes by previously described methods (Tyler et al., 
1979, 1980; Podgorski & Elbaum, 1985). The salt-extracted 
supernatant was dialyzed against 7.5 m M  sodium phosphate 
1 m M  EDTA, 20 m M  KC1,0.2 m M  DTT, and 2 m M  NaN,, 
pH 8.0, and loaded onto a DEAE-cellulose column (10 X 2.5 
cm) equilibrated in the same buffer. The extract was eluted 
with stepped series of 50, 100, and 200 m M  KCI concentration 
(Tyler et al., 1980; Podgorski & Elbaum, 1985). 

Fractions containing purified, concentrated band 4.1 and 
band 2.1 were pooled separately and finally dialyzed against 

' Abbreviations: FITC, fluorescein isothiocyanate; EDTA, ethylene- 
diaminetetraacetic acid; DTT, dithiothreitol; BSA, bovine serum albu- 
min; SP, spectrin dimer; IOVs, inverted (inside-out) vesicles; PIPES, 
piperazine-N,N'-bis(2-ethanesulfonic acid); Tris, tris(hydroxymethy1)- 
aminomethane; EGTA. ethylene glycol bis(P-aminoethyl ether)-N,N,- 
N',N'-tetraacetic acid. 
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in the chosen concentration range. The excitation mono- 
chromator was fixed at 480 nm. Unless otherwise specified, 
the emission was measured at 520 nm. The band-pass of both 
excitation and emission monochromators was set for no more 
than 5 nm. 

Fluorescence resonance energy transfer was used to examine 
the reaction between isolated proteins, as described previously 
(Podgorski & Elbaum, 1985). Fluorescein-labeled bands 2.1 
or 4.1 and eosin-labled spectrin dimer were chosen as the 
energy donors and acceptor, respectively. Quantitation of the 
energy transfer was carried out by measurement of fluores- 
cence intensities at maximum quenching (520 nm) and cal- 
culation of the relative quenching of the energy donor ( Q R )  

from the expression: 

FD + FA - FDA 
FD + FA 

QR = 

where FD and F A  are the fluorescence intensities of the donor 
and acceptor, respectively, and F D A  is the fluorescence intensity 
of the donor in the presence of the acceptor. 

The binding of isolated proteins to depleted inside-out 
vesicles (IOVs) was determined by using the fluorescence 
uptake assay. Eosin-labeled spectrin or fluorescein-labeled 
band 2.1 was mixed with IOVs and incubated for 1 h at room 
temperature. Then the mixture was laid over a T-70 dextran 
barrier (10% w/v) and centrifuged for 2 h at 38 000 rpm. The 
fluorescence intensities of the supernatant were measured at 
520 nm (fluorescein labeling) or 545 nm (eosin labeling). The 
relative fluorescence was calculated by normalizing results to 
a full-scale signal. 

G-Actin polymerization was monitored by using the same 
instrument. The excitation and emission wavelengths were 
368 and 408 nm, respectively. Polymerization was initiated 
by adding a small aliquot of polymerization buffer (250 mM 
KCl, 100 mM PIPES, pH 7.4, 10 mM EGTA, 0.5 mM CaCl,, 
and 5 mM ATP). 

Calorimetric Measurements. An LKB Model 2107-1 11 
batch microcalorimeter in conjunction with the LKB 2107-310 
control unit was used in these studies. The working temper- 
ature of the calorimetric head was fixed at 30 OC. The two 
gold reaction vessels consisted of a chamber with an interior 
dividing wall which extends to two-thirds of the height of the 
chamber. Each compartment of the reference vessel and the 
sample vessel was loaded with 1 mL of buffer (5 mM sodium 
phosphate and 0.15 M NaC1, pH 7.3), against which reactants 
were dialyzed. The reaction was initiated by rotating the entire 
instrument, resulting in the mixing of the reactants. The area 
under the curve of the thermal flow rate as a function of the 
time has represented the total amount of heat. The data were 
analyzed and interpreted according to generally accepted 
methods (Atha & Ackers, 1974; Shiao & Sturtevant, 1969; 
Stoesser & Gill, 1967). 

The corrected heats of interactions (Q,) were calculated 
from the expression: 

QC (2) 
where Q R  is the heat of reaction, Q D l  and QD2 are the heats 
of reagent dilutions, and QFR,  QFD1,  and Q F D ~  are the heats 
of friction, measured by a separate rotation of the calorimeter 
unit after the reaction or dilution runs. 

The quantitative performance of the instrument was tested 
electrically. Calibration showed a linear response in the range 
0.5-15 mcal. The uncertainty in the values of heat evolved 
upon mixing, which arises primarily from slight irregularities 
in the base line, can be set about 0.1 mcal. This usually 
amounted to only about 5% of the net evolved heat or less. 

(QR - QFR) - [(QDI - QFDI) + ( Q D ~  - QFDZ)] 

0 2 4 r  

0 005 0.10 0.15 0.20 0.25 0.30 
BAND 2 I ( Y M  i 

FIGURE 1: Effect of band 2.1-FITC concentration on the relative 
quenching by spectrin-eosin. Excitation wavelength is 480 nm; 
emission wavelength is 520 nm; [SP] = 0.2 wM; 0.15 M NaCI/5 mM 
sodium phosphate, pH 7.3. 

The heats of band 2. I-spectrin interactions have been ex- 
pressed as kilocalories per initial concentration of the substrate. 
The values representing the heats of reaction between isolated 
proteins and inside-out vesicles have been expressed as mil- 
licalories per milligram of protein in IOVs. 

RESULTS 
Interaction of Spectrin and Band 2.1. The interactions 

between spectrin dimer and band 2.1 have been studied by two 
independent methods: fluorescence resonance energy transfer 
and microcalorimetry. The effect of band 2.1-fluorescein 
concentration on the relative quenching ( Q R )  by spectrin-eosin 
at room temperature has been presented on Figure 1. The 
concentration of spectrin-eosin was kept constant (0.2 bM). 
The binding isotherm curve shown in Figure 1 approaches a 
plateau at a level corresponding to a mole ratio of 1:l (band 
2.l/spectrin dimer). This value, obtained directly from the 
fluorescence data, is consistent with that previously determined 
by pelleting in the ultracentrifuge (Bennett & Stenbuck, 1979; 
Tyler et al., 1980). The established stoichiometry of band 
2.1-spectrin interaction has allowed us to determine the as- 
sociation equilibrium constant (Kassh-), calculated from the 
expression (Elbaum & Herskovits, 1974; Podgorski & Elbaum, 
1985): 

(3) 

where QRs is the relative quenching at  saturation level, QRx 

is the relative quenching at a given band 2.1 concentration, 
and cTSP and are total concentrations of spectrin dimer 
and band 2.1, respectively. 

K,,, was found to be 1.4 X lo8 M-I at the midpoint of the 
binding isotherm profile (Figure l ) ,  where Q R x / Q R s  = a/2 .  
This value has corresponded to the association free energy of 
-1 1.1 kcal mol-' (AF,,,,, = -RT In K,,,,,). 

The dissociation equilibrium constant of lo-' M at pH 7.6 
determined by pelleting (Tyler et al., 1980) also revealed high 
affinity of the association between band 2.1 and spectrin dimer. 

We have determined the contribution of enthalpy to the 
association free energy by direct microcalorimetric measure- 
ments. The effect of band 2.1 concentration on the enthalpy 
of the spectrin dimer-band 2.1 interaction has been deter- 
mined. The concentration of spectrin was kept constant (0.43 
pM) in all calorimetric runs. No  detectable tetramerization 
of spectrin was observed under our experimental conditions 
as evaluated by light-scattering measurements. In the ex- 
perimental range, the enthalpy was independent of the band 
2.1 :spectrin mole ratio and was found to be -1 0.8 kcal mol-' 
(data not shown). 

Taking into account the previously mentioned values of the 
association free energy (-1 1.1 kcal mol-') and the calculated 
entropic factor ( T U  = 0.3 kcal mol-I), our results strongly 
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FIGURE 3: Effect of band 2.1-FITC concentration on the interaction 
with inside-out vesicles (0) and (0) control. [IOVs] = 0.2 mg/mL; 
0.15 M NaC1/5 mM sodium phosphate, pH 7.3. 

suggest predominantly enthalpic character of the reaction 
between band 2.1 and spectrin dimer. 

We investigated the role of band 2.1 in the binding of band 
4.1 to spectrin. The effect of band 4.1-fluorescein concen- 
tration on the relative quenching ( Q R )  by spectrin-eosin alone 
and (spectrin-eosin)-unlabeled band 2.1 complex has been 
presented in Figure 2. The concentration of spectrin and 
spectrin-band 2.1 complex was kept constant (0.2 pM). The 
molar ratio of spectrin to band 2.1 was 1 : 1. Under assumption 
that binding isotherms in the presence and absence of band 
2.1 saturate a t  the relative quenching levels of 0.15 and 0.09, 
the association constants, obtained from the midpoints, were 
found to be 11.5 X lo7 and 5.5 X lo7 M-l, respectively. These 
values have corresponded to the association free energies of 
-1 1.0 and -10.6 kcal mol-', respectively. The presented results 
allowed us to conclude that only small, if any, alterations of 
binding of band 4.1 to spectrin have taken place in the presence 
or absence of band 2.1. 

Interactions of Isolated Proteins with Depleted Inverted 
Vesicles. The interactions between pure cytoskeletal proteins 
and depleted IOVs have been investigated by two independent 
methods: fluorescence uptake assay and microcalorimetry. 

The effect of the band 2.1-fluorescein concentration on the 
interaction with IOVs has been demonstrated in Figure 3. The 
association between band 2.1 and IOVs was assayed by 
measurements of the relative fluorescence (RF) of the un- 
bounded band 2.1-fluorescence complex (at 520 nm). 

The concentration of depleted IOVs was kept constant (0.2 
mg/mL). The binding of band 2.1 to KC1-extracted IOVs 
(from which bands 4.1 and 2.1 had been stripped) was found 
to increase with increasing total band 2.1-fluorescein con- 
centration (Figure 3) .  Although this result was expected, it 
has demonstrated that the relatively simple fluorescein uptake 
assay is a valuable technique to study interactions between 
isolated proteins and inside-out vesicles. Therefore, we ex- 
amined the association between normal band 2.1 and depleted 
IOVs prepared from a patient (B.U.) whose red cells have been 
spherocytic. The effects of band 2.1-fluorescein concentration 
on the interaction with IOVs prepared from spherocytes were 
found to be experimentally indistinguishable (data not shown). 

E ~ l l I I l , l ,  
0 

0 IO 20 30 40 50 60 70 80 90 
SPECTRIN CONCENTRATION ( y g l m l )  

FIGURE 4: Effect of spectrin-eosin concentration on the interactions 
with IOVs (A), IOVs-band 2.1 complex (0), and (0) control. [IOVs] 
= 0.15 mg/mL; [band 2.11 = 61 Ng/mL; excitation wavelength is 
480 nm; emission wavelength is 545 nm; 0.15 M NaC1/5 mM sodium 
phosphate, pH 7.3. 
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FIGURE 5: Heats of binding of spectrin, band 4.1, and band 2.1 to 
inside-out vesicles. [IOVs] = 1 mg/mL; [spectrin] = [band 4.11 = 
[band 2.11 = 0.43 pM; 0.15 M NaC1/5 mM sodium phosphate, pH 
1.3. 

The preparation of pathological-depleted IOVs and the ex- 
perimental conditions were the same as for the previously 
described normal IOVs-band 2.1 system. 

The role of band 2.1 in binding spectrin to the depleted IOVs 
has been examined by the fluorescence uptake assay. The 
effect of spectrin-eosin concentration on the interactions with 
IOVs and IOVs-band 2.1 complex has been demonstrated in 
Figure 4. The concentrations of IOVs and band 2.1 were kept 
constant (0.15 mg/mL and 61 yg/mL, respectively). The 
fluorescence intensities of unbounded spectrin-eosin complex 
were measured a t  545 nm. We also found that pure protein 
2.1 has stimulated spectrin binding to IOVs (Figure 4). This 
finding is consistent with the results obtained by using a 
different technique (Tyler et al., 1979). 

The binding of pure proteins to depleted inside-out vesicles 
has been investigated by direct microcalorimetric measure- 
ments. Figure 5 summarizes several experiments designed to 
determine the heats of interactions between spectrin, band 2.1, 
band 4.1, and IOVs at various combinations of components. 
The concentrations of IOVs and isolated proteins were kept 
constant (1 mg/mL and 0.43 pM, respectively) in all calor- 
imetric runs. The binding of band 2.1 to IOVs was more 
energetic than that of band 4.1 or spectrin (Figure 5). The 
heat of association between spectrin and IOVs increased in 
the presence of band 2.1. When IOVs were preincubated with 
protein 2.1, the heat of the spectrin-IOV interaction reached 
an even higher level (Figure 5). Conversely, the preincubation 
of IOVs with band 4.1 has significantly diminished the heat 
of spectrin-IOVs interaction (Figure 5). We have assumed 
that the heat of interaction can be considered as an indicator 
of the binding energy. Taking this into account, our results 
strongly suggest that band 2.1 has stimulated the binding of 
spectrin to the native membrane whereas band 4.1 inhibited 
the binding. 

We previously reported (Podgorski & Elbaum, 1985) that 
the protein environment has participated in the formation of 
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this observation. While the entropic contribution to the free 
energy of the spectrin-band 4.1 interaction accounts for ap- 
proximately 50% of the binding energy, spectrin-band 2.1 is 
predominantly enthalpic (out of -1 1.1 kcal/mol of the free 
energy, -10.8 kcal/mol is due to the enthalpic contribution). 

Interestingly, our findings suggest that interactions between 
band 4.1 redecorated inside-out vesicles and spectrin are the 
weakest link of the spectrin attachment to the depleted mem- 
branes. However, in light of a substantial TAS contribution 
to the spectrin-band 4.1 binding, as measured when pure band 
4.1 and spectrin were reacted, it is possible that the entropy 
could contribute to the spectrin-band 4.1 redecorated IOV 
interactions. 

Assuming that the predominant binding site of the band 
2.1-spectrin complex with IOVs is band 3 (Weaver et al., 
1984) and band 4.1-spectrin binds mostly to major sialo- 
glycoproteins, it is apparent from our results that band 2.1 is 
responsible for most of the energy of the attachment. It is 
tempting to speculate that a perturbation or spectrin abnor- 
mality in the domain of the band 2.1 binding site with spectrin 
could significantly destabilize the interaction of the cyto- 
skeletons with the rest of the red cell membrane. In an attempt 
to examine the possibility that spherocytes could have a de- 
fective band 2.1 binding site, we compared the effect of band 
2.1 concentration on the interaction with IOVs prepared from 
normal and pathological red cells. No experimentally sig- 
nificant differences were observed, suggesting either lack of 
the abnormalities confined to the domain of the binding site 
or thermodynamic insignificance of the alteration. It is im- 
portant to emphasize, however, that the above speculations 
could be complicated by the observation that band 3 could 
interact with band 4.1 (Pasternak et al., 1985). 

We previously observed (Elbaum et al., 1984) that the 
complex of dimeric spectrin and band 4.1 is capable of regu- 
lating the rate of actin polymerization. The presence of this 
complex shortens the delay of the reaction. However, IOVs 
and depleted IOVs prolong the rate. A possible basis for the 
observed difference between the effect of IOVs and the com- 
plex on the actin aggregation could be the presence of several 
other cytoskeletal components: band 2.1, band 3, band 4.9, 
etc. The above conclusion is supported by the fact that de- 
pleted IOVs have effected the actin aggregation less signifi- 
cantly than the vesicles with most of the membrane component 
intact. 
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ABSTRACT: Previous studies have shown that protein 4.1 is a multifunctional protein that binds to spectrin, 
actin, glycophorins, the anion channel protein, and phosphatidylserine (PS). In this report, we have 
characterized the binding of protein 4.1 and its major proteolytic fragments to phospholipid vesicles. Pure 
1251-labeled protein 4.1 was incubated with PS liposomes, and the free protein 4.1 was separated by ul- 
tracentrifugation. Protein 4.1 bound to PS liposomes with a high affinity. At  saturation, there was 9 X 

pmol of protein 4.1 bound/pmol of PS with a Kd of 3.3 X lo-' M. When the protein 4.1 containing 
liposomes were examined in an electron microscope, the protein 4.1 was found uniformly decorating the 
vesicles in a rosettelike fashion. Among peripheral membrane proteins tested (spectrin, actin, ankyrin, and 
protein 4,1), protein 4.1 showed the highest level of binding to PS. The binding of protein 4.1 to PS, one 
of the principal phospholipids of the inner half of the lipid bilayer, was considerably higher than the binding 
to phosphatidylcholine, that  is principally located in the outer half of the lipid bilayer. To identify the 
structural domain of protein 4.1 involved in binding to the phospholipids, a mixture of proteolytic fragments 
of protein 4.1 was incubated with PS liposomes. The liposomes selectively retained the 30-kilodalton (kDa) 
basic domain of the protein, as shown by sodium dodecyl sulfate-polyacrylamide gel electrophoresisjisoelectric 
focusing. The  30-kDa fragment was purified from chymotryptic digests of protein 4.1 by ion-exchange 
chromatography on DEAE 52. The purified 30-kDa peptide of protein 4.1 competitively inhibited the binding 
of '251-labeled protein 4.1 to PS. These data indicate that protein 4.1 is capable of forming high-affinity 
associations with PS. These associations may be important in the maintenance of normal red cell structure 
and function. 

%e red blood cell membrane skeleton contains four major 
proteins: spectrin, actin, protein 4.1, and protein 4.9 (Cohen, 
1983). Protein 4.1 is composed of two very similar polypeptide 
chains of 80 and 78 kilodaltons (kDa) which have essentially 
identical peptide maps (Goodman et al., 1982). The larger 
polypeptide differs from the smaller by having an extension 
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at its carboxyl terminus (Leto & Marchesi, 1984). The 
structure of protein 4.1 was recently studied by limited pro- 
teolysis employing chymotrypsin (Leto & Marchesi, 1984). 
Protein 4.1 was cleaved primarily in three central locations 
which generated intermediate-size peptides that were found 
to represent specific structural and functional domains of the 
original molecule. The protein 4.1 molecule displays unusual 
polarity, and its 56- and 46-kDa chymotryptic digests contain 
the 30-kDa basic peptide that appears to be resistant to further 
digestion by chymotrypsin (Leto & Marchesi, 1984). Protein 
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