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Human hemoglobin has been labeled on cysteine 93(ii]) with the maleimide spin label, 3-maleimido-2,2,5,5- 
tetramethyl-l-pyrrolidinyloxyi and reassociated with erythrocyte membrane previously stripped of hemo- 
globin and glyceraldehyde-3-phosphate dehydrogenase. The affinity of hemoglobin for the membrane is not 
affected by the presence of the label. Saturation transfer electron paramagnetic resonance measurements 
show that the diffusion rotational movements of hemoglobin are considerably slowed down when it is bound 
to the erythrocyte membrane. The correlation time of rotation, ~'c, is found to be 8.10 -6 s as compared with 
2.10 -s  s when the hemoglobin molecule is in solution. The same values are obtained whether the protein is 
associated with its high- or low-affinity binding sites. They depend on the viscosity of the solution. The 
high-affinity sites are presumably located on the segment of the band 3 protein which extends into the 
cytoplasm and which links through ankyrin, the spectrin-actin cytoskeleton to the membrane. When band 3 is 
cross-linked into a dimer after reaction with the copper-ortho-phenanthroline chelate, the correlation time of 
rotation of spin-labelled hemoglobin is unchanged. It is also independent of the presence of the spectrin-actin 
network and ankyrin. These results show that the movements of hemoglobin bound by ionic linkage to 
different part (protein or phospholipid) of the cytoplasmic surface of the membrane are similarly highly 
restricted by some potential or energetic barrier. They give also evidence for independent movements and 
flexibility in the assembly of the macromolecules which link the spectrin-actin cytoskeleton to the erythrocyte 
membrane. 

Introduction 

The interactions of hemoglobin with the red 
blood cell membrane depend strongly on the pH 
and ionic strength. They are essentially ionic. 
Quantitative studies performed in vitro with dif- 

* This work has been dedicated to Professor A. Rossi-Fanelli 
at the International Symposium on 'Relationships between 
Structure and Function in Biological Systems' held in his 
honour (Rome_, September 28-30, 1981). 

Abbreviations: ST-EPR, saturation transfer electron para- 
magnetic resonance; MSL-Hb, maleimide spin-labelled hemo- 
globin. 
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ferent techniques have shown the existence of two 
classes of binding site [1,2]. The high-affinity type 
(10  6 sites per cell) is presumably located on the 
cytoplasmic part of the transmembrane band 3 
protein * [4], in a region which is also concerned 
with the binding of the glycolytic enzyme 
glyceraldehyde-3-phosphate dehydrogenase [1,2,5]. 
The low-affinity sites which are more abundant 
( 4 "  10 6 sites per cell) are believed to represent 
glycophorin and some of the polar head-groups of 

* Nomenclature of human erythrocyte proteins is according to 
Steck [3]. 
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the phospholipids present on the cytoplasmic 
surface of the membrane [6]. 

The association of cytoplasmic proteins with 
the red blood cell membrane has recently been 
reviewed and their physiological importance dis- 
cussed [7]. In the present work we provide a new 
experimental approach for the study of the inter- 
actions between hemoglobin and the erythrocyte 
membrane with the purpose of gaining further 
information on the different binding sites. We 
have performed saturation transfer electron 
paramagnetic resonance (ST-EPR) experiments on 
membrane-bound maleimide spin-labelled hemo- 
globin (MSL-Hb) and have determined from the 
shape of the spectra the rotational correlation time 
of the labelled protein. Red blood cell membranes 
of which the band 3 protein has been cross-linked 
as a dimer have also been studied. In order to 
evaluate if the ankyrin-spectrin-actin cytoskeleton 
could restrict the movements of hemoglobin, ex- 
periments have also been made with membranes 
previously depleted of these proteins. 

Materials and Methods 

Preparation of red blood cell membrane and hemo- 
globin 

Freshly drawn human blood was washed six 
times in isotonic NaC1 solution. Unsealed ghosts 
were prepared from the packed cells by the method 
of Dodge et al. [8] with the slight modification that 
hemolysis was conducted in the presence of 1 mM 
EDTA and 0.1 mM phenylmethylsulfonyl fluo- 
ride. The hemolysate was concentrated under 
vacuum and hemoglobin used without further 
purification after dialysis against 5 mM phosphate 
buffer, pH 6. The ghosts were depleted of 
glyceraldehyde-3-phosphate dehydrogenase ac- 
cording to Kant and Steck [9]. They were subse- 
quently stripped of the spectrin-actin cytoskeleton 
by extraction with water 30 rain at 35°C and of 
ankyrin by the method of Tyler et al. [10]. The 
transmembrane protein band 3 was cross-linked 
into a dimer by reaction with copper-ortho- 
phenanthroline according to Steck [11]. The 
amount of membrane proteins was assayed by the 
method of Lowry et al. [12]. The quality of the 
preparations was controlled each time by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis. 

Spin-labelling of hemoglobin and its association with 
red blood cell membrane 

Hemoglobin concentration (per heme) was mea- 
sured spectrophotometrically as the oxygenated 
derivative using the values mM A 5 4 2 n  m = 14.61 and 

m M  
A 5 7 8 n  m = 15.34. Spin labelling was performed in 
5 mM phosphate buffer, pH 6, at 2°C, by incubat- 
ing the protein 12 h with a 5-fold molar excess of 
3-maleimido-2,2,5,5-tetramethyl- 1-pyrrolidinyloxyl 
dissolved in minute amounts of dimethyl sulfo- 
xide. Unreacted maleimides were eliminated by an 
exhaustive dialysis against 5 mM phosphate buffer, 
pH 6. In order to compare the binding characteris- 
tics of MSL-Hb with those of native hemoglobin, 
the light-scattering method of Salhany et al. [2] 
was used. 

Glyceraldehyde-3-phosphate dehydrogenase-de- 
pleted ghosts at a protein concentration of 1 
m g / m l  were incubated with the desired amounts 
of MSL-Hb for 30 min in 5 mM phosphate buffer, 
pH 6, at 20°C. The membranes were subsequently 
pelleted 5 min at 40000 × g and washed twice with 
the same buffer. The number of ghosts was esti- 
mated according to Lepke et al. [13] using the 
value 5.13.10 -1° mg protein/ghost. In order to 
study the high-affinity binding sites, 1 • 106 mole- 
cules of MSL-Hb (tetramer) were added per ghost. 
It is unlikely that the high-affinity sites alone are 
titrated. In the present experimental conditions 
one can calculate that about one-fifth of the hemo- 
globin molecules are also bound to the low-affinity 
site, assuming a 40-fold difference in their affini- 
ties [14]. The same remark pertains also when one 
wants to study the weakly bound population of 
hemoglobin molecules, i.e., one-fifth of the hemo- 
globin settles on the high-affinity sites. In this last 
case, however, one can use glyceraldehyde-3-phos- 
phate dehydrogenase-unstripped ghosts to cir- 
cumvent this difficulty. As will be shown later in 
the Results section, the impossibility of titrating 
the high-affinity site exclusively is without conse- 
quence in the interpretation of the experimental 
data. When the ankyrin-spectrin-actin-depleted 
membranes were studied, a 2-fold excess of MSL- 
Hb was added per mg membrane protein to take 
into account the fact that band 3 protein is in this 
case the main protein present. 



Recording of EPR spectra 
Conventional and ST-EPR spectra were re- 

corded with a Varian E-109 spectrometer inter- 
faced with a microcomputer Digital Minc II used 
for data acquisition and signal averaging. The 
samples were studied at 20°C in 50/~l quartz cells 
set in a quartz Dewar for temperature control. 
First-harmonic in-phase spectra were recorded at 1 
G modulation (100 kHz) and second-harmonic 
out-of-phase spectra at 5 G modulation (50 kHz). 
The ST-EPR spectra were analyzed according to 
Thomas et al. [15] by comparison with reference 
spectra obtained with MSL-Hb in solution. The 
microwave strength received by the sample was 
calibrated with peroxylamine disulfonate [15]. 

Results 

All experiments reported in this work have been 
performed in 5 mM phosphate buffer, pH 6, which 
favors strong association of hemoglobin with the 
red blood cell membrane [1,2]. Spin-labelling of 
hemoglobin on the residue cysteine 93(fl) does not 
affect significantly its capacity for binding as dem- 
onstrated by. light-scattering titration experiments 
performed at different protein concentrations 
(curves not shown). The conventional EPR spec- 
trum of MSL-Hb in solution shows that most of 
the label is immobilized (Fig. l a). The correspond- 
ing ST-EPR spectrum shown in Fig. lb is similar 
to the reference spectra given by Thomas et al. [15] 
and corresponds to a correlation time, %, of about 
2-10-as.  When MSL-Hb is bound to the red 
blood cell membrane the shape in the ST-EPR 
spectrum is modified and shows a large decrease in 
the rotational mobilities of MSL-Hb (~¢=8- 
10 -6  S). The interaction of MSL-Hb with the high- 
and low-affinity binding sites have been studied 
by adding different amounts of hemoglobin to the 
ghosts. As has been shown in Materials and Meth- 
ods, it is not possible to avoid in the first case the 
presence of about 20% of hemoglobin linked on 
the other type of the sites under study. This con- 
tamination has been proved to be of no impor- 
tance to the results, since one obtains exactly the 
same ST-EPR spectra for the two populations of 
sites (Fig. 1). The only difference lies in the preci- 
sion of the measurements. When one studies MSL- 
Hb strongly bound to the membrane, the amounts 
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Fig. 1. Conventional (a) and ST-EPR spectra (b, c, d) of 
MSL-Hb in solution (a, b) and bound to the erythrocyte 
membrane (c, d). In experiments c and d, saturating amounts 
of MSL-Hb (5-106 molecules) were added per ghost. Identical 
but more noisy spectra have been obtained when hemoglobin 
was associated mainly with the high affinity binding sites 
(1- 106 molecules per cell). (a, b, c) 5 mM phosphate buffer, pH 
6; (d) 5 mM phosphate buffer (pH 6)/50% glycerol. Other 
experimental conditions are given in the text. 

of spin label in the sample are small. In these 
conditions there is a large imprecision in the ratio 
of peak intensities measured at high magnetic field 
as compared with the values obtained for the 
ratios L"/L and C'/C. 

Table I gives the rotation correlation times, %, 
of MSL-Hb measured under different conditions. 
They are not significantly different when the spin- 
labelled protein is bound to glyceraldehyde-3- 
phosphate dehydrogenase-depleted ghosts or spec- 
trin-actin-ankyrin-stripped membranes, or when 
band 3 protein has been cross-linked into a dimer 
with Cu-o-phenanthroline. However they do de- 
pend on the viscosity of the solution. 



206 

TABLE I 

R O T A T I O N A L  CORRELAT ION TIME % OF MSL-Hb, 
M S L - G L Y C E R A L D E H Y D E - 3 - P H O S P H A T E  D E H Y D R O -  
G E N A S E  A N D  M S L - A N K Y R I N  B O U N D  TO T HE  
ERYTHROCYTE M E M B R A N E  

For MSL-Hb the values are determined from the ratios of peak 
intensities, L"/L, measured on the ST-EPR spectra of Fig. 1. 

L"/L "r c (s) 

MSL°Hb in solution 0.08 2.10 -8  

1.106 MSL-Hb molecules per: 
ghost 0.37 8- 10 -6  

ghost stripped of 
spectrin-actin-ankyrin 0.37 8.10 -6  
ghost with cross-linked 
band 3 protein 0.38 9.10 -6  

5.106 MSL-Hb molecules per: 
ghost 0.38 9.10 -6  
ghost in presence of 
50~ glycerol 0.50 2. l0 -5  
ghost in 0.05 M phosphate 
buffer, pH 7.5 0.10 2.10 -8  

Membrane-bound MSL 
-glyceraldehyde-3-phosphate 
dehydrogenase a 2 . 1 0 -  5 

Membrane-bound MSL-ankyrin b 5" 10-  5 

a D a t a  f rom Beth et al. [18]; 
b Cassoly, R. and Lemaigre-Dubreuil, Y., unpublished data. 

The values of ~'c are independent of the dilution 
of the membranes in the buffer. When an excess of 
a concentrated solution of MSL-Hb is added to 
MSL-Hb-saturated ghosts the ST-EPR spectrum 
shows a decrease in the value of L " / L ,  indicating 
qualitatively that the rotational diffusion of un- 
bound MSL-Hb is not influenced by the presence 
of the highly packed membranes. Furthermore, 
when the pH and ionic strength of a suspension of 
membranes saturated with MSL-Hb are increased 
by the addition of a small amount of a con- 
centrated buffer which promotes the dissociation 
of hemoglobin, the ST-EPR spectrum becomes 
similar to that of MSL-Hb in solution (Table I). 

Discussion 

ST-EPR spectroscopy [15] allows one to dis- 
criminate between rotational correlation times of 
macromolecules in the range 1 0 - 7 - 1 0  - 3  S. It is 

thus a powerful tool for exploring the movements 
of proteins included in supramolecular structures. 
Among a large variety of biological systems it has 
been applied to the study of several erythrocyte 
membrane proteins *: spectrin [ 16,17], glyceralde- 
hyde-3-phosphate dehydrogenase [18], ankyrin and 
band 4.1 (Cassoly, R. and Lemaigre-Dubreuil, Y., 
unpublished data). The rotational diffusion move- 
ments of spectrin measured by this method are 
independent either of the state of polymerization 
of the molecule or of its binding to ankyrin on the 
red blood cell membrane [17]. These results have 
emphasized the flexible character of spectrin. On 
the other hand, the movements of the globular 
hemoglobin molecule in solution reflect more the 
rotation of the molecule as a whole [15]. In the 
present work, one has considered the rotational 
dynamics of MSL-Hb when it is associated with 
the high- and low-affinity binding sites of the 
erythrocyte membrane. It is most important to 
know in this case if the movements of MSL-Hb 
are not overestimated by the contribution of a 
large dissociation rate constant of the membrane- 
bound hemoglobin implying a fast turnover of the 
molecules. This possibility can be excluded in the 
present cases: as shown by Shaklai and Sharma 
[14] the dissociation rate constants measured for 
oxyhemoglobin are very low (0.07 and 0.4 s - l )  for 
the high- and low-affinity binding sites. 

It is known that maleimide spin-labelled hemo- 
globins show generally a decrease in oxygen-bind- 
ing cooperativity [19], as is often the case when the 
cysteine 93(fl) residue has been modified. The 
perturbations brought by the presence of the spin 
label on the structure of hemoglobin have been 
studied in detail by X-ray difference Fourier tech- 
niques [19]. They are located in the environment of 
the heme groups and in the region of the a~fl 2 
interface, but do not concern the surface of the 
protein, which is most probably involved in bind- 
ing to band 3 protein. Furthermore, spin-labelled 
hemoglobin does not show any trace of oxidation 
of the heme, even after long storage in the cold 
room. We have shown further for the purpose of 
this work that its binding to the erythrocyte mem- 
brane is similar to that of unlabelled hemoglobin. 

The rotational correlation time, %, of MSL-Hb 
strongly bound to the membrane is about 8 • 10 -6 S 
(Table I). It is almost one order of magnitude 

* Nomenclature of human  erythrocyte proteins according to 
Steck [3]. 



smaller when it is calculated in the central part of 
the spectrum (C'/C). This difference reflects an- 
isotropic rotation of the labelled protein and one 
should consider only those values of zc measured 
from the ratio L"/L as relevant to the motion [20]. 
A value for rc of 8.10 6s as compared with 
2-10-Ss for MSL-Hb in solution indicates that 
the rotational movements of MSL-Hb have been 
considerably slowed down when it is associated 
with its high-affinity binding sites. 

This decrease is directly correlated with the 
binding of hemoglobin to the membrane. It cannot 
be ascribed to the presence of the thick suspension 
of the packed membranes, as shown by the inde- 
pendent movements of unbound MSL-Hb when it 
is added to hemoglobin-saturated ghosts or when 
the membranes are incubated at higher pH and 
ionic strength. 

It has been suggested for a long time that in the 
erythrocyte membrane the high-affinity binding 
site for hemoglobin is located on the segment of 
band 3 protein which extends into the cytoplasm. 
This attribution is strongly supported by the re- 
cent finding from rate zonal centrifugation and 
fluorescence quenching measurements that hemo- 
globin and the purified fragment of band 3 strongly 
interact [4]. Band 3 protein is also the receptor for 
several glycolytic enzymes, including glyceralde- 
hyde-3-phosphate dehydrogenase (140 kDa) and 
for ankyrin (210 kDa) which links the spectrin- 
actin cytoskeleton [5,21]. It is worth taking into 
account the relative size of all these interacting 
proteins and to notice that the cytoplasmic part of 
band 3 protein involved in these associations is 
only 41 kDa [21,22]. 

Although the movements of erythrocyte-bound 
MSL-Hb are two orders of magnitude slower than 
those measured for the protein in solution, they 
are yet very rapid as compared with those found 
by Cherry et al. [23] for a segment of band 3 
protein which could be a part of the transmem- 
brane spanning portion (re ~ 10-3 s). The mobility 
of rotation of the 41 kDa cytoplasmic domain of 
band 3 protein in situ has not been determined 
until now and one can envisage that the values of 
% found in the present work reflect the movements 
of the complex formed by the rigid association of 
MSL-Hb with the cytoplasmic segment of band 3 
protein. This hypothesis which cannot be unam- 
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biguously demonstrated by the present results 
would indicate a high degree of flexibility of the 
cytoplasmic part of band 3 protein, in agreement 
with the freeze-fracture electron microscopy ex- 
periments of Weinstein et al. [24] which identify 
this portion of band 3 protein as a 'granulofibril- 
lar' material. Furthermore, it has more recently 
been shown by hydrodynamic methods that this 
peptide purified from the erythrocyte membrane 
has a very elongated structure [25]. A value for % 
of 8-10-6s for membrane-bound MSL-Hb as 
compared with 2- 10-8s for the protein in solu- 
tion indicates clearly that it is significantly 
hindered by being bound and that any hinge pre- 
sent must be highly restrictive. There must be 
some sort of potential either restricting the motion 
so that large enough amplitudes of reorientation of 
the saturation transfer are made unlikely or that 
there is an energetic barrier which must be crossed. 
In both cases one would expect to have diffusional 
behavior of the labelled protein with % dependent 
on the viscosity of the medium and on the size of 
the proteins. As shown in Table I, this is indeed 
the case: ~c increases with increasing the viscosity 
and glyceraldehyde-3-phosphate dehydrogenase 
and ankyrin, with 2- and 3-fold the molecular 
weight of hemoglobin (i.e., 140000 and 210000), 
give values for ~'c of 2 .10-Ss and 5.10 -5 s, re- 
spectively (Ref. 18 and Cassoly, R. and Lemaigre- 
Dubreuil, Y., unpublished data). This is reasona- 
ble, since % is proportional to R 3 even in hindered 
systems. 

The present results alone cannot, however, 
demonstrate whether the hinge limiting the rota- 
tion of band 3 protein-bound MSL-Hb is located 
at the level of their junction or further in the 
domain linking the transmembrane and the cyto- 
plasmic portions of band 3 protein. In the first 
case the movements of MSL-Hb should be rela- 
tively independent of those of band 3 protein, in 
the second case they should reflect the movements 
of the part of band 3 protein which extends in the 
cytoplasm. Whatever the case, one can say, how- 
ever, that the rotational correlation time of this 
functionally important segment cannot be smaller 
than 8. 10-6S  under the experimental conditions 
of this work. 

It is not surprising that cross-linking band 3 
protein has no effect on the rotational mobility of 
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membrane-bound MSL-Hb (Table I). This result 
was expected, since band 3 protein probably exists 
in the membrane as a noncovalent dimer [3,25]. 

MSL-Hb possesses rigourously the same rota- 
tional diffusion movements whether the membrane 
has been stripped of ankyrin and spectrin-actin, or 
not (Table I). Although the amounts of ankyrin 
per ghost are less than the number of copies of 
band 3 protein [21], changes in the rotational 
movements of MSL-Hb would have been detected 
by our method after stripping out of the mem- 
brane the peripheral proteins, if membrane-bound 
ankyrin and hemoglobin undergo concerted mo- 
tions. This result cannot be correlated directly 
with the studies of Nigg and Cherry [26], who 
show by an independent method that ankyrin ex- 
erts some constraints on the rotational mobility of 
band 3 protein. It indicates however the existence 
of independent movements and flexibility in the 
assembly of some of the macromolecules which 
link the erythrocyte cytoskeleton to the membrane. 

The correlation times of rotation of MSL-Hb 
are identical whether the protein is associated with 
the high or with the low-affinity binding sites 
(Table I). The same hindrance restricting the 
movements of hemoglobin is present in both cases, 
although the two types of site are different. 
Erythrocyte ghosts can carry 4.106 hemoglobin 
molecules (tetramer) on the low-affinity sites. This 
represents an amount sufficient to cover com- 
pletely the surface of the membrane with contigu- 
ous molecules. Glycophorin is in part responsible 
for this binding, but hemoglobin which carries a 
net positive charge at pH 6 is also engaged in ionic 
linkage with the charged phospholipidic head- 
groups present at the surface of the membrane [6]. 
From independent experiments performed with 
liposomes one can infer that phosphatidylserine 
could be a good partner [27]. Deuterium nuclear 
magnetic resonance and neutron diffraction mea- 
surements have given some insight into the orien- 
tation and the mobility of some phospholipidic 
head-groups [28], but very little is actually known 
about the ionic interactions between protein and 
lipids at a molecular level. Every hemoglobin 
molecule should be linked to several lipid mole- 
cules if one compares the approximate cross-sec- 
tion area of both (3000 ,~2 and 70 ~2, respectively) 
[29]. The organization and the number of the 

phospholipid head-groups engaged in ionic inter- 
actions with hemoglobin appears specific if one 
considers that oxy- and deoxyhemoglobin, which 
present different quaternary structures, show an 
approx. 40-fold difference in their affinity for the 
erythrocyte membrane [14]. In this respect, the 
knowledge of the atomic coordinates of charged 
amino acid residues in hemoglobin and several of 
its mutants can be an appropriate way to study 
more precisely the ionic protein-lipid and protein- 
protein interactions described in the present work. 
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