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ABSTRACT 

The synergistic effects of hemoglobin, carbonic anhydrase and the band 3 protein make 

red blood cells the ideal vehicle for oxygen delivering to the tissues. As long as oxygen 

is supplied by these ideal vehicles, oxygen intoxication of the tissues is precluded. Band 

3 protein mediates the "Chloride-Shift", i.e., the anion exchange of CI'/HCO3. Because of 

the Chloride-Shift,  red blood cells are able to recognize metabolically active tissues and 

to supply the minimum amount of oxygen to the tissues. Investigation into the molecular 

mechanisms of the anion exchange mediated by the band 3 protein was introduced. 

I INTRODUCTION 

Oxygen is essential for any form of life, but 

too much oxygen is harmful and can elicit tissue 

damage. Living creatures, therefore, have a 

tightly regulated system delivering the necessary 

amount of oxygen to specific tissues at the right 

time. Red blood cells play an important role in 

this system and provide a vehicle for delivering 

oxygen to tissues, depending on their metabolic 

act iv i ty,  uhl is ing the synerg is t ic  effects of 

hemoglobm, carbonic anhydrase and the anion 

exchange activity of band 3 protein 

Red blood cells lack intracellular organelles 

normally found in cells, such as the nucleus, 

microsomes, mitochondria etc. and instead 

contain a very high concentration of hemoglobin. 
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Red blood cells are quite flextble, allowtng the 

cells to penetrate rapidly through the capdlaries 

to carry oxygen throughout the body Circutahon 

of red blood cells through the capillaries is very 

rapid of the order of a millisecond for one cell 

to pass through the lung capillary vessels. 

The life span of red blood cells varies 

among species,  However,  the number of 

recirculat ions through the heart is v ir tual ly 

identical in rat, dog, and the human being, 

approximately 2 x 10 s (1). After this number of 

passages the cells are targeted for cell death 

The signal for cell death probably results from 

alterations in the red blood cell membrane, either 

through accumulated damage leading to 

membrane stiffness or through exposure of 

antigens that bind immunoglobuhns, making the 

red blood cells target for macrophages (2,3). This 

review describes the role of red blood cells in 

oxygen transport  and how their membrane 

proteins, especla~ty band 3 protein, are ~nvotved 

49 



Hamasaki Band 3 Protein in 02 delivery in Red Blood Cells 

in the oxygen dehvering system. the cytosol. 

II What Types of Membrane Proteins Exist 

in Red Blood Cells ? 

Proteins which are co-fract ionated with 

biological membranes have been defined as the 

membrane proteins. The membrane proteins can 

be further classified into two classes, integral 

membrane proteins and peripheral membrane 

proteins. Integral  membrane  pro te ins  are 

incorporated into the membrane lipid bilayers, 

surrounded by boundary lipids, while peripheral 

membrane proteins interact with the surface of 

membrane lipid bilayers through electrostatic 

interactions. Membranes play pivotal roles in 

biological cell functions. Apart from separating 

the cell from the surrounding environment, and 

regulating the entry and exit of molecules into the 

cells, membranes  a lso par t i t ion the cell 

components into the organel les such as the 

nucleus etc. Furthermore,  membranes play 

~mportant roles not only in l igand- receptor  

~nteractions and signal transduction, but also in 

cell development and differentiation. 

Membrane proteins interact with both the 

lipid bilayer and each other, and through these 

interactions regulate these membrane functions. 

Integral membrane pro te ins  often act as 

receptors, channels and transporters.  Some 

interact with the underlying cytoskeleton and 

others act as anchors for signal r f iessenger 

proteins which transduce extracellular signals into 

the cytosol. Peripheral membrane proteins often 

form part of the cytoskeleton which supports the 

membrane integrity flexibility. Some peripheral 

membrane proteins behave as signal messenger 

proteins by shuttling between the membrane and 

Fig. 1 shows the red blood cell membrane 

proteins separated by SDS- polyacrylamide gel 

electrophoresis. These membrane proteins were 

named after their electrophoretic mobility. Bands 1, 

2, 2.1, 4.1, 4.2, 5 and 6 are the peripheral 

membrane proteins, while bands 3, 4.5 and 7 are 

the integral membrane proteins. Fig. 2 shows a 

schematic model of the red blood cell membrane. 

The integral membrane proteins, band 3 and band 

4.5, act as transporters" for anions and glucose, 

respectively, while the peripheral membrane 

proteins, bands 1, 2, 2.1, 4.1 and 4.2 form the 

cytoskeletal network which interacts with the 

cytosolic domain of band 3 and glycophorin C. 

III Synergist ic  Effects of Hemoglobin,  

Carbonic Anhydrase and Band 3 Protein in 

Oxygen Delivery 

Fig. 3a shows the red blood cell Red blood 

cells are unique cells which have no organelles 

as explained above. Instead, red blood cells 

contain a very high concentration of hemoglobin 

to carry oxygen from the lungs to the tissues. 

Provided the per iphera l  membrane protein 

network is correctly organized, red blood cells 

are highly deformable both in the circulation and 

in vitro. Because of this deformability, red blood 

cells can quickly pass through the capillaries 

whose diameter is narrower than the diameter of 

the cell (Fig. 3b), and deliver oxygen from the 

lungs to the tissues. When arterial blood arrives 

in the peripheral capillaries, red btood cells pass 

through the narrow capillaries one by one and 

can distinguish metabolically active cells from 

inact ive cel ls by a combinat ion  of three 

mechanisms : the oxy/deoxy convers ion of 
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Fig. 2. Schematic diagram for the proposed 

mode of in teract ions between integral and 

peripheral membrane proteins: Spectrin (bands 

1, and 2) is linked to band 3 protein and Kyrin 

(band 2.1) / band 4.2, and to glycophorin C 

(GP-C) by band 4.1, which also binds an actin 

(band 5) f i lament  conta in ing  t ropomyos in .  

Cytoskeletal network composed of the peripheral 

membrane proteins is attached to the red blood 

cell membrane with the band 3 protein and 

GP-C sites. Bands 3, 4.5 and 7 are the integral 

membrane pro te ins  and funct ion as anion 

exchanger ,  g lucose t ranspor te r  and water  

channel ,  respect ive ly .  G lycophor ins  

(GP-A~E) are visualized only when the SDS- 

polyacrylamide gel (Fig. 1) was stained with PAS 

staining. 

Fig. 1. Red blood cell membrane proteins: 

Red blood cell membrane  pro te ins  were 

separa ted  by SDS-po l yac ry lam ide  gel 

electrophoresis and stained with Coomassie 

Bnlhant Blue. Bands 1, 2, 2.1, 4.1, 4.2, 5 and 

6, and bands 3, 4.5 and 7 are defined as the 

peripheral membrane protein, and the integral 

membrane protein, respectively (see text). 

hemoglobin, the carbonic anhydrase reaction and 

the CI-/HCO 3- exchange by band 3 protein (4). 

a) Discocyte. Normal biconcave red blood cell. 

b) Knizocyte. Abnormal triconcave red blood cell 

due to an abnormal band 3 protein. 
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a) b) 

Fig 3 Scanning electron mfcrograph of red blood cells: From Red Cell Shape, Eds Bessls, 

M, Weed, R.I., Leblond, P.F�9 (1973) Springer Verlag New York, Heidelberg, Berhn 

As shown in Fig. 4, CO 2 p roduced  in 

peripheral cells diffuses into the red blood cells 

as they pass th rough  the cap i l l a i res .  The 

diffusing CO~ ~s rapidly hydrated to H2CO 3 inside 

....... - I , ~  ~ ' i  

Metabolicall'r InactiveCell ' 

(less oxygen) 

the red blood cells, by the action of carbonic 

anhydrase, and the H2CO 3 promptly dissociates 

into H + and HCO 3- Band 3 protein exchanges the 

cel lular HCO 3- with CI- in plasma, which has 

liB(: 
I - " I I m n i "  r  I '  . . . . .  , ,, 

'.. ; 7.'-"t-.." ' -. . . . . . .  
�9 . ~ ' , , ,  

" " " "  " '  " ;":~'< "-"..i" :.(;" 
�9 . . . . . ,  ; . . " , ' : . - .  " ,  

.,: -'~,.:,~' .:.,. 
. , , , ~  ~ . .  , 

Metabolically Active Cell 
(more oxygen) 

Oxygen Delivering System 
Fig. 4. Role of band 3 protein in oxygen delivery by red blood cells: Red blood cells are the ideal 

vehicles for the oxygen dehverying system to tissues as a result of synergistic effects of hemoglobin, 

carbomc anhydrase and band 3 protein. As long as oxygen is supplied by these ideal vehicles, oxygen 

intoxication to tissues is precluded. Band 3 protein mediates the "Chloride-Shift", i.e., the anion exchange 
of CI/HCO3 Because of the Chloride-Shift, red blood cells are able to recognize metabolically active 

tissues and to supply the minimum amount of oxygen to the tissues as described in the text (partially 

modified from Hamasakl, N. and Okubo, K. (4) Band 3 protein : physiology, function and structure 

CelI. Mol BIol 42, 1025-1039. 
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been known conventional ly as the "Chloride 

Shift". As the result of the anion exchange, the 

weak acid H2CO ~ is converted to the strong acid 

HCI and consequently the intracellular pH of the 

red blood cells is rendered acidic.  This 

acidification is the trigger for the dissociation of 

0 2 from oxyhemog lob in  (HbO2) and the 

dissociated 02 is supplied to the tissues which 

metabolically produce CO 2. Protons formed in 

the red blood cells are accepted by reactive 

groups of deoxyhemoglobin (HbH § participating 

in the Bohr effect and the pH within the red blood 

cells is restored in order to prevent the further 

dissociation of oxygen from HbO 2. By means of 

the transient acidification triggered by the band 

3 protein anion exchange activity, cells producing 

excess CO 2 are supplied with more 02 from 

Hbs 2. In this manner, red blood cells can 

discriminate the metabolically active cells from 

inactive cells and deliver oxygen particularly to 

metabohcally active cells. 

Accordingly, as long as oxygen is dehvered 

by red blood cells, a minimum but sufficient 

amount of oxygen is supplied to tissues, and as 

such, oxygen intoxication never occurs. The 

chain of reactions, ensuring appropriate oxygen 

supply to metabolically active tissues, should be 

completed in 0.3-0.7 seconds (5-7). Band 3 

protein plays a p~votal role as a metabolic sensor 

in fac i l i ta t ing the oxygen al locat ion from 

hemoglobin to the t issues, by mediating the 

chloride-bicarbonate exchange across the red 

blood cell membrane. 

IV Band 3 Protein : Structure and Function 

1. General Structure of Band 3 Protein 

Band 3 protein is the major integral 

membrane protein of human red blood cells and 

consists of 911 amino acids The NH2-terminal 

360 amino acid residues form a water soluble, 

highly elongated domain (the 40-kDa domain) that 

serves as an attachment site for the binding of 

the membrane skeleton and other cytoplasmic 

proteins. The remainder of the protein is a 

55-kDa hydrophobic domain (the 55-kDa domain) 

that is responsible for the anion exchange 

activity. The abundance of this protein has made 

it a useful model for the study of structure/ 

function relations,hip in the transport protein. 

Instead of involving a ternary complex with an 

anion to be transported, the transport process 

can be explained by the ping-pong mechanasm, 

that is, band 3 protein assumes two 

conformational states during the exchange 

process, the inward facing form which can brad 

an anion from the intracellular surface and the 

outward facing form which can btnd an anion 

from the extracel lular surface [reviewed by 

Passow, (8)]. Over the past few years we have 

focused our at tent ion on the study of the 

structure of the active center for anion exchange 

2. Active Center for Anion Exchange 

Unlike other organic phosphates, pyridoxal 

phosphate (PLP) and phosphoenolpyruvate can 

be t ranspor ted across the red blood cell 

membrane by the anion exchange system (9,10). 

PLP forms a Schiff-base with the lysine residue 

of the protein and the linkage is stabilized by 

reducing it with sodium borohydride (11). Using 

these characteristic features of PLP, we tried to 

isolate the anion binding site of band 3 prote~n 

after treahng the cell membrane with PLP 

(12,13). The specific Schiff-base formation was 

stabi l ized and labeled with [3H] sodium 
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borohydride. The radiolabeled peptide contained 

78 amino acids and could be aligned with amino 

acid res idues 834 to 911 of the human 

erythrocyte band 3 protein. The 78 amino acid- 

peptide was designated 8.5-kDa peptide (13). The 

PLP binding site was identified as Lys-851 in the 

deduced sequence. The anion exchange activity 

was quantitatively inhibited by modifying Lys-851 

with PLP (10), suggest ing that the 8.5-kDa 

pept ide res ides in a port ion of the anion 

exchange channel. Studies of naturally occurring 

band 3 mutations also suggest that this region of 

the band 3 protein is involved in anion exchange 

activity. The Diego (DP) antigen results from the 

amino acid substitution Pro-854 to Leu. Band 3 

protein with this Pro-854-> Leu substitution is 

more readily labeled by [3H]H2DIDS(4,4'-diisothio- 

cyanodihydrost i lbene-2,  2 ' -d isu l fon ic  acid), 

suggest ing that this subst i tu t ion al ters the 

environment of Lys-851, the H2DIDS crosslinking 

site (see below). Band 3HT (high transport)  

results from the amino acid substitution Pro-868 

to Leu. This substitution causes the mutant band 

3 protein to be less readi ly  labeled by 

[3H]H2DIDS. Band 3HT transports sulphate ions 

1.5 times more rapidly than normal band 3 

proteNn showing that Pro-868 is involved in the 

anion exchange activity (14,15). It also suggests 

the importance of the role of the affinity labeled 

8.5-kDa peptide region for the anion exchange 

activity 

Band 3 prote=n has a single high affinity site 

for the revers ib le  b inding of the 

s t i lbenedisu l fonate der ivat ives DIDS (4,4'-  

diisothiocyanostilbene-2,2'-disulfonic acid) and 

H~DIDS. which are potent inhibitors of the anion 

exchange actiwty (16). It has been known for 

years that the s~ngle bound H2DIDS molecule can 

react covalently at neutral pH with a lysine 

residue in the NH2-terminal chymotryptic fragment 

(17). Biochemical studies have shown that this 

rapid react ion must take place with ei ther 

Lys-539 or Lys-542 of human band 3 protein 

[reviewed by Passow (8)]. At alkaline pH, the 

other isothiocyanate group on H2DIDS (not on 

DIDS) can react with a lysine residue in the 

COOH-terminal 35-kDa chymotryptic fragment 

(Met-559~Val-911), forming an mtramolecular 

cross-link between the two major chymotryphc 

fragments, the NH2-terminal 60-kDa fragement 

(Met-1~Tyr-553) and the COOH-terminal 35-kDa 

fragment (18). We determined that the H2DIDS 

cross-l inked sites were Lys-539 and Lys-851 

(19), indicating that the two lysine residues, Lys- 

539 and Lys-851,  are located in s i tu in 

sufficiently close proximity to react with the same 

H2DIDS molecule (ca.15A). 

3. Conformation Change during the Anion 

Exchange Process 

Amino acid res idues of band 3 prote~n 

known to be essential for the anuon exchange 

activity are lysine, arginine and glutamic acid 

(6-8, 20-24). In addition to these amino acids, 

we have shown, by pH t i trat ion and diethyl 

pyrocarbonate (DEPC) modification experiments, 

that an intracellular histidine residue of band 3 

protein also participates in anion exchange (25). 

The inhibition of anion exchange activity by 

DEPC was prevented in the presence of external 

DNDS, a reversible inhibitor of anion exchange. 

DEPC exerts its action only after penetration into 

the red blood cell and subsequently reacts with 

the inward- facing substrate b~ndJng site of the 

band 3 protein (25-27). It is concewable that the 

protection of the functional h~stid~ne against 
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DEPC modi f ica t ion was due to the 

conformat~onal change of the band 3 protein 

induced by DNDS. The funct ional hist idine 

residue would be hidden from the intracellular 

surface in the outward facing conformation of 

band 3 protein (26-28). 

Passow and co-workers (20) confirmed our 

data using site-directed mutagenesis of histidine 

residues in mouse band 3 protein. According to 

Muller-Berger et.al. (29) substi tut ion by site- 

d~rected mutagenesis of any one of the histidine 

residues His-721 (human Flis-703), His-837 

(human HJs-819), and His-852 (human His-834) 

to glutamme, or of His-752 (human His-734) to 

serine, inhibited CI- flux mediated by band 3 

protein expressed in Xenopus oocytes. They also 

suggested that the formation of a hydrogen bond 

between His-752 (human His-734) and Glu-699 

(human Glu-681) was essential for the decrease 

of band 3 protein-mediated CI- transport at low 

pH (30) Glu-681 has been shown to be 

essential by Jennings and Fritz (31 ) in  anion 

exchange and is p robab ly  located at the 

intracellular s~de of the membrane. Accordingly, 

both amino acid residues Glu-681 and His-734 

are also presumed to be in the anion channel. 

V Topogenic Activity of Transmembrane 

Segments of Band 3 Protein 

Membrane  pro te ins  on the secre to ry  

pathway in eukaryotic cells are integrated into the 

membrane in the endoplasmic reticulum and 

acquire their membrane topology. This integration 

normal ly  occurs  dur ing prote in synthes~s. 

Speci f ic  sequences  of membrane  prote ins 

regulate the co-translational insertion and define 

the final membrane topology. Such specif ic 

sequences  have been cal led " topogen ic  

sequences "  (32-33) .  Hydrophob ic  signal 

sequences  are respons ib le  for target ing 

membrane proteins to the endoplasmic reticulum 

and for initiating translocat~on. Although the 

topogenic functions of these sequences ~n simple 

single spanning bitopic membrane proteins have 

been estab l ished,  their  cont r ibut ion to the 

membrane topogenesis of polytopic membrane 

proteins remains to be clarif ied. Our recent 

results, on the membrane structure of band 3 

protein, indicate that hydrophobicity is not an 

abso lu te  requ i rement  for the format ion of 

t ransmembrane segments in mult i -spanning 

polytopic membrane proteins and suggest that 

po ly top ic  membrane pro te ins  may contain 

hydrophi l ic  t r ansmembrane  segments  with 

considerable freedom of movement tn relation to 

the membrane (34, 35). These flexible regions 

must play important roles in the anion transport 

function. Hamasaki et.al. (36) have proposed 

recently new concept for polytopic membrane 

proteins. 
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