Contents

CoNtributing AULNOIS......oeeeecc e XXI11
1 Distribution and Movement of Membrane Lipids........cccccoevvivvivvcvnenenesiennnn, 1
0 1o o (0o 1o O PSPTSTRPN 1
1.1.1 Lipid Composition, Structure and Motions..........cccccverereeieeneenenennens 1
1.1.2 Measurements of Distribution and Movement of Lipids
between the Membrane Bilayer Leaflets.........cooooveiiieienincnicciennn, 3
1.1.3 Steady State Distribution of Lipids between the Membrane Bilayer
LEAFIEES. ..ottt e e 4
L1 ALIPIA DOMAINS......iiiieierieriesiesteererieessessestessesseseessessessessessessessesssessessens 5
1.2 Non-Mediated Passive Transhilayer Movements of Lipids.........ccccceceeeeene 6
2 I 00T o] T o R 6
1.2.2 Cholesterol and Other Neutral Lipids.........ccoererieeienenieneneneneeienens 7
1.2.3 Fatty Acids: Mediated or Non-Mediated Movement?............cccceeuennne 8
1.3 Mediated Passive Transhilayer Movements of LipidS.......cccccooeverenicncenene 9
1.3.1 Ca”-Activated Bidirectional Movement of Lipids via the Phospho-
[IPId SCramMbIAse. ........coeeeeeeere e e 9
1.3.2 Movement of Anionic Lipidsviathe Anion Exchanger AEL ............ 11
1.4 Mediated Outward Movement of Newly Synthesized Phosphatidyl-
CHOIINE .. e e 12
1.5 Active Transbilayer Movements of LipidS........ccoceoerinieieninicneciene 13
1.5.1 Inward Movements of Phosphatidylserine and Phosphatidy!-
ethanolamine via the Aminophospholipid Translocase (APLT) ........ 13
1.5.2 Outward Movements of Lipids viathe Multidrug Resistance
Protein MRPL (ABCCL) ....coieieiiieiee ettt 14
1.6 Disturbance of Distribution and Transbhilayer Movements of Membrane
Phospholipids in Pathology .........cccccoerineneiineeee e 15
A 0100 Y 16
REFEIEINCES.....c.eeeeee e bbb 17

2 Membrane Lipidsand Proteins as a Basis of Red Cell Shape

AN IS AITEr ALIONS ...ttt 27
yZ20 11 o [0 ot (' o OSSPSR PSR 27
2.2 EArY HIStOIY ..ot e e e e 28
2.3 Experimental Changes of Resting Shape.........ccccevvvievvvvveceeceecresee 28

2.3.1 0utline of ODSEIVALiONS.........cccerererereeieee e 28
2.3.2 Qutline of the Possible Origins of Shape Changes..........cccceeveveeneene. 30
2.4 A Rolefor the Lipid Bilayer: the Bilayer Couple Concept of Shape
L1 7= 010 - PSS 33
2.4.1 Underlying Observations and Definition............c.ccoceveeeerienenenennne 33

2.4.2 Shape Changes Following Alterations of the Transhilayer Balance
Of Membrane Lipids........ccooiiiririeieese e e 36



VI Contents

2.4.3 Shape Changes Following in situ Modification of Phospholipid

PAEEINIS. ..o s 37

2.4.4 Shape Changes Arising from Experimentally Induced Transbilayer
Redistribution of Endogenous Phospholipids...........ccccveevieiviennnnne. 38
2.5 Shape Changes of Unresolved OFigin........occoeieeeeneneneneseeeee e 40
2.5.1 Depletion of ATP or Magnesium and Exposure to Vanadate............. 40
2.5.2 Ligands of Band 3 Protein..........cccccveeereeieenene e 40
2.5.3 Effects of Glass Contact and of Serum Albumin ... 41

2.5.4 Phospholipid Symmetrization Following Field Pulse Exposure:
aTool for Testing the Requirement of Bilayer Asymmetry

for Shape Changes of Unresolved Origin ........c.ccooevereneeeiennnenennns 41
2.6 From the Bilayer to a Quadrilaminar Membrane..........ccccocvvevvvvveveseeneenns 43
2.6.1 Constituents of the Exo- and the Endofacial Membrane
SUMTECE COBL....oeeeerie sttt 43
2.6.2 Influence of the Exofacial Lamina: Shape Effects of Enzyme
LIS = 1= L PP PP 45
2.6.3 Influence of the Endofacial Lamina: the Role of the Membrane
Skeleton in Shape Transformations .........ccocveeeeeererevesie s seereere s 45
2.6.4 Shape Effects of Cytoplasmic pH .....cceoveiiiiiiieeeee e 46
2.6.5 Influence of lon Gradients and Transmembrane Potential ................. 47
2.6.6 Limitation of Shape Changes by the Membrane Skeleton.................. 48
2.6.7 Membrane " Stabilization" by the Skeletal Network
AN ItS AIEraliONS ..o e 49
2.7 Pathological Alterations of Red Cell Shapein vivo.......cccccevevvivvvcecieennene. 49
2.7.1 Stomatocytosis Going Along with Alterations of Cell Volume......... 50
2.7.2 Shape Changes Due to Altered Properties of Haemoglobin............... 50
2.7.3 Lipid-Based Alterations of Cell Shape..........cooveeeveiininenc e 50
2.7.4 Protein-Based Alterations of Red Cell Shape........ccccocvvvvvvvcereennne 51
2.8 OULIOOK ...ttt ettt st ettt e b sae b e e nes 52
REFEIBNCES ..o bbb 52

3 Human Red Cell Shape and the Mechanical Characteristics of the

MEMDBIANE.......oi e et re e re e 61
0G50 I 1 911 0o [UTex 1 o o USRS 61
3.2 Continuum Mechanics vs. Membrane Composition.........cccocvvevveeeeeenene 62
3.3 Modes of Membrane Deformation............cccccveueeeesieeseeseesee e 63

3.3.1 General REMAIKS. .....coiueiiirieirieriee e 63
3.3.2 Isotropic or Biaxial Deformation ............cccceeerenenenenieneee e 63
3.3.3 Shear or Uniaxial Deformation ............ccocuveeerereenenereneneeseseeennes 63
3.3.4 Bending DefOormation...........ccoeeeeieriene e e 63
3.4 Resting Shape of Membrane PatChes..........ccoovvvveveeecrece e 64
3.4.1General REMArKS.........ooviiieiiiciice e 64
342 SUMACE ATBAL....cuiiieecte ettt s b e 64
BA.3AFPECE RBLIO ....ecueetereeeieie ettt st st s nne e 65
3.4.4 SPONLANEOUS CUIVALUIE ......eeveeieeieeiesee e seeeseeesseeneeeeeeseesneesneesneeses 65
3.5 Membrane StffNESS......ccccciie i 66

3.5.1 GENEral REMAIKS.......viiceeiiiieeceie ettt s 66



Contents  IX

3.5.2 1S0tropic SHfNESS.....eeieieieeeee e 66
3.5.3 Shear StIffNESS.....ceiiriiire s 67
3.5.4 Bending StffNEsS ......coeierieieriee e e 67
3.6 Uniformity of the Membrane...........ccoccevevevesene e 69
3.6.1 General REMArks........oooeiiiiiieiee e e 69
3.6.2 SUMACE ATBAL....eeeeirieeeeree e 69
3.6.3 AGPECE RELIO ..ottt e e e 69
3.6.4 Single-Layer Based Spontaneous CUrVatUre..........ccccevereveeereereeneens 69
3.6.5 Double-Layer Based Spontaneous CUrvature............cccoceeereeeerneenene 70
3.7 Resting Shapes of Red CellS........coceviiieve e 70
3.7.1 General REMArkS.......coooeiiiiiieee e e 70
3.7.2 The BicONCaVve DiSCOCYLE. .....ccveeeierierie e steeeeie st 70
3.7.3 Echinocytes and StOMELOCYLES........coerveruerierieeiereesie e 71
374 CONCIUSIONS....c.cueiiieiestesieeete sttt b e 72
3.8 Relative Importance of Single-Layer and Double-L ayer Based
SPONEANEOUS CUINVEIUIE. .......ceveeeieeeiereee e seeeseeeseeeeeeee e sseesreesreeseeesseeneeenes 72
3.9 Non-Uniform Mechanical Properties of the Membrane...........ccccceceeene 73
3.9.1 Spherical Echinocytes and StOMatOCYtES.......cccovverereeeeereeeeeereeees 73
3.9.2 Effects of Raising the Cytoplasmic Concentration of Calcium.......... 74
N 0] 00| GRS 74
REFEIEINCES.......eeee et s 80
4 Passive M embrane Permeability for 1ons and the Membrane Potential .....83
A1 INEFOAUCTTION. ...ttt 83
4.2 Specific Transport Systems for Monovalent Cations in the Mammalian
Red Cell MeMDIane.........cocooviiiiniriese e 83
4.3 The Low lonic Strength (L1S) EffeCt.......ccoooiiiiinicieeeeeeee, 87
4.4 The K'(NA)/H" EXCNANGET ........ccceveveeeeeeeeeeeeessetevetesessnen et sesesseneneens 91
4.5 General Consideration of the Residual and Leak Cation Fluxes................ 95
4.6 The Transmembrane Potential, Surface Potential, and the Electric Field
INThe MeMDIane.........ccoiiie e e 97
@) g Tox U= Lo o ISR 103
REFEIEINCES......oneie e e 103
SINATK T PUMP .ottt ettt es sttt eaeae s as e et s st sessanan s e 111
B L INErOTUCTION. ...ttt st 111
5.2 Development of the Concept of Active Transport .........cccoceveveereeieeeene 111
5.3 Early Characterization of the Na//K* Pump in Red Célls........cccoovunn... 112
5.4 The Enzymatic Basis of the Na' /K" PUMP .......ccccovvveeereeeccee e 114

5.5 Red Cell Characteristics Favourable for the Study of the Na'/K* Pump..115
5.6 Transport of Na' and K" and the Reaction Mechanism

Of the NATK™ PUMP.....ooveveeeeeeeeceee e et teassesss st besees s sn e seenaes 117
5.6.1 NATK" EXChaNQE.....cceiiiiiieeie ettt nenas 118
5.6.2 NA/NA EXCNENGE .....cveveeeeeeeeeeieteretereeeeeeeeesesssessesesessssesessssssessesesesesns 120
5.6.3 KK EXCRANGE.....cocuiuiuiiieieieeteteteteie ettt benenas 121
5.6.4 The Reaction Mechanism of the Na//K* PUMP.......cccceveveveveerrererenne. 123

5.7 The Quaternary Structure of the Red Cell Na' /K" PUMP .......cccccevveennne. 127



X Contents
5.8 UNIESOIVEI ISSUES......coueeieeiiesie et 129
5.8.1 Properties of the Third Na' Site.......ccceveveveeeveeeeeeereereeeeeeee e eesesesnnas 129
5.8.2 Selectivity of the Cation Binding SIteS........cccoovveiineniniccicieneen, 131
5.8.3Na,/H", Exchange and K", /H", EXChaNGE........cccoueerurereererereenenennenens 132
5.8.4 Na' Transport Coupled with Anion Transport..........cccceeeeeeevereriennnas 132
5.9 CONCIUSION ..ottt 133
REFEIENCES ...ttt e s 133
B 10N CRANNEIS ..o s 139
6.1 INEFOTUCTION ...t 139
6.2 The Ca™"-Activated K" Channel ............ccocueveeeeueveceeeeerecseeeeeeesesieneins 139
6.3 The Voltage-Dependent Non-Selective Cation Channel ......................... 144
6.4 The Low Conductance K™ Channel.............cccceeeeeeevieeereeeeieeeeesesesisenas 146
6.5 The Anion-Selective Channel ... 146
6.6 Whole Cell Patch-Clamp Recordings..........ccoeverereeienene e 147
6.7 CONCIUSION....o.eriireiiiseteere e 147
REFEIENCES ... et e s 148
7 The Swelling-Sensitive Osmolyte Channl ...........ccccevevvvievecveececeeeene 153
T L INEFOOUCTION .ot 153
7.2 Swollen to the Same Extent, Red Cells can Adopt Different Regulatory
PatterNS. ..o 154
7.3 Red Cellswill Adopt the Regulatory Pattern that Maintains Cell
HOMEOSIBSIS ...t 156
7.4 Regulation of Swelling-Sensitive, Osmolyte Pathways............ccccceevunee. 158
7.4.1 The Opening of Osmolyte Pathwaysis Controlled by lonic
Strength and is Insensitive to Cell Volume Expansion.................... 159
7.4.2 A Single or Several Osmolyte Transport Pathways?...........cccveeenen. 161
7.4.3 Opening of the Osmolyte Channel in Response to a Gradual
and Slow Decrease in Medium Osmolality........cccccoevvvveeeieereereennne 162
7.5 Swelling-Sensitive Osmolyte Pathways: Association with Band 3
PrOLEIN ..o 162
7.5.1 The Organic Osmolyte Pathway has the Functional Characteristics
Of aN ANION ChaNNE] ........ccoeieree e 162
7.5.2 The Organic Osmolyte Channel: a Pathway for Cations.................. 163
7.5.3 The Swelling-Sensitive Osmolyte Channel is Associated
with Band 3 Protein (AEL).......ccceoeiiiineneneeee e 164
7.6 Molecular Identification of the Swelling-Sensitive Osmolyte Channel... 165
7.7 CONCIUSION ...ttt et b bbb see e 167
REFEIENCES ... 168
8 NA'-K™-2CI COtFANSPONT .....ovvvrcretcicieeeee ettt 173
8.1 INEFOAUCLION ... et 173
8.2 ThE NKCCL PrOteIN ....ccveeeieie ettt 174
8.3 NKCCL ANtIBOUIES........ocviieieeieiesieece et 176
8.4 The NKCC1 ReaCtion CYClE.......ceeeeeererrreiesieseeeeseesee e 176

8.5 Breadth of Physiological FUNCLIONS...........ccccoiiineniieieere e 181



Contents Xl

8.6 Coordinate Regulation of Volume-Regulatory Transporters................... 182
8.7 Cell VOlUME DELECLION ..ottt 183
8.8 Regulation Of NKICC ......ccoiiiiieeee e 185
8.9 Thermodynamic ConSIAerations...........cccevevvererreeresenesesesseeseesee e 186
8.10 Function of NKCCin Red Cells........coiiiiiriiie e 186
REFEIENCES ...ttt 190
9K™-CI Cotransport in Vertebrate Red Cells.........cccccoeeivirieecreererccceeene, 197
LS I R 1 (oo [FTex 1 o o SRR 197
9.1.1 Historical PErSPECHIVE. ......ccceieveeeire ettt 197
9.1.2The LK Sheep Red Cell.....c.covvivieiiiciseseese et 198
9.1.3 lonic Requirements and Transporter Kinetics.........ccoovvveveeverenenne. 198
9.1.4 Molecular Identity of the K'-Cl” Cotransporter ..........ccceeeeveveverennas 199
9.2 Physiological CharaCteristiCs.........cvviirerieererere e 200
9.2.1VOoIUME DEPENAENCE ..ottt e 200
0.2.2 H' DEPENUENCE.......eceeerereeeeeeeee ettt e e s st sesesssses s esessesseseseseses 202
SR B U = USROS 203
O.2.4 OXYGEN ..ttt sttt sttt st st sttt s b e b et e ebe e 203
9.2.5 HydroStatiC PreSSUNE........coeeie et s 204
S I G = 0101 0L = LU= RS 204
0.2.7 BICAIDONGLE. .....cueeeeieiee ettt e 205
9.3 Mechanism of REQUIGLION.........cecveierire e 205
9.3.1 Protein Phosphorylation ...........coeveieeereeienene s 205
9.3.2 Macromolecular Crowding, lon Concentration or Mechano-
(5 o= o [0] 12U 207
9.3.3 Magnesium and Organic PhoSphates..........ccoovevevenieneseceesere e 208
9.3.4 KCC and Redox Potential ..........ccoeevvereeirinieiniseiesesieee s 209
9.4 FULUIE PErSPECHIVES. ... .o ctececeeeeesie ettt e ettt 210
9.4.1 The Cytoskeleton and Regulation of KCC...........ccooveiiiienennnienne. 210
9.4.2 Diverse Functions of KCC in Red Cells and Other Tissues............. 211
REFEIEINCES......oeeie e b 212

10 The Band 3 Protein: Anion Exchanger and Anion-Proton

(L0 1 =T 1S To g = 221
O8I T oo [Uex i o] o TSRS 221
10.2 Measuring Anion-Proton Cotransport.........cceceveeeeeieerereseeseseeseenennens 222
10.3 H'-CI Cotransport and its Relationship to CI/CI” Exchange.................. 225
10.4 Molecular Basis of the Relationship between Anion Exchange

and Anion-Proton COtranSpOrT..........ccevererereeieereese et 229

10.5 Chloride Equilibrium Exchange and Chloride-Proton Cotransport:
Comparison of Experimental Evidence with Theoretical Predictions...231
10.6 H™-SO,” Cotransport and its Relationship to H'-CI” Cotransport:

GENEral FEAIUINES.....cueeiciieeeeee ettt e e e 237
10.7 The Relationship between H'-Cl” and H-SO,” Cotransport:
SPECITIC FEALUIES. ...t 239

10.8 H™-SO,” Cotransport vs. H'-Cl” Cotransport: DiSCUSSION ............c..eeen. 242



X1l Contents
10.9 Chemical Modification of the Cotransport Process.........ccccoeevereruennene 244
10.20 SUMIMEIY «..eveieieieeeieeesteeseeeteeeeeseesseesseesseesseesseesseensesseesessseessessseensenssen 247
APPENAIX ittt e e see b 248
REFEIBNCES ...t bt 250
11 Band 3 Mediated TranSPOrt .........ooeeeeeeereenese e 253
11.1 Functions of Band 3 and Related Proteins...........ccccocevenenenenceieenennnn, 253
11.2 BaSiC CharaCteriStiCS.....cuvuiruririirieiririeere st 254
11.2.1 One-for-One EXChange .........ccccoererereeieeniene e 254
11.2.2 Divalent vs. Monovaent Anion Transport ..........ceeeeeeeererieseseeeens 255
11.2.3 Basic Transport Mechanism — Ping-Pong Model..............ccocceeeees 255
11.2.4 Evidence for the Ping-Pong Modél ..........cccoooevvievieeceneninse e, 259
11.3 Asymmetry of the SYSeM.. ..o 260
11.3.1 Sidedness of Unloaded Transport SIteS........covvveeeveeriesesesesenneens 260
11.3.2 Effects of Chloride on Sidedness of Transport Sites...........cccceeueee 261
11.3.3 Effects of Bicarbonate on Sidedness of Transport Sites................. 261
11.3.4 Consequences of Asymmetry for Fluxes under Physiological
CONAITIONS......eivieeirierie e 262
124 SErUCIUrE OF AEL ...ttt e 263
11.4.1 The Cytoplasmic Domain (CAAEL) .....c.cocevevvverereeeereere s 263
11.4.2 Structure of the Membrane Domain Revealed by Electron
YTt (01 oo o)V A 264
11.4.3 Topology of the AE1 Membrane Domain...........ccccceeoevenencceceenens 264
11.4.4 The First Eight TM SEgMENES.....ccevveeereerere e see e 265
11.4.5 Remaining C-Terminal Segments; Controversial Topologies........ 267
11.5 From Structure to Function: Information from Mutations
and Chemical Labelling........cccoeioeiiiiniiieeee e 268
11.5.1 Interpretation of Mutation and Chemical Modification Data......... 270
11.5.2 Carboxyl Group Modification: Putative | dentification of Proton
Binding SItES......cciiiciee e 271
11.5.3 Amino Group Modification by Disulphonic Stilbenes................... 272
11.5.4 Other AminO-Reactive Probes.........ccoevineinineneeseee 275
11.55 Histidine ModifiCation ...........ccceoeririneneniereee e 275
11.5.6 Arginine ModifiCation..........ceeeeeeeerenie e 276
11.5.7 Cysteine ModifiCation ...........coereeieerine s 277
11.5.8 Functional Importance of Serine and Threonine...........ccccveveevenenns 277
11.5.9 Protein Flexibility and Cross-LinKing.........cccccooevenienienienieninnenens 277
11.5.10 Sensing of Changesin AE1 Conformation by Chemical Probes..278
11.6 Model for Anion EXChaNGE........ccceeeeierinireneeee e 280
11.6.1 Residues that Cross the Permeability Barrier (PB) and/or Bind
SUDSITEEES. ...ttt e s enean 280
11.6.2 Evidence for Anion Access Channelsin AEL.........cccccvvvvcnennne 283
11.6.3 Separate Binding Sites for Halides and Oxyanions...........cccccceeee. 284
11.6.4 Structural Nature of the Transporting Conformational
Change (TCOC) ....eieeueeieresie ettt sbe e 286

11.6.5 Relation t0 AEL SITUCIUIE ........veveeeeecrei ettt 287



Contents  XIII

11.6.6 Relation to Structure and Mechanism of Other Membrane

Transport ProteINS.......cccvceeeeeereresieseseseeeeseese s e s eae s 288
REFEIEINCES......oneie e b 289
12 AMINO ACIA TranNSPOM ....eceeceeeeeie e see ettt st enes 303
V22 1o (8 (' o VRSSO 303
12.2 Why do Red Cells Need Amino Acid Transporters?........cceeeeeeerereennes 304
12.3 A Comment on MethodolOgy ......ccevreereererenese e 306
12.4 Transport System NOMENCIBLUNe.........cccoeiererereee e 306
12.5 Identification of Red Cell Amino Acid Transport Systems...........c....... 307
12.6 KINELIC SEUAIES. .....coeeiiieiteeieeee e e 307
12,7 SYSEEM QIY oot r e nn 309
R Sl 2T 0o S 309
12.9 The Heterodimeric Amino Acid Transporters (L, asc, Y'L).....ccocevevevenee 309
12.9.1 SYSEEM L.t 310
12.9.2 SYSEEM YL coviieecectete ettt 311
12.10 SYSIEM ASC ..ottt 312
12,11 SYSEEM Y oottt bbb 312
12,12 SYSEEM Nttt e 312
L2 LB SYSIEM T ottt bt 313
12,14 SYSEEM QIU wovviiiceiricese ettt nane 313
12.15 Physiological Transport Ratesfor Amino ACidS ........cceveeeveevevienenne. 313
12.16 Alterations of Amino Acid Transport in Disease States..........ccoceeeeee. 315
12,17 CONCIUSION ..ot b 316
REFEIEINCES......oeeie ettt b 316
13 Equilibrative Nucleoside Transport Proteins.........cccceceeeveveeveresesieseseenn 321
RS0 11 o (8 (' o OSSR 321
13.2 Biochemical Studies of Red Cell Nucleoside Transport Proteins.......... 322
13.2.1 Identification of the Red Cell Nucleoside Transporter
8S@BaNd 4.5 ProtaiN........coceeiiieiinese e e 322
13.2.2 Production of Nucleoside Transporter Antibodies............cccoveueen. 324
13.2.3 Purification of the Human and Pig Red Cell Nucleoside
L= 0 10 (£ 324
13.2.4 Tryptic Cleavage SEUAIES.........ccovireriiiireeee e 325
13.3 cDNA Cloning of ENT Nucleoside Transport Proteins.........cc.ccccevunee. 325
13.3.1 cDNA Cloning and Heterol ogous Expression of Recombinant
Human and Rat ENTL........ccooeiiiinineeeeeese s 325
13.3.2 cDNA Cloning and Heterol ogous Expression of Recombinant
Human and Rat ENT2........ccoviiinineineeecseeeeseee s 327
13.3.3 Other ENT Family Members..........cccoeiirerieienine e 328
13.4 Molecular Properties of Recombinant Mammalian ENT Proteins........ 329
13.4.1 ENT Membrane TOPOIOgY ......cccocurerererieenienie e 329
13.4.2 ChimeriC SIUdIES ......oveuirierieecte et 330

13.4.3 Identification of an Exofacial Cysteine Residue within the Rat
ENT2 Trans 0Cation POFe..........covrreirneiinenienreeeseeses e 330



XIV  Contents

13.5 CONCIUSIONS ...ttt ettt sae e neas 332
REFEIBNCES ...t et 333
14 GlUCOSE TraNSPOI T ..ottt eae e et s sbe e ene e eneas 339
750 1 (oo [UTox o] ISR 339
14.2 Specificity of Sugar TranSPOItErS .......cecvevererieresereereereeseeseseereseees 339
14.3 Net vs. Exchange Transport of GIUCOSE.........ccceierirererieeneene e 340
14.4 Membrane Topology Of GLUTS......ccivveeeerirnre e 342
14.5 Evidence for the 12 TM Helix Model for GLUTS.......cccceveieiincnennnne 342
TN T I Y] 01T 0] Y £S  S 342
14.5.2 Antibody STUTIES. ... ..cceeiuirierieriereeeee e 343
14.5.3 Scanning Mutagenesis StUAIES........cccvvvverereeeereerese e 344
14.5.4 Cysteine Scanning Mutagenesis of TM’s 7, 10 and 11 Evidence
for Two Hydrophilic Pores Traversing GLUTL........c.ccoevvvveennene. 345
14.5.5 Covalent Linkage of INhibitors..........cccooiinineiiiires e 346
14.5.6 Conformational Change Resulting from Ligand Interactions......... 347
14.5.7 Biophysical Studies Showing a Helicity of the Transmembrane
SEANGS ...ttt e r e e 348
14.6 Structural-Functional Studies on GLUTS .......cocovvivinnceninneneeenenes 349
14.6.1 Functional Differences between the Isoforms GLUT1
AN GLUTA ..o e 349
14.6.2 Structure-Functional Comparisons of GLUTs1 and 4................... 350
14.6.3 Structural Basis of Specificity Differences between GLUTs......... 351
14.7 Problems Relating to Glucose Transport .........ccoccveeereeeieeneenenieseeseenens 352
14.7.1 Problem 1: Isthe Carrier a One Mobile or Two Fixed Site
TrANSPOITEN 2.ttt b bbb e s 352
14.7.2 Problem 2: Can Ligands Bind to Inside and Outside Sites
SIMUITANEOUSIY 2.ttt e 356
14.7.3 Problem 3: IsGLUT1 an Asymmetric Transporter?........ccoceevennens 356
14.8 ATP Interactions with Sugar Transport ..........cccoeeerererieereere e 358
14.8.1 ATP Effectson Human GLUT L........ccoecvineininenese e 358
14.8.2 ATP on Glucose Transport in Avian Red Cells ........ccccccoevenienene 360
14.8.3 Structural Basisfor ATP Interaction with GLUTL ........cccccovneeee 360
14.9 Drug Interactions with GIUCOSE TranSPOrt........cccoiererieeieereere e 361
14.9.1 BarhitUraeS.....c.ccueivieeiriirieee e 361
14.9.2 Glucose Transporter Deficiency Syndrome (GTDS) in Relation
100 ] D1 (0o 17 AN o o 362
14.9.3 Steroids, Flavones and 1Soflavones..........cccceieienceein s 362
14.9.4 The L-Type Channel AntagonistS.......cccoveveereverereesesesinseseeneens 363
14.9.5 ANtipSYyChOLIC ArUGS.....ccvereerterieneeiereese et 363
14.9.6 Actions of HIV Protease Inhibitorson GLUTS.......c.ccocevvciriiniennn 363
14.70 CONCIUSIONS.....cueieiieeiesie ettt st se et b e 364
REFEIBNCES ...t b 365
15 Calcium Homeostasisin Normal and Abnormal Human Red Cells........ 373
ST 1 oo [UTex o] o [PPSR 373

15.2 Methodological CoNSIAerations..........cccovvvveereeresesesieeeeseese e seeeenens 374



Contents XV

15.3 Use of Incorporated Ca’ ChElators.............cccueveveceeeevcieeeeseceeneesnenen. 375
15.4 Use Of C& 10NOPNOIES ........ceveeeeceeierceeieeseeereeee st tesenseessesseeennes 376
15.5 Inhibition of the Ca™ PUMP........ccccuccueeeeeeeeeeeeeeeee et 376
15.6 Calcium Homeostasisin Physiological Conditions.........ccccceevvvveenenee. 377
15.6.1 Total and Total Exchangeable Calcium Content of Red Cells....... 377
15.6.2 The Physiological [Ca’™], LEVE! .....coeueireeeieieieieieieie e 378
15.6.3 Cytoplasmic Ca’ BUFFEIING.........c.ccuevereeeeerceeee e 379
15.7 PassiVe Ca™ TIaNSPON ......c.c.veveveeeeeeereeiseesseessessssesssessssesssessssssessesesanes 380
15.8 The Ca” Pump and the Physiological Pump-Leak Turnover of Ca™.....381
15.9TheV__ Of the Ca® PUMP.......cceieireireiieiieieiesesessessesse e 381
15.10 Effects of Deoxygenation and pH, on the V__, of the Ca™ Pump.......... 382
15.11 Elevated Cell Ca™ in Experimental Conditions............cceevevrveverenene. 383
15.11.1 Secondary Effects of Elevated [Ca™],....cverrrerrrmrrneereeserereeneeneens 383
15.11.2 Effects of Physiological Agents on the Performance
of the Ca™ Pump in Intact Red CellS........cocovecureeevecreeeeerireeennnn 385
15.11.3 Population Response to Increased Ca’™ INfIUX..........cceveevevceevnnene. 386
15.12 Elevated Cell Ca™ in Pathological Conditions.............ccccceveeurevevecenee. 388
15.02. 1 MEIAITA ..cveeeeeriereereerreere e 389
15.12.2 Sickle Cell ANBEMIAL.......ccceieeeiriie et 392
15.12.3 Thal@SSBEMIA. ...c.vcveeerreieerrerees e 395
REFEIEINCES......oeeee e e e e 396
16 MagneSiuM TranSPOM ... .cceiuieereeeeeeeese et e e st eeae e srenes 407
16.1 INErOTUCTION. ...t 407
16.2 Magnesium Homeostasisin Red Cells..........cooieiiniie i 407
16.3 Red Cell Magnesium COontent..........ccccveeeereresieseeeereene e seeseeeeseeseenes 408
16.3.1 Distribution of Magnesium between Bound and Free Forms......... 408
16.3.2 Levels of Free lonized MagneSium ........cccceeeveveneneeseeereenieseeseennes 410
16.3.3 Changesin Magnesium Content with Cell Age .......cocevereeienenn. 410
16.4 Red Cell Membrane Magnesium Permeability ..........ccccevevevvrnvnnennne. 412
16.5 Is Active Magnesium Transport Needed?...........ccoceveienninieniceienenn, 413
16.6 Magnesium Transport MechaniSms..........ccecevevevenesceesesese e 413
16.7 Methods for Investigating Magnesium Transport in Red Cells............. 414
16.8 Magnesium Transport in Human Red Cells........ccccoovevevievenienecceceenn, 415
16.8.1 Sodium-Dependent Magnesium Transport.........ccceeevenereeceeneenen. 415
16.8.2 Inhibitors of Sodium-Dependent Magnesium Transport................ 416
16.8.3 Interactions between Sodium and Magnesium across the
MEMDIANE ...t 416
16.8.4 How Many Sodium lons are Exchanged with Each
MEGNESIUM TON?.....c.iiiecieieeeeeeees et ae e sne 417
16.8.5 Can Magnesium Efflux Occur against an Electrochemical
GraieNt?......oieeiieeecere e 417
16.8.6 ROIE OF ATP ..ttt e 418
16.8.7 Sodium-Independent Magnesium EffluX..........cccecevevvnivrvcecnennn, 418
16.8.8 Changesin Magnesium Transport in DiSease .......cccveverenerieenn. 419
16.9 Magnesium Transport in Ferret Red Cells.......ccocooeeevceveveceneceenn, 420

16.9.1 Magnesium Efflux from Ferret Red Cells........cccooo i, 420



XVI  Contents
16.9.2 MagneSiUM UPLAKE .....coueeueeriiieie et 422
16.9.3 Transport in Magnesium-Loaded Célls........cccocvvivvivriricicrcnnnnne, 423
16.10 Magnesium Transport in Rodent Red Cells..........cccoovnieiiiiiicncnnene 423
16.10.1 Rat Red CellS......coiriieririereriee e 424
16.10.2 Hamster and Guinea-Pig Red Cells.........ccooeiiiiniiiiiiiicens 425
16.11 Magnesium Transport in Avian Red Cells........cccoovvvviiieevercnennnnnne 426
16.12 CONCIUSIONS.....cueieiieiiesie ettt bt se et b 427
REFEIBNCES ...t b 429
17 Trace Metal TranSPOT .....oceieeeeeee ettt s eaeas 435
% 1 oo [UTex o] o ISR 435
17.2 Tran POt SYSEEIMS ....ocevieieeeeeeeseesteese e e e e see e enre e eneesneenneens 437
17.2.1 AsFree Metal (Hydrated [0NS).......cocceveriiiieniieneee e 437
17.2.2 Transport by Band 3 asan Anionic CompleX.......cccceeevvevrivrereennns 442
17.2.3 Uptake Dependent on Formation of Metal-Amino Acid
COMPIEXES .o et e et sre s renne e 443
17.3 CONCIUSIONS ...ttt sttt et se et s sbe e e 446
REFEIBNCES ...t 447
18 Monocarboxylate and other Organic Anion Transport ........ccccceeeeeereeene 451
ST 1 g0 o [Uex o] o [OOSR 451
18.2 Three Pathways for Monocarboxylate Transport across the Plasma
Membrane of Red CellS........coooririiiiie s 452
18.3 Non-lonic Diffusion of Monocarboxylates.........ccoevvevvvivneseececseneneens 452
18.4 Band 3-Mediated Transport of Monocarboxylates..........ccoceevevvierennen. 453
18.5 The Specific Monocarboxylate Transporter (MCTL) ....cccovcvvvvveveennen. 454
18.5.1 KinetiCS ProPerti€s.......coeierierieeierie et 454
18.5.2 Substrate SPECITiCItY . ..cvvvreeeeeere e 456
18.5.3 INNIDILOFS.....eoeiiiiee e e e 459
18.6 Identification, Cloning and Sequencing of the Red Cell
MONOCArDOXYIAtE CAITIEN ......ccueieirieriereeeeeeee e 461
18.7 MCT1 isaMember of a Family of Proton-Linked Monocarboxylate
TrANSPOITENS. ...ttt ettt sb et re e e e e 463
18.8 Topology of MCT1 and Other Members of the MCT Family ............... 464
18.9 Structure Function Relationshipsin MCTL........cociieiennneneneneeeenn, 465
18.10 MCT1 is Tightly Associated with the Cell Surface Glycoproteins
GP70 (Embigin) and CD147 (BaSIQIN) ...cccceveeruereeniereeieneesieseesieseeneas 466
18.11 Monocarboxylate Transport into Malaria Infected Red Célls.............. 468
18.12 CONCIUSIONS.....c.ueiuiieeiesie ettt bbb 469
REFEIBNCES ...t b 470
19 Water Permeability .......ccooiiioiieee e 477
1.1 INrOTUCHION ...veiiieecieee e e 477
19.2 Water Diffusion through LipidS........ccceeeierinieneniieee e a77
19.3 Evidence for Discrete Permeability Pathways.........cccoovvevvvvenvcieeenen, 478
19.4 Molecular Identification of Water Channels............ccccooereiennencnnenn. 479

19.5 The AQUAPOTN FamMIilY ......cceeeeerere e eneas 480



Contents  XVII

19.6 Structure-Function Relationships.........cccoevererieeieenie e 481
19.7 Aquaporins and Red CellS .......ccovvveereeiere e 484
198 SUMIMAIY ...ttt ettt ettt e et eae e b e b e e b e e beeeeeneeneas 485
REFEIENCES ...ttt 485
20 GBS TTANSPONM ittt ettt ettt ettt esae e b e et et e sbesaeesaeesaeesee e e eans 4389
Y220 R 1 01 o [FTex 1 o o SRS 489
20.2 Basic Principles of Gas TranSport........ccccveeveeieereereseesesesesseeseeneeseenees 489
20.2.1 Oxygen Transport: Factors Affecting Haemoglobin Function....... 489
20.2.2 Factors Affecting Carbon Dioxide Transport and Excretion
TN BIOOM.......eeeiieee e b 491
20.3 Control of Red Cell PH .......cooveiecec e 493
20.3.1 Control of Red Cell pH in the Absence of Significant
Secondarily Active Cation or Proton Transport..........ccceeveeeeeereenn. 493
20.3.2 Effect of Na'/H" Exchange on Red Cell pH .........cccceeeievviciererenna, 494
20.3.3 Effect of K™-Cl" Cotransport on Red Cell pH .......ccccvveveveveveierenees 497
20.4 Roles of pH Changesin Regulation of Oxygen Transport..................... 498
20.5 Red Céll Volume and Haemoglobin Oxygen Affinity........ccoceeevvveenee. 499
20.6 Interactions between Membrane Transport and Regulation
of Haemoglobin Oxygen Affinity by Organic Phosphates.................... 500
20.7 Patterns of Carbon Dioxide Transport and Excretion in Vertebrates..... 500
REFEIENCES.....c.eitieeete e e et 504
21 ‘The Hereditary Stomatocytoses and Allied Conditions': Inherited
DisordersNa” and K" TranSport .......ccocceeeeeeereieeiereveverereeeee e e sesenas 511
P20 0 I g T [F e ' o VPSSR 511
21.2 Normal Red Cell Cation Trangport .........cooeveeerieeresiese e sesee e 511
22 G o 11 (0] VA NN [0 o] oo V20 S 512
21.4 Temperature EffECtS..... ..o 513
21.5 CliNiCal ASPECES.....oiuicvereeeeereertes e sae et ne e sre e 515
21.6 GENELIC MADPING. .. veveeeeieeieeeeie et sre e see e ee b e be e e e 516
21.7 The Stomatocytic Red Cell .......cccovvveieceeeceese e 516
21.8 The StOMatin Protein ..........oooiiii i 517
21.9 Possible Pathogenic Mechanisms for the Stomatocytoses..................... 518
REFEIEINCES......oneie e e 520
22 M etaboliC DiSONUEIS....covieeiiriiieierieeee sttt 525
P27 I g1 (o [N Tex i o o VOSSO 525
22.2 To Live Perilously: the Life of aNormal Red Cell..........cccceoeveiennnn. 527
22.3 The Damaging Role of Hemichromes, Free Haem and Free Iron.......... 528
22.4 Pathophysiological Consequences of Oxidant Damage..........c.ccccevuenee. 532
22.5 GBPD DEfICIENCY .vevecvirieeeiereesiesestestesesseeseeesee e e e eneeseesaesnesneens 533
22.5.1 Structure of Normal and Mutant GBPD.............c.ccoeereeerieeiene e 533
22.5.2 Intracellular Regulation of G6PD in Normal and G6PD-
Deficient Red CellS.......oooiiiiiiiieeeeeeee e 534
22.5.3 Oxidant-Induced HaemolySiS.......cccvvveeeererie e 535

2254 ThE FAVIC CriSIS .. ueiee ettt e et eaan e 535



XVIII Contents

22.5.5 Toxic Components of Fava Beans and their Haemolytic

ot (L Y 536
22.5.6 Oxidant Stress and Calcium HOmMeostas's.........ccocveeeeveenerenienieenn. 538
22.5.7 Predominantly Extravascular Haemolysisin Oxidatively
Stressed G6PD-Deficient Red Cells.........ccoooviiieiiiinnieieieene, 539
22.6 Red Cell Alterationsin Diabetes Mellitus.........cooevvevnieneccienncsiee 540
22.6.1 Glycation of Proteinsin Diabetes..........coceveeievenene s, 541
22.6.2 Functional Effects of Red Cell Protein Glycation..........cccccccveveenen. 542
22.6.3 Increased Phagocytosis of Diabetic Red Cells: Possible
MECNANISIMS .....oviiiiiiiireeieee et 543
22.6.4 Role of Red Cell Alterationsin Diabetes Complications............... 544
22.7 Concluding REMArKS ........ccveievireie e 544
REFEIENCES ... bt e s 545
23 SICKIE CEll DIiSEASE .....cvtveeeriiieiirierie sttt 549
P22 0 1 g 11 (o L1 Tox o] o SO 549
23.2 Mechanisms of Sickle Red Cell Membrane Damage..........c.ccoceeeeenee. 549
2R @ ) (Lo = (o]  FO OSSPSR 549
23.2.2 0SS Of MEMDBIrane........coeieeiiiiiene e 550
23.2.3 Binding of Hb Sto the Inner Membrane...........cccccoevveveverenesennen, 550
23.3 Red Cell Membrane Structural Abnormalitiesin Sickle Cell Disease... 550
23.3.1 Altered CytoSKEIEtON........ccvieceereee e 550
23.3.2 Altered Membrane Lipid COMPOSITION ........ccceereernrenerenieeieseene 551
23.4 Red Cell Membrane Transport Abnormalitiesin Sickle Cell Disease...551
23.4.1 K'-Cl' COtTranSPROM ...c.covvevererererereeee e sesesssse e evesesese e s s s sesesesens 553
23.4.2 Ca”"-Activated K" Channel (Gardos Pathway) ............cccevevevrvnnene. 554
23.4.3 Deoxygenation-Induced Cation FIUXES..........cccceeeeeveninereninneenn, 555
23.5 Therapeutic Approaches Based on Inhibition of Sickle Cell
(D= 0110 | 7= 1o o H USSP URUR 556
23.5.1 Inhibition of Gardos Channel ............ccoceeevenennieneneiese e 556
23.5.2 Inhibition of K™-ClI" Cotransport ..........cceevevrvererereereeeneeesesne e 557
23.5.3 Inhibition of Anion Permeability .......ccccceevvveeeiercnve e, 558
23.5.4 Inhibition of Deoxygenation-Induced FIUXES...........ccccoovervrerennn. 558
REFEIBNCES ..ot b b 558
24 The Membrane Physiology of the‘Malaria-Infected’ Red Cell ............... 569
P25 R L1 (o 18 o1 o o SO SURR 569
24.2 The Intraerythrocytic Phase of the Parasite Life Cycle........ccocveeveneen. 570
24.3 Transport Characteristics of the Parasitised Red Cell Membrarne.......... 572
24.4 Electrophysiological Characteristics of the Parasitised Red Cell
IMBIMDEBNE. ...ttt ettt st b b e ne s 574
24.5 Roles and Consequences of the Altered Permeability of the Infected
Red Cell MemMDIane..........cooeiiiireeeee st 576
24.6 The Parasitophorous Vacuole and Parasite Membranes...........cc.cc....... 578
24.7 Chemotherapeutic OPPOrtUNILIES..........cocerererereeieee e 580

L S = (10 581



Contents  XIX

A o Y 1< A (=0 1= T o SRR 587
25.1 INEFOAUCTTION. ...ttt et e s 587
25.2 Transporters Involved in Abnormal Monovalent lon Handling

in Experimental Models of Primary Hypertension ...........ccocceeeeeneinne 588
25.2.1 NATK" PUMP...ovovevieeereeeeeeee e teteteteseeesessesssessesesesssssssssssssssssnseseses 588
25.2.2 Na"-K"-2Cl" COtranSpOrt .........cevevereueereieieseeierevevesesesesessssssesesesesenas 589
25.2.3 NATH EXCANGE .....cvcveeeeeeeeeeeeeeeteeee e et tesess s aeaenns 589
25.2.4 Other lon Transport PathWays.........ccoceeeierenieneneneeee e 590

25.3 lon Transportersin Essential Hypertension..........ccccoevvevveeeeceevesesennn, 590
25.3.1 Na-K"-2Cl" COtranSpOort .........cceeveveueereseiesesieierereseseesesessssesesesesenas 591
25.3.2 Na'/Li" Countertransport vs. Na'/H" EXchange.........cccvevevevevevevenene. 591
25.4 Are Abnormalities of Red Cell lon Transportersin Primary
Hypertension Genetically Determined?.........ccccvovvivveeeriecvenenesenseene 592
25.5 Role of lon Transporters Expressed in Red Cellsin Blood Pressure
[ o 01 (o] o S 593
25.6 Evidence for the Involvement of lon Transport Abnormalities
in the Pathogenesis of Hypertension...........ccocvvveeveevence v s ceeseenie s 594
25.7 Molecular Determinants of Abnormal lon Transport in Hypertension..595
25.8 Conclusion and FUture DIreCtioNS...........coovvveeerenreennreinesreeses s 597
REFEIEINCES......oeeie e b 598

26 DIisOrdersof Band ... 603
26. 1 INEFOTUCTION.....ocverierereee e 603
26.2 Erythroid Phenotypes with Partial Deficiency of Band 3...................... 603

26.2.1 Autosoma Dominant Spherocytosis with Band 3 Deficiency ....... 603
26.2.2 Autosomal Dominant Spherocytosis with Protein 4.2
(D= 1T oY= o (o SRS 605
26.2.3 Autosomal Recessive Spherocytosis with Protein 4.2
(D= 1T oY= o (o SRS 605
26.3 Erythroid Phenotypes with Complete Absence of Band 3..................... 606
26.3.1 Severe Human Autosomal Recessive Haemolytic Anaemia.......... 606
26.3.2 Mouse Band 3 Mutants and KNOCKOULS...........cccoevererieeniesienienene 606
26.3.3 Severe Spherocytic Haemolytic Anaemiain a Steer ..........cceeeee. 607
26.3.4 Phenotype of Congenital Dyserythropoietic Anaemia
N ZEDrAfISN .. 607
26.4 Other Erythroid Phenotypes Caused by Band 3 Mutations.................... 608
26.4.1 Southeast Asian OValOCYLOSIS .......ccvvveeeeererese s 608
26.4.2 Hereditary ACanthOCYIOSIS......ccoovuiiererieie e 609
26.4.3 Blood Group Antigens Carried by Band 3 ..o vvveevecevennen. 609
26.5 Non-Erythroid Phenotypes Caused by Band 3 Mutations..................... 610
26.5.1 Autosomal Dominant Distal Renal Tubular ACidOSIS..........ccceu.... 610
26.5.2 Autosomal Recessive Distal Renal Tubular Acidosis........cc.o...... 612
26.6 CONCIUSION ...ttt 613
REFEIEINCES......oeeie e b 613
27 Amino Acid Transport in DiSEASE......cccvvveveeeeeeeeeseese et 621

Y2475 N 1 011 (0 18 (ox 1 o) SRR 621



XX  Contents

27.2 Measurement of Transport Kineticsin Red Cells.........cccooovnininenee. 622
27.2.1 Transport Systems and TranSPOMeErS........cceoeveriereeeererresesresseenes 622
27.2.2 Role of L-Arginine Transport in Nitric Oxide Production............. 622

27.3 Uraemia, Pathophysiology and Treatment..........ccccevevvrievesesieeseesennen, 623
27.3.1 Transport Alterations in Uraemia..........ccooeveeerieeieenenenene e 624
27.3.2 L-Arginine Transport and Uraemia.........cccccevervrenereereeseniesnnnens 624
27.3.3 Possible Mechanisms Explaining the Increased y* Transport

ACLIVItY INUraemiaL......cccoveeeeeerine e 627

27.4 Chronic Heart Fallure ..o s 629
27.4.1 L-Arginine-NO Pathway and Heart Failure.........cccccoevvevvvieeenen. 629
27.4.2 Amino Acid Plasma Profile in Chronic Heart Failure.................... 630
27.4.3 Alterations on L-Arginine Transport in Chronic Heart Failure......631

27.5 Possible Overlapping of Mechanisms Present in Both Chronic Heart

Failure and Uraemia........ccooeveiiinninineneecsese s 632

27.6 L-Arginine Transport Alterationsin Diabetes.........c.cooeveiereniencieneenn. 633

27.7 L-Arginine Transport and SEPSIS.....cccuererereriereeeeseeseeseseesseseeseeseenees 634

27.8 Amino Acid Transport Alterationsin Sickle Cell Disease .................... 634

REFEIBNCES ... b 635

28 Transgenic Models of Red Cell DiSOrders.......ooeeeeeeieeieneenese e 643

P22 T R 1 L1 (o 18 o1 o o SO RURRR 643

28.2 Production of Genetically Modified Animals.........cccccocvivvvvieecerenenne. 643
28.2.1 Conventional TranSgENESIS.......ccoverueruerierieeieriesie e sreeseesee e seesaeeneas 644
28.2.2 GENE TAIQELNG....ccveeeeeeeereesiestesreseeee e seese e e e eeesee e sre e eneeneenes 645
28.2.3 Tissue-Specific Gene Targeting ........ocoveeereeerneenene e 649

28.3 Transgenic Models of Red Cell Membrane Disorders..........ccccecevvrenee. 649
28.3.1 Hereditary SpherOCYIOSIS .......ooeiuereeierienie et 650
28.3.2 Hereditary Elliptocytosi /PyropoikilocytoSiS......ccccvvvvervreceenennn, 653

28.4 Transgenic Models of Red Cell Transport Disorders.........ocoeeeeveneenee. 654
28.4.1 Gradient-Driven SYSIEMS.......cccvvvveereerere et seeeesee e seenes 655
28.4.2 StOMALOCYLOSIS ....cveeeeieeeeie sttt s e e b nee s 656

28.5 Transgenic Models of Other Red Cell Disorders.........cccoeveveveverenennne. 656
28.5.1 Sickle Cell DiSEASE.....ccuiiuerieeeeieeeie ettt 657
28.5.2 HaemoglobiNOPathi€s..........coviviierecerese e 658
28.5.3 The Haemophilias ........ccoeieiiiiiiriee e 659
28.5.4 MetaholiC DISOrdErS......cocevvierieirienieerie e 660

28.6 Growth and Differentiation DefeCts.........ccoveririeriniiiineeeeeeeeeen 661
28.6.1 The Erythropoietin and the Erythropoietin Receptor .............c....... 662
28.6.2 The Erythroid-Specific GATA Transcription Factors.................... 663
28.6.3 Erythroid Kruppel-Like Factor.......cccccovvvieve e 665

REFEIENCES ... et e s 666

29 REd Cell AQEING ...iiiiiciieiceceses ettt re e 673

29.1 Introduction: the Properties of Mammalian Red Célls...........ccccoeveneee. 673

29.2 Red Cell Ageing in MammalS.........cccooeiineninenenee e 675

29.3 Properties of Human Red Cells of Different Density .........cccoceeevvvennee. 677

29.4 Preparation of Red Cells of Well-Defined Cell Age........cooeeeeieeieneennn. 680



Contents  XXI

29.5 The Ageing of Red Cells Reinvestigated...........cccoovienerienerieenene e, 683
29.6 Red Cell Storage in Blood Banks.........cccccvveeeeieereneseseseeseeseeseeseenens 685
REFEIEINCES......oneie e b 687
30 Active and Passive Monovalent lon Transport Association

with Membrane Antigensin Sheep Red Cells: a Molecular Riddle......... 691
30.1 Introduction: a Well-Established Cellular Modél ............cocccvnrriininnne. 691
30.2 Cation Polymorphism through Pumps and “Leaks’ ..........c.ccoceeeerennne 692
30.2.1 NATK" PUMPS.....ocveueerieeeeeeeieieteteteteseesesssssssssssesesssssssssssssssssssesesess 693
30.2.2 “LBKS ...ttt bbb e 694
30.2.3 AN INEGIrated VIEW ....cceeeeeeieceesie ettt 701
30.3 M and L Membrane Antigen/Antibody Polymorphism.............cc.......... 701
30.3.1 GENELIC BASIS.....vcviererererreieesreie s 701
30.3.2 Molecular Properties of the M/L Antigens.........ccoceveeeevenenciene. 702
30.3.3 The M/L ANtIDOTIES.......cceiveeirerrciereereree e 705
30.4 Functional Association of Antigenswith “Pumpsand Leaks' .............. 706
30.4.1 Na'/K" Pump Activation by the L Antibody..........c..ccocurrurrinnnnne. 706
30.4.2 K™-CI' Cotransport Inhibition by the L, Antibody ..............cccvueenen. 707
30.4.3 Complement-Mediated Haemolysis by Anti-M and Anti-L........... 708
30.5 Clonal vs. Maturational Changes of Transportersand Antigens............. 709
30.5.1 Clonal Cellular Changesin Lambs.........ccccoeeeveviennnvnesceieee s, 709
30.5.2 Reticulocyte Maturation in Anaemic Sheep..........ccoceeeviieiniene. 710
30.6 Overall Physiological Conseguences and the HK/LK Dimorphism......711
30.7 Membrane Antigens and Transport in Species Other than Ruminants..711
REFEIENCES......ceceee e 712
31 Compar ative Physiology of Red Cell Membrane Transport .................... 721
11 I I oo (8 o oo OSSPSR 721
31.2 Carnivores —Dog and Cat.........coeieeerrieie e 722
31.3 Herbivores— HOrse and DY ........cccovvviverrcreeneinseees e 724
31.4 Rodents —Mouse @nd Rat .........coeierieiieie e 725
31.5 LOWEN VEItEOraeS......cveeeeereeirereceresree v 726
L. L BIlS...ceveuereeeieiniee sttt ettt et 726
31.5.2 AMPIIUMAL....ccuiieeieriesese et st e e seesrenns 727
3L.6 CONCIUSION ..ottt et et s s e e 728
REFEIENCES......ceceer e 729



