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We have measured the dilfusional water ~rmeabilitT of sickle cell anem,a red blood c~lls raider isotenh~ conditions 
using ~ nuclear masaetie resonance [NMR) techniques We have found that the eqqnhbritan ~Fdlusional penueabd- 
ity for sld~k~ ~ is about I 61 "10-3 e ra / s ,  or about 60% of the value men.sated for normal tells, This abnormalit~ is 
not related to the betez~oge~ez~ generally iom~ m cell populations in Sldde red cells with ddferent mean corlmsc~ar 
hemoglobin concentrations We speculate that the abnonnahty of water exckange under isotonic coati|flung in sleHe 
cells reflects an alteration of membrane proteins reslmasiMe for water exchange, po~lhl¥ c,~u.ge~ by oxidation Of Band 
3 la'oleins 

IntrMuction 

Various structural abnormahlzcS have been observed 
m the membrenes of s~cHe cell anenua red blood ceils 
Loss of hptd b layer asymmetry has been observed [1,2], 
and the rate of phosphaudy|cholme (PC) fhpflop ts 
altered m stcld¢, cells [3-~.  An abnormal spectrm-acun 
skeleton has b~en found in smkle cells [$,9], and a 
defeetwe association between ankynn and specmn m 
SltU on a c h e  c¢11 ms,de oat ¢¢sl¢lcs has bccn detected 
[10]. Some el  these membrane abnormahhes have been 
shown to be related to oxadatave damage m sickle cell 
membranes [1,11-15} and are probably related to the 
abnormal oxadant-defanse gystems in szckh cells [12,I6, 
17] Dzrect observatlol, s of oradataon of both membrane 
hpzds and membn~ne proteins have been reported w~th 
excess hp~d paroxtdaUon [17] dad wnh mc~ased mem- 
brane proteins w~th mttamotecular dtsuifide linkages 
[14] There ~s also ewdence for c~dauve damage m 
s~c~e celt protein d I [18] 

Functaonal abno~Tnahue.s m slcHe cell membranes 
have also been detected- Altered membrane permeabd- 
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ny to cations has be~J~ ~uggestcd ,~g the cause of szck[e 
cell dehydrahon [!91, while inEabltmn of the Na + pump 
has been observed m ]rreverstbly szckled cells (ISCs~ 
The kmcllcs of osmc' t water transport by stclde ceils xs 
different from that at normal cells [20] Outward water 
flux under osmotzc str-:ss z~ about 40% less In SI~:~J~ cellb 
as compared to normal red cells 

In teas work we have raeasuxed chffustonal water 
permcab~hty of sickle cells under tsotomc condlt,Ons, 
since flus would ~em more physmloglcal, using pulned 
NMR techmques We find that the equdabnum chffu- 
smnal pera,eahlhty for sgklo cells zs aboug (! 61 2. 0 ~o) 

10 -3 cm/s .  about 6070 o~ the value measured for 
normal cells We speculate that the abnormahty of 
water exchange under ~otomc ccndRio~ m stogie cells 
re f i l l s  i~n alteration of membrane proteins responsible 
['or ~ater exchange, possibly caused by oyadatlon of 
Oand 3 proteins 

Maledals and Methods 

Blood  ~mp/e prepar~ztwns 

Normal human aduh, packed erythrocytes were ob- 
tained [Tom the blood hank of the American Red Cross 
Society, Chtcago Chapter 11 normal mdlwdual blood 
samples were used m tins study Homozy6ous sickle 
blood samples of four randomly selected, asymptomalac 
~clde paUents were obtained The MCHC of these 
pauents was measured w,thm 24 h by the manual 
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method as de..scnbed by Mohandas and co-workers [211 
Total hemoglobin concentration was assessed with 
cyanmethemoglobm, and the hematocnt calculated by 
the method of Stmmta [221 Fetal hemoglobin con- 
centratIon was measured by the alkah denaturalaon 
method [23] and A z hemoglobin lords by amon-ex- 
ehanse chromatography [241 The average MCHC val- 
ues and hemoglobin t.oncentrattons are hsted m Table I 

Hemoglobin eleetrophorests on cellulose acetate 
plates was performed on both normal and sickle blood 
samples 2ust before the NMR e~pcmneuts to ensure 
their purity Most of th,e red blood call samples were 
used w~thJn one to two days after withdrawal Normal 
blood samples that were stored ~)p to ten days gave no 
substantial chlference m NMR data 

Blood cells were washed at 4 ° C  three to four times 
wtth 5 mM sodmm phosphate buffer (pH 8) eontaimng 
150 mM NaCI (PBS) to remove plasma and huffy coat 
After the tzst v, ash, mogt of the buffer was removed to 
0btam samples of packed erythrocytes with hematoerlt 
vaIues that ranBed from 92 to 97% Both the normal and 
smlde cells were processed m parrs 

NMR sample preparations 
NMR samples consisted of washed packed cells with 

and without Mn z+ lens For samples wxthout Mn 2. 
ions. 0 5 ml of washed packed cells, vath hematocnt 
values of 92 97%, were transferred chrectly rote 5 mm 
NMR tubes For samples with Mn z+ tons, 0 35 ml of 
the washed packed erythrocytes wah the same hema- 
tocnt value were rm~ed thoroughly with 0.1 ml of PBS 
and 005 ml of 20 mM MnCI 2 m H20, just before 
NMR e×penments, to give a 2 mM Mn z+ concentratmn 
in the aqueous extracellular environment and a hema- 
' . ,cat -atue of about 65% It ts essential that Mn tons be 
confined to the extracdlular aqueous mdmu only Thus, 
the MnCIz solution was always prepared at least one 
week in advance to reduce Mn ~+ penetrataon reside the 
red blood eel, Is [25-27] 

Multiple NMR sample~ were prepared from each 
Mood preparation to give a total of 26 NMR samples 
from 11 normsl ted blood samples Seven sickle blood 
preparations from four sickle panents were used to 
prepare 20 NMR samples 

spmmng the sample, usmg the standard T2ECHO pulse 
qequenee (a spin-echo pulse sequence) A 90 o pulse was 
introduced and followed by a series of 180 ° pulses 
wMch were separated by t~me-delays of 500 ms for 
packed celi and 100 ms for Mn2+-dopcd ccqs Tins 
pulse sequence was aelueved by using a continuously 
varmble delay tagger after the eomposRe 180 ° pulse 
wluch consisted of 90 - 180 -- 90 degree pulses A total 
of 256 amplitude measurements were taken at the top of 
each echo A 2 s recycling ttme and a 512 ms acquisition 
time were used Signals were averaged over 16 scans, 
with a total data acqmsmon time of 0 53 nun Spectral 
widths were set at :t 500 Hz for samples ~f calls w~thout 
Mn 2+, and _+~183 9 Hz for calls with Mn:* The non- 
spmnmg hne-vadth of water signal m samples w~th and 
wlthout Mn ton were about 60 and 10 Hz, respectively 
Duphcate NMR measurements were obtmrmd from each 
NMR sample 

NMR measurements w~re also obtmned on normal 
cells that were first treated with MnCI 2 and then washed 
wxth PBS 

A tomtc absorption expertments 
Atonue absorptton experiments were performed on 

sickle cells treated with Mn ions with ano without 
subsequent washes to ensure that no substanUal amounts 
of Mn ions entered rote the cells, since tackle cells axe 
known to have various cation pm'meabihty abnormali- 
ttes S~ckle blood samples eontawang 2 mM M_nCI2. 
sanular to those used m NMR measurements, were 
incubated for 30 nun and washed three tames w~th PBS 
The supernalant was discarded and the packed cells 
were used for atonue absorption experiments Control 
samples were stcKle blood samples without DInC12 

I~lood samples (S0 #1 of packed cells) were added to 
2 95 in] lysmg me&urn (Tnton X.100) for atotmc ab- 
sorptaon measu.rements A Perkln.Eimer Model 5000 
Atotmc AbsorpBon spe*tromgter, equipped with a Mn 
lamp, was used The wavelength was set at 279 5 nm 
No stgmhcant amounts of Mn runs were measured m 
the washed qamples that were treated with MnCl2 (less 
than mlcromolar eoneentratton), mdmatang that no stg- 
mhcant amounts of Mn lens entered sickle red blood 
ceUs under our NMK enponmental ¢ondmons 

NMR measurements 
The methods of Ptrkle and co-workers [2"/] were used 

with rmnor modtfioauons All NMR measurem0nts were 
performed on a Nlcolet NT 200 MHz spectrometer 
(N3colet Mal~neUes CorporaUon. CA) wRhm 30 mm of 
the Mn 2+ addmuu to the erythro~.stes to mimm,ze Mn 
ions entering into the erythrocytes [27] The magnet was 
slummed with a spinning standard sample (sodium 
acetate) to g~ve a water hne-width of about 0.5 Hz 
Pulsed NMR measurements of the water proton spin- 
spin relaxatmn tlmt., Tz, were. made at 37°C wtthout 

NMR data analysis 
The data analysts procedure used by Ptrkle and 

co-workers [27] was followed The data from packed cell 
sample.% without Mn ions, were htted, with SAS (Stat~- 
tlcal Analysis System from SAS Institute, Research 
Triangle Park, NC) nor~hnear regression methods, to a 
single expcnenUal function, M ( 0 = A .  exp( - t /T2~)  + 
B, where M(t)  was the decay of magnetization, or 
spm-gcho amphtude, measured at t~m¢ t T2a was the 
spin-spin relaxation t~me of water protons reside the red 
blood cells, and B was a constant to adjust the basehne 
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to zero after complef6 relaxatmn had oecurrcd For cells 
suspended la buffer doped with Mn ~ ÷. *he decay of the 
echo amphtudes t ould be resolved rote tv, o exponenUal 
component% a fast component, and a slow component, 
usang the tl~cory of two-she exchange [27} M(¢) = P~ 
exp(-t/T~'~)+P~ e , .p(- t /Tf~)+B,  where T2'. was 
t h e  a p p a r e n t  r e l a x a t i o n  t~me o f  w a t e r  m o l e c u l e s  mg~de 

the cell (slow component) and T:'~ was the relaxation 
ume for water outside the ceil (fast component), P~ and 
P~ were the apparent fractional echo amphtudeb from 
the mtta- and extracellular water molecules, rcspcc- 
freely, aud B was the baseline coffecuon factor WLth 
the values of ~ obfmned above from samples w;thout 
Mn tons, and T2'a, Tz'~, P~ and P~ obtmned from 
samples wtth Mn runs, the values of T,,, the water 
dfffuston exchange time, can be obtmned from the 
t o t | o w i n g  e q u a t , o n s  [27]  

l / T f .  = t l Z [ 1 / T ; .  + i / T z ~  + l /T~x  + ]/:~1 

- t / 2 [ 0 / r ~  - ~ /T~.  + t / r~  - ; / r . ) ~  + 4/T~.~) '" 

t / T ~  = 1 / ~ I ~ / T ~ .  + ~/T~,  + i / r , ~  +~/,~] 

/{'I/2[{I/Tz~ , - t / T = .  4" t / ; , -  I/T~^)~+4/T.% ] ' P )  

where  P# = z - P~ and ~',/T,,  = ~ l t  o 
The dzffustonal water p¢~raeabthty constant, P~, ~ 

then related to the exchange tune by the equauon 
Pw = (V/A) 1/T.~, where V Is the volume of cellular 
water and A is the surface area of the red blood cell 
128] A volume of 063 10 - t °  ¢m 3, assuman 8 a cell 
volume of 9 0 l0  ~n cm s and 70% water content tmtde 
the red blood cells, and a surface area of 1 42 10 -~ cm 2 
[291 were used to ewe a V/A ratto of 4 4  10 "s cm 

Results 

Ft 8, I shows a typical plot of the spin-echo amph- 
tude as a funcUon of data acqmsmon Ume for blood 
samples A total of 256 amphtude values wer~ oollocled 
for each sample, wtth or v, athout Mn runs For samples 
with Mn tons, the amphtude values approach zero at 
about 50 ms (curve A) For samples w~thout Mn ions, 
the amphtude v~lue~ are sun relauvety htgh at 50 ms 
(curve B), as expected, since the water relaxaUon ume ts 
much longer, but approach zero at about 250 ms (insert) 
The spin-echo amphtude values were analyzed to gxve 
relaxauon umes The relaxaUon Umes of mdtwdual 
pauents are shown m Table I Subslanfzal differences m 
the relaxatton values between normal and stckle cell 
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Fig 1 T~pical plot ~[" Ih¢ spin ¢¢ho amplxtude of  w~ler prolons ab a 
function of dal~ acqmstUon tzmc for blood samples. See text {HMR 
mea~urements) for spin echo pulse sequence 256 amphtude values 
"/~ere coilecled for each sample Cul~¢ A I~ for • red blood cell sample 
COnlaini[l~ 2 i'~M M a  ~ons al d h e ~ c ~ . t  v~lu~ of  ~bo41, 65~ (~U~C 
B ts a partial plot foc a p ~ k c d  red blood sample valhcut  Mn runs and 
~llh a hematocnt valu~ of aboul 95% A full pint of Eeta/¢ B is 
prescnled in the tnset The ~olld hrteg ale the filled ¢ u ~  a.~ dZKLL~'~ 

in the text {Dala analyze) 

TABLE I 

Au~roge t~e~qd;olo~tt ~dlu~ u . d  water eelaxott~ tlmc,s o f  thv s¢¢kle 
Faltfnls 

Patient MCHC HbS HbF HbA 2 T2. 
(gm/dD (q~'~ (3 )  (%) (ms1 

1 33 90 1 6 4  3 6  8 3 9 ± 4 5 ( n  =14)  
2 31 9 2 0  3g  4 0  8 2 6 + ' ~ 7 l n  = 14) 
3 34 9 5 8  07 4 2  1O9 $ + 0 4  ( n -  ~) 
4 34 9 1 3  67 2 0  5 6 0 ~ 3 3 ( n =  4) 

sample* were observed As shown in Table [I, the 
averaged T2~ of sickle cells from duphcate runs of 20 
NMR samples (n ~ 40) was 85 8 _+ 14 3 ms and that of 
normal red cell 01oo:l sample¢ was 1~i3,4+_ 12A ms 
(n = 52) A paired Student's t-test with the null hy- 
pothests showed that the d]ffeqrcnces between s~clde and 
normal ~ells are statlsncMly slgmficant with a t value o[ 
20 52 and a P value of 0 0001. 

[ 'ABLF. 1[ 

Water retar.atwa z:me, ¢xchang~ time. and d~ffmwmO permeabdlr~ o[ 

It'._ null hypotheses 

S~mple Tz. {ro~) T.. (ms) P. (era/s) 
(Xl0~l 

$1clde cells [ n = 40) 8,~ 8 ± 1 4  3 292=1:73 16t=[:0 39 
Normal cells (n  ~ .52) 1~2~4± 12 4, 1 6 4 1 2 6  276 - : -048  
t value (n  = 40) 20 52 Z0 54 8 28 
P value < O0001 < 00(~1 < 0{~01 
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No s~gmhcant dxffereuces were observed between 
normal cells that were treated wath MnCI z and then 
washed wllh PBS, and normal cells that were not treated 
w~th MnCI z, m agreement with the pubhshed results 
[48] These N M R  data  on normal calls and the atorme 
absorplaon data on sickle ceLls mdacate that  no slgmh- 
cant amounts of Mn tons entered red blood cells to 
affect the relaxation Umes of mtracel lalar  water mole- 
cules 

The average water  exchange time, T,,, for sickle cells 
v,a~ cal~ulateo to be 29 2 ___ 7 3 ms, whale for normal 
cells tt was 1 6 4 + 2 6  ms A ~ n ,  the difference ~a s  
stal]stzcally s~gmfwant, with a t ~alue of 10 54 and a P 
value < 0 0001 A longer exchange lame for sickle cells 
]mphes that the water permeabdfty across sickle cells ts 
lower than that for normal cells The average thffusmnal 
water permeabdtty.P~, at 37"C was calculated to be 
{l 6 1 + 0 3 9 )  l0  3 c m / s  for moldy cells, and (:2 764~ 
048)  10 -3 e m / s  for normal cells These values differ 
s~gmflcant[y, as shown by the Student 's  t-test with a t 
value of 8 28 and a P value < 0 0001 

DIS~USStfln 

Water exchange measurements 
The mare teckmlques used to measure water  exchange 

across erythroeyle membranes are isotope tracer, either 
efflux or influx, and  N M R  methods The dtffuslonal 
water permeablhty of normal  red cells at  room tempera- 
ture deterauned by N M R  teehmques is (2 4 - 3  2) 10 ~3 
c m / s  [27,30-32], wluch agrees with results obtmned by 
measunng th ~ . efflux of  trtlaated water from labeled 
normal red cells by the eontmuous flow method [29] 
The values obtained by reflux measurements,  ( 4 -5 ) .  
10-3 e ra / s ,  are ~omewhat lugher, however, the reason 
for the discrepancy zs not clear [33] It  ts not ILl.ely that  
the difference xs related to the addttaon of manganoas  
ions to the extracellular medmm in N M R  stuthes, since 
recent stu&es have shown that  manganous lens  at eon- 
centrataons as lust, as 19 mM do not change dlffUsaonal 
water permeabthty [29] 

Our N M R  results mthcate that the exchange time of 
water  across membranes under  lSOtOmC con&taChS m- 
creased from about 16 ms m normal cells to about 29 
ms m sickle cells, an mcrease of about 81% The dfffu- 
ston,d permeablht,¢ m sickle cells (1 61 10 -~ c m / s )  is 
det.reased by about 42% from that  of normal cells 
(2 76 10 -a c m / s )  It  has  been shown that  N M R  tech- 
tuques are umque and useful m studying the physiology 
and pathology of water  permeab]hty in erythrocytes of 
pat ients  with disease For example, using N M R  tech- 
tuques, the exchange time of water  through e r y l h r o ~ t e  
membranes increased by 13-55% m palaents with 
Gauche f s  disease, essenoal hyperhperma, obstructive 

jaundice, chrome hepaulas and the nephrollc syndrome 
[34], wbale the permeablhty decreased slgmflcantly m 
paUents with Duchenne muscular  dystrophy [35] 

Homogenerty of cetl populatmn 
In these studies and m previously pubhshed N M R  

studies of  normal  and abnormaL blood samples, the cell 
populalaons have been eonmdered to be umform A 
single cell populat ion,  m terms of hemoglobin and 
water concentration, was assumed for da ta  analysis  and  
was probably appheable,  parhcular ly  for normal  red 
cells The assumptmn,  however may no t  be appheable  
to s~eHe cells, since stckle cells are known to be hetero- 
geneous m their hemoglobin concentrat ions The values 
for the M C H C  of varmus fractions obtained from den- 
slty-separated slekle cells range from 34 g / 1 0 0  ml to 48 
g / 1 0 0  ml  [36] Furtaermore,  the magneuc  relaxataon 
tm.e depends  t,u the hem.--.globm concen t r ahon  
[26,37,38] Dense calls have a low Tzo due  to the hash 
mtraeellular hemoglobin concentrat ion,  since different 
values for M C H C  may lead to diffarent re laxauon 
Umes) tbJs leads to uncertainties in water  permeabthty 
,,dues Thus. the effects of these dense cells on mem-  
brane permeahthty obtmned from N M R  measurements  
should be addressed 

To examine the effe, et eL dense cells on the Tan value 
of packed calls, m addltaon to the smglc-exponenttal  fit 
used for ob tammg the T2~ values as daseussed m 
Materials  and Methods, we have also assumed 10q~ or 
20~ very dense cells with a short  Tzo and  hired the da ta  
to a two-~ponentaa l  term ¢xlvataon, M ( t ) = A ' .  
exp(-l/Tf~)+A exp(-t/rzD+B, where a ' / (A '+  
A) is either 10% or  20%, and Tz' ~ ts the T~a value for 
very dense cells with a value of 60 ms  (from Fig 2, Ref. 
37) From a set of 30 relaxat ion measurements  of sickle 
red cdls ,  the averaged T2~, assunung 10~ very dense 
cells, increased by about 4~g above the value obta ined ff 
no very dense ceLls were assumed to be present (single- 
exponential  fit) An approx. 9'$ increase occurred ff 
20~  very dense cells were assumed to be  m the cell 
populat ion A 4% T2o measurement  error introduces a 
2% error rote the measured T~, or P~, and a 9~, error 
introduces a 3% error rote the measured  T~ or Pw (from 
Fig 2. Ref 27) Thus, the assumpt ion of a single 
MCHC value m stekl¢ cells does not appear  to intro- 
duce s lgmhcant  error into the apparent  cell water  hfe- 
t ime or rote measured water  permeablhty  

In our  data analysis, we have also assumed that  bo th  
normal  and  stckie cells have a water  volume of 0 63 
10-  loam3, assurmng a cell volume of 9 0 10 II cur  ~ and 
a 70~ water content .reside the red b lood cells If we 
assume that  the water  content  in some of the sickle cells 
is smaller than that  of normal  cells, the calculated P~ 
values vall  be smaller than the ones reported m our  
result  section, since Pw ts directly proport ional  to water  
volume in cells Thus, ff the sickle cell samples have 
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some  popu]a t tons  of  cells wmtb smaller cell volumes, the 
P,. values w,ll be  even lower than  1 61 1 0 ~ o m / s  

Decreased water e~chonge and stekle cell abnormahues 
O u r  measurements  show that  the water  permeabi l i ty  

value m stckie cells u n d e r  ISOtOfllC c~nd~tlOn ~s only 
abou t  60% of  the value o f  normal  ceils If one constders 
that  water  e q m h b r a u o n  across cell membranes  ts very 
rapid,  tins a l tera tmn m water  permeab~hty m~'y have 
little physmlogmal  effect tn stckle ceils However,  since 
m e m b r a n e  permeab~hty to water  ~s governed by  mEm- 
b r a n e  pro te ins  a n d  hplds,  s t gmhcan t  changes  m mem-  
brane  permeabzhty do  indtrectly indicate  changes  m the 
s tate  o f  m e m b r a n e  pro te ins  a n d  hp~ds Exteusrve s tudms 
on  dd fumona l  water  permeabi l i ty  reveal that  water  nor-  
mal ly  travels th rough  the  h u m a n  red b!o~xl cell mem- 
b r a n e  w a  two parallel  pa thways  approx  9 0 ~  flov, qng  
th rough  wate r  channels ,  and  10% dtffusaxtg th rough  the 
h w d  p o r t m n  of  the m e m b r a n e  [29.32.39] The w~,er  
channels  have a n  eqmvalen t  po re  saze of  4 5 A 14% and  
i t  has  btmn suggested tha t  the channels  ave hned  w~th 
in tegral  prote ins  [411 The  amon  t ranspor ter ,  Band 3. 
also appears  to  be revolved m water  t ranspor t  [39] 

Excessive hpld  peroxadatron has been detected tn 
tackle cell m e m b r a n e s  [1 ,11-13] ,  this nngh t  affect  water  
t r anspor t  Since on ly  10% of  the wa te r  diffuses th rough  
the  hptd  p o m o n  of  the m e m b r a n e  in normal  cells [32], 
however ,  we beheve tha t  the 40% decrea.s¢ m tackle celt 
d l f f tmona l  water  pe r raeab th ly  wluch we observed can 
no t  be  explamed b y  a l tered hptd  o rgamza t ton  alone 

Some sulfhydryl- tea~tive reagents,  such  as p C M B  or  
p C M B S ,  which  modi fy  the p r e t ~ u s ,  reduce the dtffu- 
monal  t r anspor t  of  wa te r  to  a ' g round"  value of  abou t  
(1 2 - 1  6) -  10 - a  cm/s 129] Gene ra l  thtol o~udatmn of  all 
m e m b r a n e  pro te ins  has  been detected m stclde cells [14]. 
p r o b a b l y  due  to  the excessive spon taneous  genera t ton  o f  
oxygen  radtca ls  [~2]. It ts tempt ing  to  speculate that  the 
redne tmn of  dfffustolx-J t ranspor t  o f  water  m stckle cells 
to the ' g r o u n d '  value IS due  to  the oxadatton of  Band  3 
su l fhydryt  g roups  m smlde cell m e m b r a n e s  

The  kinettes o f  osmoUc wate r  t ranspor t  by  s~cklc 
cells, m hgh t - sca t t e rmg  studies, has  been found  to de- 
c . rea~ by  a b o u t  4 0 ~  f r o m  tha t  of  normal  cells [20] 
These  workers  s u g g ~ t e d  thor the decrease was  p robab ly  
due  to  hemoglob in  a s socmuon  w~th m e m b r a n e s  H e m o -  
g lobm b a r d s  w~th l u sh  a f f tmty  to  the cytoplasmac pe r -  
n o n  of  Band  3 molecules [431 However ,  the rahab, tory  
effects o f  p C M B S  o n  wate r  t ranspor t  canno t  be attri-  
bu ted  to  cy top lasmtc  S H  groups  The sates Jns~de the 
t r a n s m e m b r a n e  aqueous  pe t e  a n d  near  the extracel lular  
sur face  are  ertt ,cal for  water  t ranspor t  [441 Band 3 
con ta ins  six sa l fhydryl  groups  145.46] Frye of  these 
reac t  ~n*h bo th  N-e thylmale t tmde a n d  pCMBS,  whtle 
the stxth sulfhydryl ,  wlncb reacts  only va th  pCMBS,  
appea r s  to  b e  responsthle  for  the mlubat ton of wa te r  
t r anspor t  in in tact  cells [44] Tins  sult 'hydryl g r o u p  ts 

located on  '.he 15 k D a  t r ansmembrane  f ragment  near  
the a m e n  t ranspor t  mh~bltor sue  [47] Therefore,  we 
fur ther  speculate that  thas sul[hydryl  g roup  m Band  3 of 
siEkle cells may  be oxa&zed Ho,~ever fur ther  work  ts 

"needed to prove the~e specu!at tons 
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