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The ~ n ~  ~ m  f ~  pCMBS ( p - c ~ o r o m e r c u ~ e n e s ~ f ~ a t e )  ~ f i o n  ~ ~ m ~  r ~  c ~  water 
~ a n s ~  h ~  been ~ r m ~  ~ ~ 1 ~  ± ~ pM and ~ for u~a  ~ s ~  ~ h ~ f i ~  ~ ~ ~ ~ ~ 
p M, ~di~t ing  ~ ~ e  ~ e  ~ p ~ a t e  ~ s  f ~  ~ e  ~ o  ~ f i ~  pr~esses. The ~ f i o n  ~ f i ~  show ~ 
b o ~  p r i e s t s  ~ n ~ s t  ~ a ~ m ~  ~soc ia f i~  ~ e e n  pCMBS and the membrane ~te f~owed by a 
conformafionai ~ a n g ~  B o ~  p r ~ e s s ~  ~ e  veff ~ow and ~ e  on ra~ ~ t a n t  f ~  t ~  wa~r ~ f i o n  
p r ~ s  ~ a ~  10 s fim~ ~ower ~ usu~ ~ r  ~ r  ~ n ~ n g  ~ memb~ne ~ a ~  p r o ~ n ~  pCMBS 
~nding ~ ~ e  wat~ ~ a ~  ~ b ~ o n  ~ c ~  ~ r e v e ~  ~ ~ s ~  w h ~  ~ ~ ~ e  ~ e a  ~ a ~  
~ f i ~  ~ c ~  n ~  ~ r e v e ~ .  The spec~c s ~ n e  a~on ~ ~ DBDS ~ A ' ~ a ~ -  
d ~ n e - 2 , 2 ' - d i s ~ t e )  c ~ s  a ~ i f i c a n t  ~ ~ the time-course d ~CMBS ~ o n  d ~ater 
~ s ~  ~ ~  ~ &  a f i ~ a ~  ~ n  a n i ~  ~ ~ d  wat~ ~ s ~  C o n s i ~ t i o n  d ~ b l e  
~ y d f f l  ~ o u ~  ~ band 3 ~ g ~ s l s  t ~ t  t ~  u~a  ~ a ~  i ~ f i ~  ~ ~ ~ band ~ ~ t  ~ ~ t  a 
s ~ y d ~  ~ o u ~  ~ d  ~ ff the water U ~ s ~  i ~ f i o n  s ~  ~ a sul~ydffl ~ o u ~  ~ ~ I~ated ~ another 
p m ~ n  comOex~ to ~ n d  ~ ~ s ~ y  band &~ 

When Macey and Farmer [1] first showed that 
pCMBS inhibi~d water and urea Uanspoa in 
human red cells, the measurements were made 
after a 75 min incubation period at room ~mpera-  
ture. Subsequently, Naccache and Sh~afi [~ mea- 
sured the f im~cou~e  of the inhibition and found 
that 1 mM pCMBS caused water permeability to 
decrease flowly over a 75 min period at room 
~mperature.  Sh~afi and F o n ~ d n  [3] found lhat 

* To whom c ~ o n d e n ~  ~ o d d  be adduced. 
A b b ~ a f i o ~ :  pCMB~ p ~ o m e ~ u f i ~ n ~ n ~ u l ~ n a ~ ;  
pCMB, p~o~m~cufibenzoa~;  FM~ f luo~onme~ufic  
~ a ~ ;  DBDS, 4 A ~ a m i d o ~ 2 ' - ~ s ~ n m e ;  
DIDS, 4 , 4 ~ d i i s o t ~ o c y ~ m ~ b e n e - 2 , 2 ~ s u l ~ ;  DND~ 
4 , 4 ' - ~ t r o s t i l ~ n e - 2 , 2 ~ d i s ~ ;  DTN~ 53~dit~o~s(2- 
~ o ~ c  a ~ ;  ~TS, ~ a m ~ o ~ ~ n ~ f i ~  
2 , ~ n a ~ .  

another mercuriM sulfhydryl reagenL pCMB, 
bound s~ongly to band 3, the anion ~anspo~ 
proton,  and Brown ~ M. [4] suggested that band 3 
provides the channd for aqueous ~anspo~ across 
the red cell membran~ Solomon et M. [5] subse- 
quently proposed that the same sulfhydryl group 
on band 3 was also responsib~ for the inhibition 
of urea transport (see also Re~. 6-8). We found 
that pCMBS bound to band 3 within 2 min ~t 
0°C, showing that binding was very fasL in con- 
trast to the ~ow inhibition of water ~anspo~. As 
we began to characterize the inhibition processes 
in more detail, we found that pCMBS inhibition 
of urea ~anspo~ was comple~ in 1 or 2 minutes 
at room temperature (Chasan, B. and Solomon, 
A.K., unpubhshed data), much fa~er than water 
transport inhibition, in agreement with M a c e ,  s 
resul~ [~. This difference in time course indicates 
that two different pCMBS ~tes are involved. We 
have now made a detailed study of the binding 
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charac~risfics and kinetics of these inhibition 
proce~es and of thor  rdafion to band 3. 

M ~ h ~ s  ~ d  Mamfif ls  

Me~ods 
Osmotic permeaNtity was measu~d ufing the 

stopped-flow t i g h ~ r i n g  apparatus of Terwfl- 
tiger and S~omon [1~ ~ measu~ cell v~um~ 
Wh~e  b~od,  outdamd by no more than four 
days, was centrifuge& plasma and buffy coat 
aspir~e& and then washed with a buffer of the 
following compofifion On mM): NaC1, 125; KC1, 
4.4; Na:HPO4, 6; NaHCO 3, 24.9; MgCI~, 0.5; 
pH 7.4, 300 ± 5 mosM. Osm~alities were de- 
~rmined with a Fiske Modal OS o s m o m ~  (Ux- 
bridg~ MA). 

N-E th~m~omide  ~eatment confisted of in- 
cubation at 37°C at 25% hem~ocri t  for one hour 
at a fin~ concen~ation of 12 mM N-~h~m~e i -  
mide in the above b u f ~  Cells were then washed 
three t im~ with N - e t h ~ m ~ d m i d ~ e e  buffer ~nd 
resuspended ~ buf~r  ± sulfhydryl reagents. 

Cells at 2% hem~ocri t  were then mixed with an 
equ~ v~ume ~f s~ution made h y p e r o s m ~  by 
the addition of NaC1 to the buffer: the response of 
lhe cells ~ a 250-275 mosM gra&ent a f a r  mi~ng 
was lhe bails of all measu~men~ of the hydraulic 
conducti~ty, Lp ( c m 3 . d y n - ~ . s  a )which  were 
carried out at room ~mpermure, 20-22°C. A~er 
flow was s~ppe& ~ d  tight ~ n f i ~  was 
sam~ed at 4 ms ~ r v ~ s  over a period of 0.025-5 
s. This process was ~ p e a ~ d  5-10 times for each 
expefiment~ data p~nt .  C o n ~  sets of data were 
obt~ned ~ the same mann~,  except that the cell 
suspenfions were mixed with s~utions ~ o s m ~  
with the call suspenfion. The ~ f ~ n c e  between 
the averaged experiment~ and c o n ~  curves was 
used to determine Lp. 

Urea permeabili~ was determined at room 
~ m p ~ u r ~  20-22°C by the m~hod  of Sh~afi ~ 
~. [11] and was based on the response of the calls 
to a 350-400 mosM urea gra&ent. For each mea- 
surement cf  urea permea~fiff  at a spe~fic time, 
Lp was determined at the same time with cells 
u n d ~  identic~ con&fions. As abov~ ~ o s m ~  
c o n ~  s~ufions w~e  run ag~n~  ~1 s~ufions 
used to measu~ urea permeability. 

In ~ e  cysteine ~ v e ~  experiments, cysteine 

(or ~ u t ~ h i e n ~  was & ~ v e d  in a small amount 
of buffer and titrated to n e u ~  pH i m m e ~ d y  
before ad~fion to ~ e  Nood suspenfions. 

~ 

~ l m ~ d ~ d ~  c ~ n ~  ~ m ~ h i ~  ~ d  ~ 
m ~ c u r i ~  ~ l ~ y d r ~  reagents were obt~ned from 
~gma C ~ m i c ~  Co. (St. Lo~s,  M ~ .  ~ -  
h i ~ o s f i ~ e n ~ Z 2 ~ s ~ n a ~  ( D N D ~  w ~  sup- 
p lod  by K and K Labs, Inc. (ICN P h ~ m a ~ u ~  
c~s, H~n~ew,  N ~  and ~ 4 ~ ~  
b ~ Z T ~ d ~ n ~ e  ( D B D ~  by Dr. ~ m e s  ~ x ,  
SUNY, ~ n g h a m ~ n .  ~ 1  o ~  ~ e ~ c ~  we~  of 
reagent grade and obt~ned ~om ~sher  Sdenfific 
( M ~ ,  M ~ .  O u S t e d  blood w ~  ~ n d ~  
d o n a l d  by the C h i ~ f f s  H o ~ ,  Boston, MA. 

R e s ~  

Inhibition of water flux by pCMBS 
Mercuri~ reagenu such as pCMBS react 

spedfic~ly with cysteine re ,dues  on prot~n~ 
Chemic~ an~y~s  [12,13] has shown that band 3 
cont~ns ~x c y ~ n e  re ,dues  of which five are 
located on the cytoplasmic ~de of lhe membran~ 
The five cytoplasmic cysteine groups react with 
~ther  pCMBS or N - e t h ~ m ~ m i d e  and reaction 
with one of these reagents blocks subsequent reac- 
tion with the other [1~. The sixth sulfhydryl group, 
which is in the 17-kDa membran~bound fragment 
of band 3 between the ~ y p ~ n  and the 
chymotryp~n cuts [15], does not react with N-eth- 
y l m ~ m i d e  but does react with pCMBS ~ j 3 j ~ .  
The primary sUucture an~y~s of Kopito and 
Lodish [16] confirms ~x cyst~ne re ,dues  in 
mufine band 3 and shows that one is located in 
the 17-kDa fragment. Solomon ~ ~. [5] have 
called this the 'crypti~ sulfhydryl group and sug- 
ges~d that it ~ the locus of the mercuri~ inhibi- 
tion of urea and wa~r  permeabifity. Cons~ 
quenfl~ most of our experimen~ have been ca~ 
fled out on N - e t h ~ m ~ d m i d ~ t r e a ~ d  cells in 
which the only sulfhydryl r e , d u e  in band 3 which 
rem~ns to react with sulfhydryl reagents is the 
membran~bound cysteine in the 17-kDa frag- 
ment. 

In the course of our ~udies of the ~netics of 
pCMBS inhibition of water transport in N-eth~- 
m~dmide- t rea~d  red cells, we found that periods 
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longer than 1 h were required for maxim~ inhibi- 
tion at the lowest concentrations of pCMB~ When 
suffident time was allowed, Ki,~p p = 160 ± 30 ~M 
as shown in Fi~ 1 and Table I for the best 
experiment in this sefie~ We had studied the 
effect of N-ethylm~eimide ~eatment on Ki, app in 
two earlier expefimen~ in which we had allowed 
no more than 1 h for completion of inhibition and 
found Ki,,p p = 230 ± 40 ~M (two expt~) in N-eth- 
~ m ~ o m i d ~ e a ~ d  cells, compared to K~,~pp = 
160 ± 40 ~M (three expt~) in non-treated con- 
~ols; the difference is not significant (p  < 0.1, 
Studenfs ~ s 0 .  The absence of any appre~able 
effect of N-eth~mMdmide confirms the condu- 
~on of Naccache and Shdafi [2] that N-eth~- 
mM~mide does not bind to the pCMBS water 
transport inhibition ~te. Haest et M. [17] showed 
that N-~hylmMomide binds to 73% of the red cell 
membrane sulfhydryl groups and we have found 

TABLE I 

RATE AND INHIBITION C O N S T A N T S  
MERCURIAL SULFHYDRYL REAGENTS 

FOR 

Reagent Water Urea 

Ki,~p k] Ki,ap p k 1 
(~M) (M- ] ' s  - ] )  (~M) (M-~-s -~) 

pCMBSa 160±30 1~7±0~3 ~09±~06 310±200 
pCMB b 61± 7 5.8 ±~5  ~6 ±0.1 53± 5 
FMA ~ 85 ± 10 
HgC12 d 60±10 14 ±7 

~ No. of expts.; see ~gends ~ Figs. 1, 2, 5 and 6. 
b N~ of expt~ for wa~r: 

Ki.avv: 1 expt., confistent wi~ a 2nd ~ N-ethylm~dmide- 
~e~ed cells and one in non-treated cells; 
k~: 1 expt. 
N~ of expt~ ~ r  u ~ a :  

Ki,app: 1 expL; 
k~: 2 expt~ 

¢ 1 expt. with N-e~ylmMomide cel~ confis~nt with 2 exptg 
m non-~e~ed cd~. 

d Water and urea; 1 expt. each. 
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pCMBS ~ ? O N  OF WATER PERMEA~LEY 

]b  2b  3~ 4~ ~0 
pCMB$ CONCENTRAT~N ~mMI 

Fi~ 1. FractionM inhibition of water permeability by pCMBS 
in N-eth~mM~mid~trea~d cells, At the lowe~ concentra- 
tion~ periods of 1-3 h were required to complete the pCMBS 
binding reactiom The data were fi~ed to a Mn#e M~ binding 
curve by non-~near Mast squares with K~pp=160±30 #M 
and maximum ~actionM inhibition of 1 ~ 4 ± 0 ~  In a second 
experiment, with fewer poinu at concentrations bdow ~5 mM, 
KLapp =130± 30 ~M. In four firnilar expefimen~ (including 
the two earlier ones mentioned in the ~x0, the maximum 
inhibition observed at [pCMBS] between 2 and 10 mM was 
ff89 ± if04 in agreement with the observation of Macey [~ that 
the maximum pCMBS inhibition of osmotic water transport ~ 
about 90% ~ee Mso ReL 2). The maximum inhibition ~om the 
non-~near Ms,squares fit to the ~ n # e - ~  binding curves for 
these four expefimen~ was 1.00±~03 and the difference be- 
tween these estimates is ~gnificant (p  < 0~1, ~ L  

that our routine ~eatment of red cells with N~th-  
~ m ~ m i d e  makes the cells much more ~agile. 
Howeve~ N-ethylm~omide ~e~men t  does not 
change ~ther  the shape or the fit of the pCMBS 
inhibition curve which means that the chemic~ 
group that m o d u l e s  water ~anspo~ is well con- 
served ~ a r e , o n  of the protein resistant to a 
generalized a t~ck  by a powerful s~fhydryl  re- 
agenL 

Kinetics of pCMBS mh~iton of water flux 
To determine the reaction kinetics of the 

pCMBS effect, we measured the rate constant of 
the reaction over the concentration range from 0 
to 10 mM, which is near the solubility Emit for 
pCMBS and is about ~xty times the Ki.ap p. Fig 
2(top) shows how well the ind i~du~ fim~¢ou~es 
are fit~d, by non-finear Mast square~ to ~ n # e  
exponenfiMs with rdaxation time, z. If the pCMBS 
inhibition is produced by a coupled reaction sys- 
tem, as will be sugges~d bdow, the second reac- 
tion is too fast to be resolved on our time scMe. 
When z-~ is p lo t~d agMnst [pCMB~ as shown in 
Fi~ 2(bottom) a s ~ g h t  fine is obt~ne& con- 
fi~ent with a bimolecular a~oda t ion  as shown in 
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the following reaction scheme 

kl  

pCMBS + band 3 ~ pCMB~band 3 (1) 
k_ 1 

for which z -~ ~ ~ven by (Czedinski [18D 

• -~ = k~[pCMBS] + k_ 1 (2) 

if ~ C M B ~ > ~ a n d  3], as is the case ~ our 

expe f imen~  *. K~ is a ~ o o a t i o n  constant  ( u ~  

of  g M )  and is ~ v e n  by k.~/k t. 
React ion ~ne t i c s  can be used to show that 

p C M B S  i n a c t i o n  is not  ~ f f u f i c n  f imi~d.  If it 

wer~  the react ion w o u ~  be described by 

kd k 1 
p C M ~ ? C M B ~ l P C M B S - b a n d  3 

band 3 

(3) 

in w ~  p C M B ~  d ~  ~CMB~ at ~ e  m ~ -  

tion ~ .  If ~ e  react ion w e ~  ~ f ~ o n  h m i ~ &  the 

d f f ~ o n  step w o r l d  be s ~ w  c o m p ~ e d  M ~  ~ e  

* SMomon ~ M. [5] ha~ ~ggested ~m ~e pCMBS Mn~ng 
M~ for i~hiMtion of water transport ~ located in an aqueo~ 
po~ of about &5 ~ ra~us and have ~ e d  ~e site witMn 
abom 10-15 ~ of ~e e~emM face of the mem~ane be- 
cause R is ex~ruM ~ the DIDS ~n~ng M~ w~ch Rao et M. 
[1~ have loemed 32 ~ 42 ~ away from ~e ~ r i o r  mem- 
brane ~ce. If the pCMBS concengation inMde ~e pore 
~ f ~  appr~iab~ from that ~ balk sdutiom it ~ not 
correct ~ u~ balk sdudon concent~tMns as ~e dri~ng 
~ e  ~r ~e ~actio~. T~s ~ ~rmMly eq~vMent ~ ~e 
unstirred Myer probMm w~ch has b~n d~cussed exten- 
~vdy ~ 2 1 L  In quafimtive ~rm~ the unsfi~ed ~y~  c o r ~  
don may be neglected if ~e time req~red ~r ~e permeat- 
ing mMecuM to ~f~se across the unsti~ed Myer ~ Mg~fi- 
candy h ~  ~an ~e time ~ q ~ d  ~r it ~ permeate ~e 
memb~ne. Rao ~2] h~ ~und ~ ~e hMGtime ~r  pCMBS 
p~meation of ~ M e d  gho~s ~ approx. 40 m~. ~nce 
diffusion is inve~dy pmp~fionM to ~ a n ~ ,  ~e time 
~ q ~ d  ~ permeate oneq~rd of ~e memb~ne is approx. 
15 rain, w~ch ~ pmbaMy an o ~ s t i m ~ e  Mnce the rate- 
fimiting ~ep ~r pCMBS enUan~ pmbaMy ~ ~e time 
~ q ~ d  to pass t~ough the ~exchange gme. The 15-min 
figu~ is con~derab~ ~ o ~  ~ ,n  z ~ 59 rain when pCMBS 
~ present at ~s Ki, wMch ~ c a ~ s  that no unstirred Myer 
corr~tion is req~red. TMs condu~on is confirmed by ~e 
conclusion ~ pCMES Mnding is not ~ffusion hmi~& ~ 
~ s e d  fol~wing Eqn. 4. 

~ f i o n  s ~ p  and the ~ 1 o ~  equat ion ** for 

r - a  wouM a p p ~  ( C ~  [18]) 

~-, = ~ + ~_~(~ + ~ ] ) ~  

+ [ p C M B ~ ]  +[band 3]) (4) 

~ n c e  ~ e  ~ e p t  on the x - a d s  ~ ~ g .  2 ~ m ~  

is ~ c t i v e ~  z ~  k a = 0 and ~ e  is no m e ~ u ~ -  

b ~  contr ibut ion f rom ~ e  diffuf ion term so ~ a t  

Eqn.  3 does not  describe the ~ s ~ m .  Thus, ~ e  

v e u  flow time course of  the p C M B S  ~ t i o n  of 

water  t ransport  can not be at t r ibuted to d d a ~  

caused by ~ f ~ f i o n  ~ p C M B S  ~ the react ion f i~ ,  

u ~ s  ~ e  ~ t i o n  ~ h e m e  is much m ~ e  c o m ~  

than Eqn. 3. 

We had e x p e ~ e d  ~ the b i m ~ e c d ~  a ~ o ~  

don w o ~ d  be ~ d  ~ a ~ n ~ a ~ n  change, 

~ g  ~ Eqn. 5, b r o w ,  f i m ~  ~ ~ e  ~ t i ~  

• at characterize the ~ n ~ n g  of s ~ b e n e  ~ ~  

of  a ~ o n  ~ a n s p o ~  to band 3 [23]. 

pCMBS + ~ 3 ~ p C M B ~ d  3 ~ ~ M B ~ d  3* (5) 
k ~ k ~  

in w ~ c h  ~ e  * denotes the c o n ~ r m a t i o n  change. 

The  ~ s ~ t i o n  cons tant~  K~ = k~/k_~ and ~ = 

k2/k_ z. In t ~ s  cas~ ~ e  apparent  ~ t i o n  con- 

stan~ ~ , ~ = K { I / ( 1  +K:). There are f i m ~ e  

s~u f ions  to ~ e  ~ n ~ c s  of Eqn. 5 u n d ~  two 

f i ~ f i n g  c o n ~ f i o n s  [18]. If  the ~ m ~ e c d ~  a ~ o ~ -  

afion is fast c o m p ~ e d  to the c o n f o r m a f i o n ~  

change 

r-~ = k_z + ( k 2 ~ M ~  + ~ M ~ ) )  (6) 

In Ihe oth~ fimit, if ~e &ffusion s~p ~ fast compa~d m 
~e ~acfion ~ep, ~e equation for z-a is [1~ 

z-~ = k 1 ~CMBSsite ]+ k_ 1 + k~ [band 3]/(1 + K d) 

~ w~ch Kd=k_d/k d. If the &ffufion step is fast, 
~CMBS~i~] is very near~y ~qu~ ~ ~CMBSb~k ] an& fince 
~and ~ << ~CMBSb~k ~ the so,don reduces to ~ ~ven 
~ Eqn. 2. Thus ~e d~a ~ Fi~ ~ b ~ m )  conform to the 
con~fion that the ~ffufion step is fa~ compared to the 
reaction step. k~ is ~e rate constant for the ~n~ng of 
pCMBS to band 3. In t~s ~ns~ band 3 ~ construed ~ 
~dude i~ Gou~Chapman ~yeL so ~at any effec~ in- 
v~ved ~ pen~rat~g i~ sur~ce potenti~ barrier are in- 
cluded ~ k~. Furthermor~ ~ band 3 has to undergo a 
c o n ~ r m ~ n  change to allow pCMBS to pen~ra~ the 
protein in ord~ to ~nd to ~s ~action rite, that reaction 
rate is subsumed ~to k r 
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Fi& 2. (Top) Tim~course  of devdopment  of pCMBS ~ M -  
tion of water p e r m e a b ~  m one experiment, typ~M ~ tw~ ~ 
N - ~ h ~ m M ~ m i d e  (NEM~treMed cell~ The hydraulic conduc- 
df i ty  (L~) data were f i t~d to ~ n # e  exponenda~ by non- l~ear  
Mast squares and the time constants were used M the bot tom 
figur~ The pCMBS concentrations are shown by each curve. 
(Bottom) Dependence of the rate c o n s e n t  ( r  -~)  ~ r  water 
~ M f i o n  on pCMBS concentration ~ two expefiment~ The 
dMa were fitted to a ~rMght ~ne with flope of 1 3 7 ± 0 ~ 3  
M - L s  -~ and intercept of ( - ~ 3 ± 2 ) . 1 0  -4  s -~. 

Under these conditions, the curve of ~-~ against 
[pCMBS] would saturate at high concent(afions, 
but Fi~ 2(bottom) shows no trace of curvature at 
the highest concentration which could be achieved 
(because of the Hmited solubility of pCMBS). In 
the other ~mit, if the velocity of the conforma- 
tional change ~ fast compared to the bimolecular 
association, the equation is [18] 

• - I  = k ~ C M B ~ + ( k _ ~ / ( I +  ~ ) )  (7) 
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In both ~ n s .  2 and 7, the v d o d ~  of He ~ d  
~ a ~ ,  k,, is ~ven by He l o p e  of the curve 
which is 1 .77±0.03 M - 1 . s  -1. The o ~ y  ~ b  
~ n c e  b~ween Eqns. 2 and 7 is ~ the r - '  
intercept @ - ~ 3  ± ~ .  10  - 4  S - 1 )  which is &~ded  
by the ~c tor  (1 + K2) ~ Eqn. 7. ~nce  the ~ ter -  
cept does not &ffer ~ ~  from zero, no 
~ r m ~ i o n  can be obt~ned about k_,  or K 2. 

The on-rate constanL kl = 1.77 M -  ~ • s-  ~ is 
about ~x orders of mag~mde  s m e a r  than the 
v~ues of 106-108 which ~ r i ~  the a ~ o o ~  
tion rate constants for e n ~ m ~ n d  a~ooa t ion  
~ free s~ution [2~. ~ n ~ n g  to an intfinfic mem- 
brane p r o ~ ,  such as band 3, is at the ~w  end of 
this range fince S ~  and ~ x  [25] ~ve an on rate 
constant of (1-3) .  10  6 M -1  • s - 1  for the ~ n ~ n g  
of the stflbene a~o n  transport ~ L  DBDS 
~ 4 ' - d i ~ n z a m ~ o s ~ n e - 2 2 ~ d i s ~ n ~  to 
band 3. T ~  ra~  constant ~ r  ~ -  ~ n ~ n g  to band 
3 has not been measured &recfly but it must be at 
~ast  as fast as the ~ -  turnover number measured 
by B r i m  [26] of 6.2-103 s -~ at 20°C and 150 
mM O -  which ~ads to a ~ m u m  vMue of 
4.1.104 M -~ s -~ for ko~. Schwarz et M. [27] 
repo~ that ko~ ~ r  ~ o d ~ o f i n  b ~& n g  to nerves 
from X e n ~  or Rana at room ~ m p e r ~ u m  is 
approx. 4- 10 6 M - 1  • s - 1 ,  f i ~ l a r  to the figure for 
the D B D S / b a n d  3 reaction. Thus, on rates of 
~ O X .  10 6 M -1  • s - 1  appear to be ch a r ac~ f i~c  
of the ~ n d ~ g  of ~ e d f i c  ~anspo~ ~ h i ~  to 
thor  rites on integr~ transport membrane pro- 
~ n s .  

It is yew ~ f f i c~ t  to understand why the on 
rate constant of pCMBS is many orders ~ m a ~ -  
tude flower than these ~ c ~  figures. Cantor and 
S c ~ m m d  [2~ p ~ m  out that ~ n ~ n g  rate con- 
stants depend senfitivdy upon the fit b~ween 
enzyme and substrate. For e x a m # ~  when S- 
m e ~ p a ~ a ~  re#aces aspa~me as subs~ate for 
reaction ~ t h  aspa~me a~not ransferas~  ko~ is 
reduced from > 107-108 M - ~ . s  -~ to 1.2.104 
M-~ • s-1. pCMBS is a spedfic s u l ~ y d ~  ~ a ~ m ,  
but there is no reason to expe~ it to be a ~ o d  fit 
to the c ~ n e  reMdue ~ t h  which it is presumed 
to react. Even so, the on rate seems remarkaMy 
s m ~ ,  p a r d c u l ~ y  Mnce we have shown that ~ can 
not be attributed to the time req~red ~ r  pCMBS 
to ~ f ~ s e  to its Mte of action (Eqns. 3 and ~ .  
These confiderations ~ c M e  that Mn~ng of 
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pCMBS m i~ reaction si~ ~ v ~ v ~  a profound 
~a~angement  of the protein. 

The off rate consent ,  k_ t = klKi, app(1 + K2) or 
3 - 1 0  - 4  S 1(1 + K2). Though it cannot be 
ev~uated wi~out  knowing K~, it is very small 
compared to the v~ues of 10~-104 s -1 which 
characmrize e n z y m ~ g a n d  c o m p ~ x ~  [2~. 

Reread of pCMBS effec~ by cya~ne 
Naccache and ShEafi [2] had shown that 10 

mM cysteine completely reversed 1 mM pCMBS 
~hihifion of water ~anspo~, thus imp~cating 
membrane sulfhydr~ groups as the causative 
agent .  We extended these ~ u d i ~  on ~ v ~ s ~  by 
comparing the effects of cysteine and ~ u ~ t h i o n ~  
~nce  it appeared th~  a chemic~ bond had been 
fo~med b~ween pCMBS and band 3, was~ng the 
cells wi~  pCMBS-~ee buf~r  was expected to 
have no e f ~ ,  and it did not, as Fig. 3 shows. 
Addition of c y ~ n e  reverses the in~Nt ion  with 
es~ntially no time d d a ~  confirming Naccache 
and Sh~afi's observafio~ but ~u~ th ione  ~ve~es  
it more ~owly, as shown in Fig. 3. The dday  in 
~utathione action may be ascribed to s~ric 
hindrance ~nce its m ~ e c d a r  mass (307 D ~  is 
more than Z5- t im~ g r e ~  than that of cysteine 
(121 D~.  This world be confis~nt with ~ c ~ n  

REVERSAL OF pC~BS INHIBITION OF WATER FLUX 

~ _ - - - ~  ÷¢¥STEI~ 
~ 

g 
I 
I ~_ _ _ ~ + GLUT~ ONE 

~ ..... ~----~+ ~ 

~ME Imi~} 

Fi~ 3. Revers~ of inhibition of  water transport produced by 2 
m M  pCMBS in one of two expefimen~ with identic~ resu l t .  
At 30 min, concen~ated solutions of cys tone  and ~uta th ione  
were added to produce final buffer concen~afions of 5 mM. 
To ob t~n  the curve marked buffe~ a sample was washed twice 
with 100 voW. of pCMBS-free buffer and resuspended before 
taking subsequent da t~  

of the pCMBS rite in a channd with re~ricted 
access, as sugges~d by Solomon et ~. [5]. 

The difference in the time course of c y ~ n e  
and glutathione revers~ may be used to elimina~ 
one posfible mechanism of thor  action. Since 
these reagen~ reduce the ex~rn~  pCMBS con- 
centration to zero, thor  mechanism of action could 
be revers~ of the direction of the reaction by the 
law of mass action. In the ex~acellular solution, 
both reagents would reduce the pCMBS con- 
centration essentially in~antaneou~y and the time 
ddays would be occasioned by d~sodation of 
pCMBS ~om band 3 and diffufion through the 
channd to the extracdlular space. But the disso~- 
ation and diffufion processes would be indepen- 
dent of the nature of the reagenC so the difference 
in the time-coupe between cyst~ne and ghitath- 
ione action means that the rate depends upon the 
time of diffu~on to, or reactions at, the pCMBS- 
band 3 fi~. 

To study the kinetics of cysteine r e v e ~  the 
pCMBS concen~afion was set at 150 ~M, near its 
K~, and the reaction was reversed with 2 mM 
cystein~ a concentration which ~most  saturates 
the revers~ reaction. As Fig. 4 show~ the time 
requ~ed to return to the con~ol permeability 
(dashed fin~ increases with time of pCMBS in- 
cubation. The time required to reach the apparent 
new asympto~ increases smoothly from 15 ± 2 
min, when cysteine was added 15 min a~er the 
pCMBS reaction began, to 34 ± 4 min, after a 90 
min dday. 

If there had been no conformation~ chang~ 
the reaction scheme would be 

k3 
~ s t e i n e  + p C M B ~  and 3 ~ ~ n ~ p C M B S  + band 3 (8) 

k_3 

for which the kinetics are ~ven by 

• - ~ = ~ Icysteine] (9) 

fince [ c y ~ n ~  >> pCMBS-band 3 and the con- 
centration of the reaction products is negli~b~ 
(Czerl~ski [18D. ~nce  ~ystein~ is ~ n t i a l l y  con- 
stant and r-~ is not, Eqn. 9 is not valid w~ch 
meang that Eqn. 8 does not describe the sys~m 
and an addifion~ reaction s~p ~ ~ q ~ d .  Ad- 
• tion of a conformation~ change, as shown in 
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Fi~  & Time dependence of c y ~ n e  (2 mM) reversM of inhibi- 
tion produced by ~15 m M  pCMBS in one of three expef imen~ 
with fimilar results. Cysteine was added after ddays  of 15, 3~ 
60 and 90 mira The time required for return to hMf of the 
estimated asymptotic vMue of the hydrau~c conducfifity varied 
from 15 ± 2 min when cysteine was added after a 15 min dday  
to 34 ± 4 min when cys~ine  was added a~er  a 90 min d d a ~  In 
this experimenL as well as two others done at the same fim~ 
the t im~cou~e  of pCMBS inhibition of water transport was 
unusually flow, posfibly because the red cells in all three 
experimen~ were unusuM~ ~a~le .  The cysteine reversM in 
these three experiments was firnila~ as well as in a fourth 
experiment of the same typ~ in which the pCMBS inhibition 
was f a s ~  though stiff slower than the experiment at 100 # M  
pCMBS shown in Fi~ 2 (top). 

Eqn. 5, appears to be the rmples t  reaction scheme 
confistent with our experiments. 

Kine~cs of pCMBS inhib~ion of urea flux 
The pCMBS concentration required to inhibit 

urea flux ~ very much smaller than that required 
for water as Macey [9] has found. Fig. 5 shows the 
ringle rite binding curve for one experiment in 
N-ethylmaleimide-treated cells in which pCMBS 
concentrations as low as 0.1 #M were used. The 
Ki.~p p is 0.09 ± 0.06 #M, three orders of magni- 
tude lower than that for wate~ (In an earlier 
experiment in which [pCMBS] was only reduced 
to 1 #M, K~.ap p = 0.2 ± 0.2 #M). When normal 
cells, not exposed to N-ethylmaleimide, were 
probed with low pCMBS concentrations (0.2 #M), 
Ki.~p p was higher, 0.52 ± 0~7 #M, as shown in the 
inset to Fig. 5. 

Fig. 6 shows that the relationship between z-1 
and [pCMBS] ~ ~near over an extended con- 
centration range from 1 to 500 #M, which is 
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pCMBS IN,BISON OF UREA PERMEAB~EY 
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Fi~ 5. pCMBS inhibition of urea permea.bility in N - ~ h ~ -  
m ~ m i d e - t r e a t e d  cells. The data have been f i t~d to a f i n ~  
rite binding curve by nonqinear  ~as t  squares with K i .  ap p = 

~ 0 9 3 ± ~ 0 6  # M  and mafimM inhibition = ~ 9 6 ± ~ 0 &  In ad- 
dition to the second experiment discussed in the ~xL five 
earlier experimen~ were carried out with cons is~nt  resu l t .  As 
discussed in the ~xL the shape of the binding curve can be 
used to d~ermine  wh~her  the binding rea~ion ~ i~eve~ib~.  
The f i n ~ f i ~  binding curve to which the data have been fi~ed 
~ derived ~ o m  revertible reaction ~netics.  If the rea~ion were 
~reve~ible, the ~actionM inhibition would rise ~neady to 
saturation at which point there wo~d  be a sharp intersection 
with a horizontal hn~  and the inhibition wo~d  become inde- 
pendent of [pCMBS]. W h e n  Ki, ap p ~ very sm~L as in Fi& ~ R 
~ diff ic~t  to exclude the po~ibility that the data would ~so  
fit an i~everfible rea~ion scheme sat~fa~orily.  HoweveL when 
Ki,ap p ~ largeL as in the experiment with non-N-e th~m~ei -  
mide-treated cells shown in the ins~,  (Ki,ap p = 0.52 #M;  un i~  
same as in large graph), the binding curve is typic~ of a 
reversible reaction. 

5000-times greater than the K i. At 500 ~M 
pCMB& z is 12 s which ~ at the hmit of our 
res~ufion fim~ There is no trace of curvature at 
these high concentrations so the reaction can be 
described ~ther  by Eqn. 2 or 4 with an average 
k I = 310 ± 200 M -1 • s -1, as ~ven  in Table I. The 
z -~ in~rcept  at the [pCMBS] ordinate is not 
rgnificantly different from zero, (0.3 ± 5). 10 -3 
s-1 in Fi~ 6. Though the v~ue  of k~ ~ two orders 
of magnitude greater than that for pCMBS inhibi- 
tion of water transporL it is still about four orders 
of magnitude s m i l e r  than other v~ues  for inhibi- 
tor binding to ~ansport  protons.  

We used a very low [pCMBS] (2.5 #M) to study 
the reverrbi~ty  of the p C M B S / b a n d  3 reaction 
and added 2 mM c y ~ o n ~  an excess of ~mos t  
three orders of magnitude. As Fi~  7 show~ we 
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~ g .  6. Dependence of the rate constant ( r - ~ )  for urea flux 
~ f i o n  in ~ h ~ m ~ - ~ a ~ d  ~ s  on pCMBS con- 
~ m r ~ n  ~ one of ~ u r  experiments. The data w ~ e  f i t~d to a 
~ t  ~ e  ~ flope 180±20 M - ~ . s  -~ and ~ e p t  (0.3± 
5).10 -4  s -~ and ~ e  a ~ m ~ s  ~ r  the ~ u r  experimems were 
f l ~ e  = M 0 ± 2 ~  M - ~ . s  -~ and ~ e ~  ~ 8 ± 1 ~ . 1 0  -3  s ~. 
There we~  ~ t  e a rh~  experimen~ u n d ~  somewh~  & f f ~ e m  
conditions ~ ~ f i ~  ~ s ~ m  As s ~ d  ~ ~ e  ~xL ~ e  
~ s ~ u f i o n  time of ~e se  experimen~ kept us from u f i ~  h i ~  
~ C M B ~  ~ c h  p ~ n t  ~ ~ 6 ~ ~ e  c h a ~ e r i s t i c  time of an 
exponenfi~ f im~cou~e  f i ~ r  to ~ e  ~ o w n  m ~ 2 ( m ~ .  
Each p ~ m  in the exponentifl  time coupe  ~ a f i ~ e  ~ ~ r  
• e urea p ~ m e a ~  c ~ t  ~ e ~  by non-finear 
least-squares fi~ to ~ e  ~ a ~  time course of f i ~  runs over 
the entire time course of a ~ p e d - ~ w  experimen~ Our 
~ s d m ~ n  time ~ ~ e ~  by ~ e  time r ~ d  to flush the 
machine and change sdu t ion~  At ~ e  ~ e ~  ~ C M B ~  z was 
12s .  
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Fi& 7. Time dependence of cysteine (2 mM) effect on 2.5 ~M  
pCMBS inhibition of urea flux in N - ~ h ~ m ~ o m i d e - t r e a ~ d  
cells. C y ~ o n e  was added a~er  ddays  of 5, 10 and 20 m i ~  The 
ba~c inhibition curve was fitted to a ~ n ~ e  exponent i~  by 
non-~near ~as t  squares with • = 1 4 ± 3  min. Two addif ion~ 
experiments were carried out with ~ m i ~ r  resuR~ 

were unable to ob t~n  any ~gn of reverse, even as 
early as 10 min after beginning the pCMBS reac- 
tion. The inabifity of cysteine to reverse the reac- 
tion on our time sc~e is not c o n ~ e n t  with the 
reaction scheme in Eqn. 5, even if the equifibfium 
is displaced far to the fight. As in the case of 
pCMBS inhibition of water flux, k. 1 is a function 
of the unknown K2, k_ :  = 2.8.10 5(1 + K : ~  -~. 
Even if K:  were of the order of 103 so that there 

were  1000-times as much pCMBS-band 3* as 
pCMBS-band 3, k_~ would be approx. 0.03 s-~. 
Though this is orders of magnitude ~ower than 
the off rate constants of 103-104 s ~ which cha~ 
actefize most of the enzym~figand interactions 
discussed by Cantor and Schimmd [24], it is orders 
of magnitude faster than the data in Fig. 7, which 
would require that k_l  be measured in hours 
rather than seconds. Although we have been un- 
ab~ to reverse the inhibition with cystein~ the 
reaction is not irreversible, as shown by the fit of 
the urea transport inhibition data to the f in~e site 
binding curve shown in Fig. 5 (and its inset) and 
discu~ed in its ~gend. 

The question of whether the reaction of a 
mercufi~ sulfhydryl reagent is revertible by cy- 
s tone is a question of the rdative affinity of the 
mercufi~ to the protein as compared to its affinity 
to cysteine. Thus it is posfib~ for the n~ghbofing 
groups in the protein to increase the relative affin- 
ity of a sulfhydryl group to pCMBS so that cy- 
s tone no longer can remove the mercuriC. If this 
were the case, the reaction should be reversible by 
the law of mass action, when cysteine reduces the 
pCMBS concen~ation to zero. However, the argu- 
ments in the paragraph above exclude this pos~- 
bility. Thus, it seems fikdy that pCMBS binding 
to the urea inhibition rite causes the pro ton  to 
change its conformation so that c y ~ n e  can no 
longer reach the pCMBS f i~  as, for examp~, by 
moving the f i~  to a fipid en¼ronment. 

Effe~s of other mercurial reagen~ 
In order to determine the effect of fipid per- 

meabilit~ other mecufi~ reagents were studie& 
particularly pCMB which Sh~afi and F~nstein [3] 
had shown to inhibit water permeability, pCMB is 
a weak acid which makes it much more Hpid 
solub~ than pCMBS with its sulfonate group, so 
that pCMB can readily permeate the call mem- 



bran~ whi~ pCMBS can not. Ashley and Gold- 
s tdn [28] had found that there was a fast compo- 
nent (k - 0.2 miff ~) in the t im~cou~e  of pCMB 
inhibition of red cell water ~anspo~. Our first 
point was taken at five minutes a~er the reaction 
began, by which time the fast component would 
no longer have been e~denL and our curves 
showed no fign of more than a f in~e exponentifl 
term. The resul~ are ~ven in Table I. 

In the course of these ~udies, we ~so measured 
the Ki,  ap p v~ues of two other mercufiM sulfhydr~ 
reagents that had pref ious~ been found to af~ct  
red cell water transport ~ 2 ~ 3 ~ 3 1 ~  fluoresc~n- 
mercuric acetate (FMA) and HgCI~. Benga et ~. 
[29] had shown that FMA inhibits diffufion~ 
permeability of water with a K~ of 50-70 #M at 
37°C, and our vflue of K i , ~ ,  85 ± 10 #M for 
osmotic permeabifity in N - ~ h ~ m ~ m i d ~ t r e a t e d  
cells at 20-22°C, as ~ven in Table I, is in rea- 
sonable agreement; they ~so found that FMA 
inhibition of diffufion~ water flux could not be 
reversed even by a 10Lfold excess of c y ~ n ~  
Benga et ~. [3~ found that HgCI~ inhibi~d diffu- 
~ o n ~  permeabifity of water with a K~ of around 
20 gM at 37°C, and our Ki,~p p of 60 ± 10 #M for 
osmotic permeabi~ty in N-ethylmM~mid~trea~d 
cells at 20-22 ° C ~ in reasonable agreement. HgC12 
~so inhibits urea permeabifity with a KLapp only 
about a qua~er of that for the water inhibition 
rite. 

Effec~ of sti~ene mhibiw~ on water flux 
Brahm [31] showed that the stilbene anion 

transport inhibito~ DIDS (4,#-diisothiocyano- 
stilben~2,2'-disulfonatO has no effect on the rate 
of water diffufion across normfl red cell mem- 
brane~ If DIDS is bound to a rite within the 
aqueous channd, the large stilbene molecule would 
be expe~ed to occlude the channel. In order to 
expl~n thor  findings on stilbene interactions with 
band 3, Verkman et ~. [23] proposed that stflbene 
binding caused a conformation change which in- 
ternalized the stilbene within the proton.  Jennings 
and Pa~ow [3~ ~so presented evidence that one 
of the ~othiocyano moieties of the stflbene be- 
came in~rnalized. Macara et ft. [33] used energy- 
transfer measurements to show that a conforma- 
tion change fo~owed stilbene bindin~ but the 
most c o n ~ n d n g  efidence was profided by 
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Pimpfikar and R d t h m o e r  [3~ who devdoped a 
stflbene affinity column to purify band 3. Before 
the conformation chang~ band 3 could be readily 
duted  from the SITS (4-ac~amido-4'-isothiocy- 
anosfilben~L2~disulfonate) bonded to the affin- 
ity column refin; a~er the conformation change 
band 3 could no longer be d u ~d .  Solomon et ~. 
[5] sugges~d that, after the conformation change 
internafized the stilben~ the channd became un- 
encumbered so that water could eafi~ traverse the 
channd.  Even though there is no direct stilbene 
effect on water transporL we thought that stil- 
benes might have an indire~ effect on the ~netics 
of pCMBS modulation of ~anspo~, which must 
~so  depend upon the conformation of band 3. 

We have therefore made a search for e~dence 
of an interaction between the stilbenes and the 
kinetics of the pCMBS effect and found that two 
reversib~ stilbene (see Knauf [35]) inhibitor~ 
DBDS (K~ = 1.3 #M) and DNDS (4,4'-dini~o- 
stilben~2,2'-disulfona~; K~ = 2 gM), have a fig- 
nificant effect on the kinetics of 0.4 mM pCMBS 
inhibition of water ~anspo~ at pH 7.4. Fi~ 8 
shows the resuRs for 20 #M DBDS in one experi- 
ment, chara~eristic of two. The ratio of the hydra- 
ulic conducti~ties ( + D B D S / c o n ~ o l )  is 0.80 ± 
0.03 and, though the dif~rence b~ween the poin~ 
is sm~l, it is s~nificant at better than the 99.9% 
~ v d  (p  < 0.0005 in each experiment, ~ s O .  A 

DBDS EFFECT ON pCMBS ~81~ON OF ~ E R  PERMEA~MTY 

~ ÷OBDS 

~ o ~ ~ ~o ~ ~ 
TIME Imm) 

~ 8. The ef~c t  of 20 # M  DBDS on the pCMBS (0.4 mM) 
~ f i o n  of water p e r m e a ~ f i ~  ~ one of ~ ree  experiments 
with f imihr  r e s ~  The c o m r ~  ~ f i o n  c u ~ e  has been 
fitted by nondinear ~ a s b ~ u ~ e s  to a f in~e  exponenfi~ w i ~  
• = 3 0 ± 5  rain. 
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fimilar result was obtained with 30 ~M DNDS 
( p < 0.0005). Con~ol  experiments with DBDS and 
DNDS, in the absence of pCMBS, showed no 
change in the hydraufic conductivity. The time- 
course in F ig  8 indicates that the sfilbene inhibi- 
tor acts at the very beginning of the experiment, as 
if it were caufing a conformational change in the 
pCMBS binding rite that modulated the mecha- 
nism of pCMBS inhibition of water ~anspo~.  
This observation of a direct effect of rite specific 
stilbene inhibitors on water t ranspo~ inhibition 
by pCMBS provides further evidence which sup- 
ports our view (see Refs. 5-8)  that the anion 
~anspo~  ~te and the water ~anspo~  channd are 
contained in the same p ro ton  or protein complex. 

Discus~on 

Do wate5 urea and anions enter the cell through a 

common aqueous channel? 

Permeation through an aqueous channd d ~  
pends on at least two components, the channd 
which s~ute  and solvent traverse and the modula- 
tion process which consols  the flux rate. In gen- 
erM, when a f in~e inhibitor ~ found to modulate 
the flux of more than a f in~e permeating spe~e~ 
it follows that the fluxes of the two spedes are 
finked, but only to the extent that they are mod- 
ulated by a~o~eric action on a f in~e protein or a 
p ro ton  c o m p ~  It does not follow that the two 
spedes permeate through the same channd,  which 
can only be established by fu~he~ very spe~fi~ 
experiments. 

There are a number of observations that show 
that the fluxes of wate~ urea and anions are 
finked in the modulation sense. Thus, R ~ t h m d e r  
[36] found that mM concen~afions of the non- 
mercufi~ sulfhydryl reagenL DTNB ( 5 ~ d i t h i o  - 
b i~2-ni t robenz~c a~d)), inhibi~d red cell anion 
~anspo~  by non-cov~ent  binding at the stilbene 
f i~,  acting in this instance as a molecule with 
steric and charge characteristics fimilar to the 
stilbene inhibi tor ,  rather than as a sulfhydryl 
reagent. Toon et ~.  [7] confirmed R ~ t h m o e F s  
findings in N - ~ h y l m ~ m i d ~ t r e a t e d  red cells ~nd 
found that DTNB also inhibited water and me th~  
urea fluxes. K i for sulfate efflux was 1.7 ± 0.3 
mM, e s s e n t i ~  equ~ to the Ki,~p p of 2.5 ± 0.3 

mM for water flux ~hibition. S ~  flux is in- 
h ib i~d by 76% and wamr flux by a s m e a r  frac- 
tion, 29%. DTNB ~so  inhihi~d m ~ h ~  urea flux 
by 48%. The concen~afion dependence of the 
inhiNfion of water and m ~ h ~  urea fitted the 
same ~ n ~ e  ~ bin&ng curv~ w~ch  is strong 
e¼dence that enUance of s~ute  and s~vent  i n ~  
the red cell is m o d e l e d  by the same ~ .  Fur- 
t he rmos ,  p ~ V e ~ m e n t  with DIDS ~duces lhe 
DTNB induced wamr flux ~h iNt ion  from 29% to 
12% and c o m ~ d y  a b ~ i s h ~  the DTNB inhiN- 
tion of m ~ h ~  urea flux. These expefimen~ in&- 
cate that the fluxes of w a ~  a~ons  and me th~  
urea ar elinked in the mod~a t ion  sense. 

Yoon, Toon and So~mon [6] synthesized a 
m ~ e c ~ e  called DCMBT (4 ,4n&c~orom~cur ic  
Z22~T-bist i lbene~trasulfonic add)  w~ch  com- 
bines a m ~ y  ~milar to the stilbene a ~ o n  trans- 
port inhibitor with a m ~ e f f  ~milar ~o pCMBS. 
They found that t~ s  m ~ e c ~ e  s v o n ~ y  ~ h i b i ~ d  
s ~  flux in N - ~ h ~ m ~ o m i d e - t ~ a ~ d  ~ d  cells. 
It ~ so  ~ h i ~ d  water uanspo~  by up to 20% and 
the w ~  inhibition c o ~ d  be reversed by pre~ea~ 
ment with DIDS. They concluded that the DIDS 
~nd ing  ~ and lhe pCMBS w ~  inhi~t ion ~ 
were located within 12 ~ of one anothe~ which is 
the maximum ~ a n c e  b~ween one Hg and the 
f u n h ~ t  s t i~en~ thus ad&ng fu~her e~dence that 
the two ~tes are located in the same p ro tdm or 
protein c o m p ~  

The primary argument that urea and wa~r  do 
not enter the cell through the same aqueous chan- 
n d  is an in&re~  cn~  based on a compar~Ne  
p h y ~ o ~ c ~  argument made by Brahm [37] and 
Macey [9], who have p~n ted  out that red calls in 
other s p e d ~ ,  such as the n u d e ~ e d  red cell ~ the 
chickem have a high a ~ o n  p ~ m e a b ~  but a low 
p e r m e a ~ h f f  to urea and w~e~  They use this 
examp~  to argue that anions, urea and water can 
not share a common p~hway  ~ the human red 
cell membrane. This condu~on  is dependent upon 
the premise that all the membrane bound seg- 
ments of band 3 in the n u d e ~ e d  chicken red cell 
membrane are ~ e n f i c ~  with those found ~ the 
non-nude~ed  human ~ d  cell membran~ Al- 
though these two proteins exchange anions at 
~ m i ~ r  r~es  and appear to be ~milar by par t i~  
p r o ~ y ~  Jay [38] has found that they differ in 
isoelectric p ~ n t  and prote~yt ic  patterns. Jay ~so  



points out that anfisera raised again~ human and 
chicken band 3 do not cross reacL which suggests 
that the two sera do not recogn~e any common 
antigenic determinants. 

The most direct approach to the question of 
whether urea and water go through the same 
channd is to determine the reflection coeffidenL 
~, for urea permeation through the red cell mem- 
bran~ In genera,  vMues of o < 1.0 profide ther- 
modynamic proof that coupling exists between 
solute and solvent flow in a tingle channd (see 
Katch~sky and Cuban  [39]). Chasan and Solomon 
[40] have recently made a new determination of 
%~a in the human red cell and obt~ned a vMue of 
0.7 ± 0.~2. Treatment with 1 mM pCMBS in- 
creased o to 0.93 ± 0.02. Under these spedfic 
conditions, the criterion for coup~d flow, as 
Chasan and Solomon point ouL is %~a < 0.95. 
Levitt and Mlekoday [41] have Mso recently de- 
termined % ~  for the human red cell and ob- 
tained a v~ue of 0.95; they point out that thor  
experiment~ curve can ~so be fit by ~ = 0.75, 
which agrees with the Chasan and Solomon figur~ 
A~de ~om this experiment, all the ~xperiment~ 
data in the ~terature ~ve v~ues of Ou~ a ~ss than 
0.95. Thus, the measurements of %~a prove that 
urea and water share the same aqueous pathway 
through the membran~ not necessarily that ~l  of 
the urea molecules do, but that there is a fignifi- 
cant degree of coup~ng between urea and water 
flow in the same channd. 

Taken together, these various ~nes of e¼dence 
imp~cate a tingle protein, cr p~otein comple~ as a 
common factor in the transport of anions, urea 
and water ac~o~ the human red cell membran~ In 
this contexL our observation that the rite for 
pCMBS inhibition of water transport is different 
from that for urea does not mean that water and 
urea use different channd~ Instead it means only 
that at least one rate con~ol~ng step is different 
but has no bearing on whether solute and solvent 
~averse the same channd. The only e¼dence which 
bears on this point is that of o which shows that 
urea and water do indeed, at Last in part, share a 
common channd as they cross the membran~ 

What ~ ~e  ~cus of the sulfhydryl reagent ac~on? 

Water inhib~ion site 
Localisafion of the water ~anspo~ inhibition 
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rite depends upon experiments with spedfic stil- 
bene anion ~ansport  inhibitors, particularly DBDS 
which fluoresces when bound to band 3. We have 
seen (Fig. 8) that DBDS can also modulate the 
kinetics of pCMBS inhibition of water ~anspo~. 
Lukacofic et ~. [42] have previoufly used DBDS 
fluorescence to study the kinetics of interactions 
in lhe p C M B S / D B D S / b a n d  3 system. In lhe 
course of this ~udy they made an independent 
determination of the equilibrium constant for 
pCMBS binding to band 3 ( thdr  Ki), which ~ 
equiv~ent to Ki, ap p in our notation. T h o r  con- 
stant has a value of approx. 110 gM which agrees 
very wall with the present v~ue of 160 ± 30 #M 
for pCMBS binding to the water inhibition rite. 
This agreement r~nforces lhe view that the 
pCMBS water inhibition rite and the DBDS bind- 
ing rite are located in the same pro ton  or protein 
c o m p ~  

The characterist~s of the water ~anspon in- 
hibition ~te are most unusu~. It reacts spe~fi- 
cally with ~pid solub~ mercuri~ reagent .  As we 
have seen, it does not react with DTNB nor N- 
e t h y l m ~ m i d e  and we have probed the ~te with a 
variety of ~pophihc m ~ m i d e s  but never found 
any e~dence of reaction with a m ~ m i d e  which 
would protect the water transport inhibition ~te 
~om its characteristic reaction with pCMB~ 
Sh~afi and F ~ n ~ n  [~ showed lhat a wide variety 
of ~zes and shapes of mercuri~ reagents inhibited 
water ~anspo~. 

Although the water inhibition ~ requires a 
mercuri~ reagenL the further properties of the 
~gand are not impo~ant ~nce Table I shows that 
Ki.ap ~ is low, b~ng in the range of 10-~-10 -~ M, 
and varies only by a small factor between the very 
small HgC1 ~ molecule and the much larger FMA. 
The ~te does discriminate again~ the charge on 
the sulfonat~ but only by a factor of ~ss than 
three between the charged pCMBS and the ~ss 
polar pCMB. The changes in k~ are much more 
~riking ~nce FMA requires 20 min of incubation 
at 37°C in order to produce inhibition whereas 
HgCI~ inhibition is complete within 5-15 min ~t 
room ~mperature. This suggests that a profound 
rearrangement of the protein is needed to accom- 
modate the bulky molecu~s that cont~n aromat~ 
rings. The very long reaction times indicate that 
the path between the native and fin~ configura- 
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tion is long and tortuous for these aromatic mole- 
cules, but it is very much shorter for HgC12. The 
fact that k 1 for pCMBS is slower by a factor of 
three than k~ for pCMB sugges~ that the path 
leads through a hydrophobic region. Kopito and 
Lodish [16] suggest that there are twdve a-hdical 
segmen~ in band 3 that span the membrane and 
that polar faces on five or more of these helices 
act cooperatively to form a channd (see also 
Solomon et al. [5]). Such an ordered structure 
might have great difficulty in accommodating a 
pCMBS molecule. 

Urea f lux inhibition ~te  
Sh~afi and F o n ~ o n  [3] used polyacrylamide 

gel electrophorers to study the locus of ~4C-pCMB 
binding in red cells that had been treated with 
N-e thylm~omid~ iodoacetamide and mersMyl to 
block many of the membrane SH groups. After 30 
min incubation with 1 mM pCMB at room tem- 
perature, the predominant ~4C peak was found at 
the band 3 position. Solomon et ~. [5] obt~ned 
rmilar  resul~ for 2°3Hg-pCMBS binding to 
N-e th~m~dmid~t rea ted  ghosts that had been 
~eated with 0.1 mM pCMBS for 2 rain at 0°C. 
They found a predominant peak at the band 3 
location, but ~so reposed a peak at band 4.5 that 
contorted up to 30% of the number of band 3 
rites. At the time these experiments were don~ we 
did not know the kinetics of the pCMBS reaction 
and thought that this peak represented binding to 
the water inhibition rite. The data in Tab~ I for a 
pCMBS concentration of 0.1 mM show that z for 
the water inhibition rite is 94 rain at room temper- 
ature and that for urea is 0.5 min. Thus there 
would have been no pCMBS reaction with the 
water rite and the urea rite would be ~ss than h~ f  
fil~d, depending upon the ~mperature coeffident 
for the binding reaction. Toon et ~. [7] computed 
that 105-106 urea channds are required to accom- 
modate the observed red cell urea flux and pointed 
out that bands 3 and 4.5 are the only integr~ red 
call membrane proteins which contain a sulfhydryl 
group and are present in sufficient number. 

Fig. 9 shows a Scatchard plot of our 2°3Hg- 
pCMBS binding data (Lukacovi~ unpublished 
data) fitted by non-~near least squares to a two 
site modal. The high-affinity rite has Ka = (1.3 ± 
7.6)- 10 ~ M and the number of r ~ s ,  N~ = (0.8 ± 

SCATCHARD PLOT FOR pCMBS BINDING TO NEM-TREATED GHOSTS 
3E 

~ 2~ 

~ ~c 

~ i  

~ ~6- ~ ~ 
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Fig. 9. Scatchard plot for 2°3Hg-pCMBS binding to N-ethyl- 
maleimide-treated rese~ed ghosts. Ghos~ were ~ea~d with 2 
mM N-ethylm~dmide (NEM) in phosphate-buffered saline 
(0.15 M NaCI, 0.005 M Na2HPO 4, pH 7.5) for 1 h at 25°C 
and then incubated with &l mM 2°3Hg-pCMBS for 2 rain at 
0°C. Ghos~ were washed thrice in phosphate-buffered saline 
containing 2 mM N-ethylm~mide (20 vol~L The data were 
fitted by non-linear ~ast squares to a two fi~ Sca~hard 
equation with the number of rites/cell of the high affinity rite, 
N 1 = (0.8±0.2).106 and affinity, K~ = 1 3 ± 7 ~  ~M. For the 
low affinity rite, N2 = (30±10).106 and K 2 = 5 ± 3  mM. Al- 
though the fit appears to be qui~ good by eye the errors are 
very hrge, probably because the high-affinity fi~ binding 
curve is so stee~ 

0.2). 106/cell. In view of the very large error~ 
these data are c o n r ~ e n t  with the characteristics 
of the urea ~ansport inhibition sit~ as given in 
Table I. There should have been essentially no 
binding to the water ~anspo~ inhibition rite in 
this sho~ time, so that Fig. 9 contains no informa- 
tion about the locus of this rite and we can asrgn  
the primary gel e lec~ophorers  peaks at band 3 to 
the urea inhibition rite. 

The urea transport inhibition rite binds pCMB 
and pCMBS very tightly with Ki.ap p of approx. 
10-7 M and discriminates in favor of the charged 
pCMBS by a factor of rix. The aromatic compo- 
nent clearly favors binding rn ce  Ki, av p for HgCI z 
is larger by two or more orders of magnitude than 
that of the aromatic mercurials. These require- 
ments are reminiscent of those for binding of the 
stilbene anion transpo~ inhibitors to band 3 which 
are favored by charged sulfonates and aromatic 
tings. The binding constants are just about as 
tight, ~nce K~,ap p for DBDS binding to band 3, 



#ven by Smith and Dix [25] is 1.3 #M, within an 
order of magnitude of that for pCMBS binding to 
the urea transport inhibition ~te. 

The rearrangemen~ required to accommodate 
the mercufiM sulfhydryl reagents can be achieved 
more readily by this ~te than the water ~anspo~ 
inhibition ~m ~nce k I ~ fasmr by one to two 
orders of magnitude. The pathway probably leads 
through a hydrophi~c en¼ronment ~nce pCMBS 
reacts much more rapidly than pCMB. These 
observations would be confi~ent with a binding 
site in a Mss con~rMned portion of the protein 
pos~bly in appofition to the exmrnM face of the 
membrane. 

Are ~ e  p C M B S  transpom ~h~ition binding Mtes on 
band 3? 

As has been discu~e& our experiments have 
been carried out under conditions in which the 
N-eth~mMdmide reaction ~ compl~¢ so that the 
~xth cryptic cysteine is the fin#e sulfhydryl avail- 
able on band 3 to accommodate the two disfin~ 
binding ~tes described above. This remMning cy- 
stein¢ at re~due 498, has been placed by Jay and 
Canfley ~3] just in~de the membrane on the 
ex~acdlular face. 

The most ~kdy candidate to occupy this place 
is DTNB, rather than ~ther pCMBS (water trans- 
port or urea transport inhibition ~te). The gd 
dectrophorefis pat~rn of Brown et ~. [~ shows a 
~n~e prominent peak for laC-DTNB at band 3 
and no other peak in N-ethylmM~mid~ and 
iodoac~amide-treamd red call ghosts. Toon et M. 
[7] assayed DTNB binding by spe~rophotometric 
de~rmination of the colored reaction produ~ and 
found that there was covMent DTNB binding to 
band 3 at a ratio of 1.1 ± 0.2 DTNB fi~s to band 
3 rites and that the ~te was saturamd when the 
DTNB content equalled the band 3 contenL which 
is normally in the #molar concentration range. 
Presence of the reaction product proves that reac- 
tion took place with a sulfhydr~ group. Although 
it is posfible that the agreement b~ween the num- 
ber of binding ~tes and the number of copies of 
band 3 ~ fo~uitous, the observation of Toon ~ M. 
[7] that DTNB binding affects the kinetics of the 
DBDS/band 3 reaction makes the argument that 
DTNB binds to a cysteine on band 3 extremdy 
s~on~ 
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DTNB occupation of the covMent Mte appears 
to have no ef~ct on the pCMBS inhibitabM ~an~ 
po~ processes Toon ~ M. [7] found no inhibition 
of water ~ansport in the ~molar concen~ation 
rang~ confirming the findings of Benga [3~, 
Macey [9], Brahm [31] and others. Fu~hermore, 
Toon et M. [7] showed that covMent binding of 
DTNB did not inter~re with the ncrmM pCMBS 
inhibition of wa~r ~anspo~ and we have found 
(data not shown) that the same is true for the urea 
inhibiticn si~. This means that lh~re is a DTNB 
~te, loca~d on band 3 by gd eMc~ophore~s, that 
is dif~rent from tither the wa~r or urea transpo~ 
inhibition ~ s .  

This argument Laves no sulfhydryl groups 
avMMble for the pCMBS binding lo the wa~r and 
mea ~anspo~ inhibition ~ s .  It fo~ows that: 
~ther the two pCMBS binding rites are not sulf- 
hydryl groups or they are not on band 3. Although 
organic mercuriM compounds are generM~ con- 
fidered to be spedfic reagen~ for sulfhydr~ groups 
in protons, this ~ not necessarily the only reaction 
~te (Liu [44~. A good example is the spedfic 
binding of pCMBS to crystalline sperm whMe 
myo#obim which contMns no sulfhydryl groups 
(Watson et M. ~5]). 

The gd dec~ophores~ pattern of Solomon et 
M. [5] pro~des a ~tong argument for placing the 
pCMBS urea transpo~ inhibition rite on band 3, a 
finding which agrees with the condufions from 
the gd dec~ophorefis data of Sh~afi and F~n- 
stun [3] which showed the pCMB peak to be 
located on band 3. This condu~on is supposed 
by the dose relationships b~ween the pCMBS/ 
urea-transport-inhibition ~te and the stilben~in- 
hibitor/band 3 sys~m, which shows that the two 
~tes are closely rdated in space. 

Lo#c would dictate that the urea inhibition M~ 
~ on band 3, but is not a sulfhydryl group. The 
binding reaction would appear to be a chemicM 
reaction, fince binding ~ relativdy tight and there 
is a reasonable senfifi~ty to the chemicM nature 
of the mercuriM figand. As we have discussed 
abov~ the fact that pCMBS binding to the urea 
inhibition ~ can not be reve~ed by cysteine is 
not a proof that a sulfhydryl group is not in- 
voNed, but rather a reflection of a conformation 
change that moves the mercuriM into an en~ron- 
ment that can not easily be reached by cysteine. 
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Locafization of  the water transport  inhibition 
site presents a more difficult problem because 
the~e are no gds  which demonsva te  pCMBS bi- 
nding to such a rite on band 3, just as there are no 
sulfhydryl groups r em~n ing  to which the pCMBS 
could bind. The e~dence  that the water ~ a n s p o ~  
inhibition site is coup~d ,  in the m o d u h f i o n  sens~ 
to the anion and urea v a n s p o ~  processes is very 
strong and has been ~ v e n  above. The only experi- 
ments which localize the f i~  spat i~ly are those 
with D C M B T  which place the water inhibition 
rite within about  12 ~ of the anion ~ a n s p o a  
inhibition rite. Our e~dence  [5] ~ s o  i n d ~ a ~ s  that 
the water inhibition f i ~  is in a de f t  or c h a n n d  in 
the membrane  and that the rite is e x ~ r n ~  to the 
anion ~ a n s p o ~  f i ~  fince anion ~anspor t  inhibi- 
tors which inhibit entrance of pCMBS into the cell 
do  ~ot inhibit pCMBS inhibition ~f water trans- 
port. The observation that cysteine reverses bind- 
ing to this site s ~ o n ~ y  sugges~ that the water 
~ a n s p o ~  inhibition is governed by a su l fhydr~ 
reaction. 

If  this is the case, it follows that the probable 
locus for the water trnasport  inhibition f i~  is on 
another protein, c o m p ~ x e d  with band 3. Solomon 
et ~ .  [5] have c o m p u ~ d  that 2 .7-105 aqueous 
pores are required to account  for the red cell 
membrane  water flux - a figure that agrees rea- 
s o n a b ~  well with the 6 .105  copies of  the band 3 
dimer. As p re¼ou~y  discussed, there are only two 
integr~ membrane  p ro t ons  present in c o m p a r a b ~  
a m o u n t :  glycophofin,  which has been sequenced 
and found to c o n t ~ n  no sulfhydryl groups [46] 
and band 4.5, the glucose ~ a n s p o ~  p r o t ~  which 
Shd ton  and Langdon [47] report to be present in 
approx. 3 .105  c o p e s / c a l l .  In ~e w  of the unce~ 
t ~ n t y  in the estimates of the band  4.5 content (see 
Re~.  48 and 49) and the possibility that band  3 
may be present as a te~amer  rather than a dimer 
[50,51] no c o n ~ n ~ n g  argument  can be based on 
the stoichiometry. Band 4.5 has been sequenced 
by Mueck~r  et ~.  [52], whose preliminary m o d ~  
shows two of the fix cysteine refidues to be locamd 
at or near the outride surface. D e ~ d  et ~ .  [53] 
have found that N - e t h y l m ~ m i d e  rea~s  with five 
su l fhydr~ groups on band 4.5. The finding that 
only one of these can ~so  react with pCMBS in 
situ is used to localize the pCMBS-reactive group 
to the outride of  the call. This may be presumed to 

be the extraceHular pCMBS rite, cryptic to N-eth- 
ylmaleimide, which Batt et al. [54] have found to 
inhibit some fraction of  the net glucose efflux. 
Furthermore,  Canu thers  and Mdch io r  [55~6] have 
shown that reconstitution of  band 4.5 into un- 
~amellar hpid veficles provides a fignificant in- 
crease in water permeabi~ty. These confiderations 
mean that band  4.5 is a viable candidate for the 
water transport  inhibition rite, but resolution of 
this question must  await fu~her  expef imen~ in 
reconstituted band 3 and band 4.5 vef ide~ 
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