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The wide range of transport rates for anions of differing chemical smu~ture by the human erythrocyle anion transport 
Iwotein (Band 3 protein) suggests that this protein is highly selective for anions that chemically resemlde its natural 
substrute bicarbonate. To test rids hypothesis, the influx of bisulflte (HSO~-), a bicarbonate analog, was compared to 
Influxes of chloride, sulfate, and ~ u i t e ,  as measured by the technique of colloid osnmtlc iysla In isotonic 
ammonium salt solution. Tbe lysts time induced In chloride solution ( ~ 10 min) was nuu'kedly aecdecated to 0.6 rain by 
the addition of small amounts (5 mM) of blcarlmnate, an effect characteristic of colloid osmotic lysis imlueed by the 
anjou transport pathway. Lysis in bicarbonate solution was extremely rapid (0.09 mln), and was a t ~  iahiblted by 
aeetazolmnk~ (2.9 min). Lysis in bisulflte solution occurred spontanemmly (2.2 mln) but was markedly accelerated to a 
time similar to/hat of chloride (0.56 mln) by addltkm of S mM bicarbonate. In contrast, sulfate imbeed lyds wss 
extremely slow (<  10% lysts at 40 mln in the ~ of b i ~ t e ) .  Preinculmtion o / e r y ~ t e 5  with SITS, an 
Inhibitor of anion e x ~  pcevented ly~ls by ddorlde, but had no effect on lysts by b i c a r b o J ~  indlcxtin8 that lysis 
by bicarbonate was pre4ombumdy ~ diffusion and not anion trxmpmt. SITS treatmmt el  wythmeyt~ dlmlwted 
the catalytic effect ol bieart~eutte dur iq lysk by bisulflte~ Jndltatth~ that anion transport of bisulflte and diffusioa d 
the coeJupte acid in the form of SO 2 boot contribute to the total membrme flux. When the contribution of diffusim is 
tldcen into Kcont ,  the rote of bisulfite influx tlwoullh the anion exchange pelhwuy is at least IO0-fokl faster than tlmt 
for sulfate. 

lnumlm'tioa 

The anion transport protein (Band 3) is responsible 
for the extremely rapid, electrically neutral transmem- 
brane exchange of CI- for HCOf in the respiratory 
cycle of the erythrocyte. Moreover, essentially all anion 
transport in the red cell is effected by the anion trans- 
port protein. This protein has a great deal of selectivity 
toward the chemical nature of the transported anion. 
For example, transport of divalent anions (e.g., SO~-) 
is about 100-times slower than that of monovalent 
anions of the same size (1-) [1]. Additionally, transport 
of smaller anions is favored over larger anions. We 
believe that the anion transporter is highly selective for 
anions that structurally resemble bicarbonate, the natu- 
ral substrate for this protein. 

Al~,vixtams: S.E,, standard error of the mean; SITS 4-acetamido- 
4'-~anatmtilbeabe-2,2',disul fonic acid. 

C o - - h O e :  RJ. Labotka, Department of Pediatrics (M/C ~6), 
INK) S. Wood St.. Chicago IL, 60612, U.SJL 

In the present study, we test this hypothesis by using 
the technique of colloid osmotic iysis to compare the 
influx of bisulfite (HSOf), a chemical analog of bi- 
carbonate, to that of HCO; and CI-, as well as to the 
dissimilar anion SO~-. 

Methods 

Osmotic iysL~ solutions. NH4HSO j was prepared by 
combining 1.0 M H2SO ~ and 5 M NH4OH in stoicheio. 
metric ratio. When diluted to isotonicity (297 mosM) 
this solution had a concentration of 180 mM and a pH 
of 7.11. Isotonic solutions of the following salts were 
prepared from reagent grade solids: NH,HCO3, 179 
raM, osmolarity 297 mosM (pH 7.80); NH,CI, 150 raM, 
osmolarity 298 mosM (pH 7.11); (NH4)2SO4, 140 raM, 
osmolarity 301 mosM (pH 7.14); NaHSO3, 160 raM, 
osmolarity 323 mosM (pH 7.11). The pH values were 
adjusted with NH4OH to 7.11-7.15 to match the pH of 
the bisulfite solution, and the salt concentrations were 
chosen to render the solutions approximately isotonic. 
Solutions were deoxygenated by bubbling with N 2 to 
minimize the oxidation of bisulfite to sulfate and to 
remove dissolved CO 2. The ¢~molarities were measured 
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on an Osmette S freezing point depression osmometer. 
The pH values were measured on a Coming 130 pH 
meter following deoxy~enation. 

Erythrocyte pre~,r.ztion. Fresh erythrocytes were pre- 
pared from whole blood ob~al1~t~l from adult voiunteer 
donors by washing twice ie 150 mM NaCI, to remove 
the plasma and huffy coat. The crythrocytes were then 
resuspended to a packed ce'A "~olume of 10% in 150 mM 
NaCI. The suspensions w~:~: incubated for 30 rain at 
37 *C under air passed through an alkali trap to remove 
CO 2. Two mM aoetazolamide were then added to some 
cell suspensions. AV suspensions were then de- 
oxygenated by incubation under N: for 30 rain with 
agitation in order to minimize any ,'eduction of oxyhe- 
moglobin by bisulfite during the experiments and re- 
duce residual CO 2. The cells were then packed by 
centrifugation and used immediately. 

Lysis times. Erythrocyte lysis was determined by 
measuring the change in the optical absorption at 700 
nM of suspensions of 20 ttl erythrocytes in 5 ml of each 
lysis solution, with a blank consisting of a hemolysate 
p ~ m r e d  by the addition of 20 /A! deoxygenated 
erythrocytes to 5 ml H20, This optical frequ,-ncy was 
chosen to minimize any absorption changes due to 
changes in the oxygenation state of hemoglobin during 
the course of the experiment. The spectrophotometer 
used was a Sequoia-Turner model 330, with a 10 mm 
light path, Absorbence vs. time curves were recorded on 
a Linear X-Y recorder for 10 nun or longer. For some 
studies, 5 mM NH4HCO3 was added, and in some 
studies 1-2 mM SITS (4-acetamido-4'-isothiocyanato- 
stiibene-2,2'-disulfonic acid) was added to the lysis solu- 
tions and the packed erythrocytes prior to the initiation 
of the experiment. The pH values of the ly~is solutions 
were unaffected by the addition of 5 mM HCO3-. The 
delay time between mixing and initiation of recording 
of hemolysis was typically 3-4. Except as noted, each 
result reported represents the mean ± S.E. of three to 
four determinations. 

Renults 

The colloid osmotic lysis technique measures hemoly- 
sis produced when water accompanies the net flow of 
solutes into the cell. Although the cation NH~ is imper- 
meant, it readily dissociates to neutral NH 3 which dif- 
fuses across the membrane [2]. In the absence of net 
anion flow into the cell, the NH~" influx would be 
fimited due to charge neutrality since virtually all anion 
transport is a 1:1 transmembrane exchange [3], Thus, 
exchange of an extracellular anion for intracellular CI- 
(or other an/on) results in no net influx o1" solute. If an 
anion, such as HCOf is capable of crossing the mem- 
brane in neutral, undissociated acid form, such as CO2, 
then hemolysis will occur. Alternatively, when an anion 
does not penetrate the membrane in undisa~ciated form, 
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Fig. 1. Colloid osmotic lysis of ¢rythrocytes suspended in isotonic 
NH4CI and (NH4)2SO 4 solutions The time to 50q[ lysis in CI- 
solution (C; 30 rain) is accelerated S0-fold by the addition of 5 mM 
HCO~- (o;  0.60+0.11 rain). No significant lysis is observed in 
SO~-/5 mM HCOf solution (A). Except as noted in the text, each 

curve represents the mean + S,E. of three to four determinations. 

net anion movement can be induced when catalytic 
amounts of HCOf are present [4]. This occurs because 
the inflowing anion may be exchanged through the 
anion transport channel for intracellular HCOf,  which 
may then diffuse back across the membrane as CO 2 and 
be reconverted to HCO~-. At a given pH and HCOf 
concentration, this latte~ mechanism results in hemoly- 
sis at a rate which is proportional to the transport rate 
of the anion by the Band 3 protein. 

Although Ci-  exchange by the Band 3 protein is 
extremely rapid, the net flow (permeability) across the 
membrane is five orders of magnitude lower [5], and 
therefore in the absence of HCO~- hemolysis is ex- 
pected to be quite slow. Fig. 1 depicts the colloid 
osmotic lysis rates for isotonic NH4CI solution at pH 
7.1. In the absence of added HCO~-, only 17% hemoly- 
sis occurs by 10 rain, and the 50% lysis point is not 
reached until 30 rain. However, with the addition of 5 
mM HCO; ,  hemolysis is accelerated approx. 50-fold, 
.so that the 50% hemolysis point is reached at 0.60 + 0.11 
(S.E.) min. 

Because H2SO 4 is an extremely strong acid, sulfate 
exists in essentially completely dissociated form SO~- 
at the pH region studied in this experiment (pH 7.1). 
Transport of this divalent anion has been reported to be 
four orders of magnitude slower than that for CI- [6]. 
When the colloid osmotic lysis was measured for 
(NH,) :SO 4 in the presence of 5 mM HCOf (Fig. 1), no 
measurable hemolysis was observed after 10 rain. When 
the observation time v, as extended to 40 rain, < 10~ 
hemolys;,s occurred. Therefore., under these conditions 
SO~- transport is more than 160-fold slower than CI- 
transport. 

HCO~ transport by the Band 3 protein has been 
reported to be faster than that of CI- [7]. While the 
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Fig. 2. The effect of inhibition of erythrocyte carbomc anhydrase on 
colloid osmotic |ys/s. The 50% iysis lime in isotomc NH,HCO~ 
solution (A; 0.09±0.02 rmn) is prolonged 30-fold by preincubation of 
erythrocytes in 2 mM acetazolamide (A; 2,91 ±0.02 rain). Lysis of 
acetazolamide-treated erythrocytes in CI- solution with 5 mM HCO.~ 

(O) is only 37% complete by 10 rain. 

colloid osmotic lysis technique cannot directly compare 
the rates of CI- to HCO3 influx, due to the role of 
HCO; exchange in catalyzing CI- induced lysis, this 
technique can be used to explore the contributions of 
diffusion and anion transport to HCO 3- induced lysis 
and the role for intracellular carbonic anhydrase in this 
process. The colloid osmotic lysis for erythrocytes in 
NH4HCO~ solution (Fig. 2).was found to be extremely 
rapid (50% at 0,09 :t 0.02 rain). Because anion transport 
in this system allows only the futile exchange of HCO~- 
for HCO; on opposite sides of the membrane, it is 
anticipated that HCO~--induced lysis will occur prim- 
arily by diffusion of CO 2. This hypothesis can be con- 
firmed through the use of anion exchange inhibitors as 
described later. Preincubation of the erythrocytes with 
acetazolamide to inhibit carbonic anhydrase resulted in 
a 30*fold prolongation of the 50% lysis lime to 2.91 =1: 
0.02 rain. Therefore, the action of carbonic anhydra~ in 
accelerating the conversion of CO 2 to HCO; is to allow 
faster accumulation of bicarbonate, probably by reduc- 
ing back diffusion of CO 2. In CI- solutions acetazola- 
mide may be expected to retard HCO~- catalyzed lysis 
because the generation from CO z of the intracellular 
HCO~- required for CI -  accumulation will be delayed. 
Fig. 2 confirms that CI- /HCO 3- induced lysis in 
acetazolamide treated erythrocytes is only about 37% 
complete after 10 min incubation (single determindtion), 
compared to the 50% lysis time of 0.60 rain (Fig. 1) in 
the absence of acetazolamide. 

FiB. 3 depicts the colloid osmotic lysis times for 
erythtocytes suspended in bisulfite solutions. Unlike 
CI-, in the absence of HCO3- hemolysis occurred read- 
ily for NH4HSO 3, with a 50% hemolysis point of 2.19:1: 
0.03 rain. Because bisulfite is potentially a reducing 
agent, we sought to determine whether hemolysis might 
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Fig. 3. Colloid osmo~;c lysis in isetonic sulfite solutions. The 50% lysis 
limes arc: NH4HSO ~ (Q), 2.19 ±0.03 rain; NH,0HSO 3 +5 mM HC'O; 
(o), 0.56 +0.03 min; NH4HSO~ + 2 mM acetazolam~de (11), 2.M).-t 0.07 

min. No hemolysis was ob.~rved in NaHSO~ solution (~) .  

be a result of chemical action of this compound on the 
membrane. If this is the case, such a mechanism would 
result in hemolysis even in the absence of a permeant 
cation. As Fig. 3 shows, no measurable hemolysis was 
observed for erythrocytes suspended in NaHSO 3 solu- 
tion, indicating that bisulfite did not induce hemolysis 
by chemical action on the membrane. Therefore, the 
lysis in NH 4 H$O:~ solulion indicates that either minute 
quantities of HCO; are present and actin 8 to catalyze 
transport induced hemolysis or that there is substantial 
diffusion of this compound as the conjugate free acid 
SO 2. For the acetazolamide treated erythrocytes in 
NH4HSO ~ solution, the 50% hemolysis time of 2.36 =l: 
0.07 rain was similar to that for untreated erythrocytes, 
suggesting that trace quantities of HCO~- are not in- 
volved in the bisulfite-induced tysis. However, Fig. 3 
also shows that the 50% lysis time for untreated 
erythrocytes in NH4HSO~ solution was markedly shor- 
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Fig. 4. Colloid osmotic lysi~ in ery~rocy~ prelrcatcd with 1 mM 
SITS to inhibit anion trazlsporl. NH4HCO ~ (~). 0.08±0.03 rain; 
NH4HC'O.j +2 mM acelazolamid¢ (A), 2.73±0.22 rain; NH4HSOj 
(D), 2.26±0.64 rain; NH4HSO~ +5 mM HCO~ (dadsed line), 2.7 

rain. No lysis is observed in NH4CI solution (o). 



tened to 0.56+0.03 min by the addition of 5 mM 
HCO~-. This marked acceleration of hemolysis indi- 
cates, therefore, that anion transport of bisulfite does 
occur. In fact, HCOf induced bisulfite lysis is essen- 
dally 100¢/, complete by 1.3 rain, a time at which 
diffusion mediated lysis is only 17~; complete. 

In order to confirm that bicarbonate-induced he- 
molysis occurs by diffusion and that both diffusion and 
transport contribute to the net bisuiiite flax, colloid 
osmotic lysis studies were carried out in erythrocytes 
treated with SITS, a potent inhibitor of anion transport 
[11. As shown in Fig. 4, no hemolysis was observed for 
erythrocytes suspended in NH4C! solution because in- 
flux of this compound is limited to anion transport. In 
contrasL hemolysis in NH,sHCO 3 solution was ex- 
tremely rapid (0.08 4-0.03 rain), and was inhibited to 
2.73 :!: 0.22 in acetazolamide-treated cells. These rates 
are essentially identical to those for bicarbonate influx 
in erythrocytes not pretreated with SITS and indicate 
that hemolysis for this compound is exclusively media- 
ted by diffusion of CO2 and not by anion transport. 
This observation is consistent with the role for HCO3~ 
in catalyzing hemolysis induced by other anion:;, be- 
cause the net movement of anions into the cell is riot 
supported by the anion transport pathway - hence, no 
matter how rapid the anion transport is for bicarbor.ate, 
it does not result in the accumulation of NH4HCO ~ by 
the cell. The 50~$ hemolysis time in NH4HSO 3 solution 
was 2.26 4. 0.04 mix, a rate nearly identical to th,,t 
observed in the absence of SITS. Moreover, the 50% 
lysis time in the presence of 5 mM HCOf was 2.7 .-'.an 
(single determination), slightly longer than in the ab- 
sence of bicarbonate. Therefore, inhibition of anion 
transport eliminates the catalytic effect of HCO.~ on 
bisulfite-induced hemolysis. The significance of the 
longer hemolysis time in the presence of 5 mM HCO; ° 
is uncertain. 

Disemsion 

Like HCOf,  HSO; is the monodissociated form of 
a volatile acid (sulfurous acid, H,,SO~ ), whose anhydride 
(SO 2) is gaseous and is extremely soluble in water. The 
fully dissociated form suifite (SO~-) bears a resem- 
blance to carbonate (CO~-): 

pK 6.3 pK 102 

CO 2+H20~H2CO~ HCO,- +H" CO.~ +2H* 

pK I .g pK 6 9 

SO2+H20~=~ H~SO 3 HSOf +H* SO z~ +2H ~ 

where the pK values are reported for titration by a 
strong base such as NaOH. The analogy between these 
two series is strengthened by their being isoelectronic 
and having similar chemical structure, each having three 
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oxygen atoms. Therefore bisulfite/suifite represents a 
potential chemical analog for the natural substrate for 
the anion exchange protein. Howexer there are little 
data in ~he literature to indicate to what extent the 
membrane tra,~sport of these compounds is analogous. 
Deuticke [8] has studied the effects of substitution of 
sulfite for Ci- in phosphate influx studms, and found 
that this substitution enhances phosphate influx, al- 
though this effect ,~,as Mso observed when CI- was 
substituted by other divalent anions such as sulfate, 
Becker and Duhm [9] have found that sulfite is similar 
to bicarbonate in promoting the anionic transport of 
cations, most notably Li ~. ~1 ~i~ effect was considerably 
more pronounced than for sulfate. 

There are few analytical methods available to study 
the transport of sulfite/bisuliite. ~2S lacks an NMR 
signal, and the potential volatility and diffusion of SO 2 
from the cell make studies with radiolabeled -~SSO2 
difficult. Moreover, sulfite is readily oxidized to sulfate. 
Colorimetric methods for sulfite delermination are 
available, bul aie aiso subject to losses due to volatility 
and oxidation. 

Our colloid osmotic !ysis studies show that hemolysis 
in NH4HSO.~ is extremely rapid compared to that for 
(NH4):SO 4, indicating thai the influx of the bi- 
carbonate-like anion is extremely rapid. Moreover, al- 
though hemolysis is accelerated by the addition of cata- 
lytic amounts of HCO; ,  this addition is not necessary 
for hemolysis to occur. He,~olysis is not due to a 
chemical attack on the membrane by H S O f / S O  2, be- 
cause lysis was not observed in NaHSO~ solutions. 
Studies with the anion exchange inhibitor SITS indicate 
that diffusion of neutral CO2 provides the major path- 
way for the extremely rapid hemolysis in NH4HCO 3 
solution. Similar to HCOf ,  lysis does occur in HSO~- 
solution for SITS treated erythrocytes at rates similar To 
untreated erythrocytes. Therefore, in the absence of 
bicarbonate, hemolysis is the result of diffusion across 
the membrane as neutral SO 2 . However, it would be 
extremely difficu!t to use these lysis times to compare 
diffusion rates for SO 2 and CO 2 for several reasons. 
First, at any given pH and bisulfite concentration the 
free SO 2 concentration is considerably lower than that 
expected for CO 2 at equivalent bicarbonate concentra- 
tion, because the pK for H2SO 3 dissociation (1.8) is 
much lower than that for H2CO.~ dissociation (6.3). 
Second, the relative permeabilities of the membrane to 
these two substances are not known. Third, although 
the equilibrium concentrations of SO 2 and CO 2 can be 
predicted from the Henderson-Hasselbalch equation, 
the relative rates of interconversion between SO z and 
HSO 3- and between CO2 and HCO~ are not known. 
As these experiments have shown, the action of carbonic 
anhydra~e in catalyzing this interconversion for HCO~" 
profoundly affects the lysis times for this compound, 
However, it is not clear whether this enzyme has similar 
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activity toward HSO~. In the experiment of Fig. 3, 
there is no clear inhibition of lysis in HSOf  solution for 
acetazolamide-treated erythrocytes, but we have ob- 
served such inhibition at lower pH values where the 
equilibrium SO 2 concentration is expected to be higher. 
Further experimentation may determine whether HSO3 
acts as a subs'.rate for carboL~ic anhvdrase. 

The rate of ht, molysis in HSOf solution at pH 7.1 
((50¢$ lysis time) -1, 0.46 rain - t )  in the ab~nce of 
HCO~ is proportional to the rate of diffusion of SO 2, 
whereas the rate of hemolysis in the presence of HCO 3 
(1.79 rain-t)  is proportional to the sum of the rate of 
diffusion and the rate of H S O f - H C O f  exchange 
through the transport pathway. Therefore, in the pres- 
ence of bicarbonate, the contribution of transport to the 
hemolysis rate is 1.33 rain-1 or 745 of the net flux of 
this compound. This rate is of a similar magnitude to 
that found for CI- (50% lysis rate, 1.67 rain-~), at at 
least 100-fold faster than that for sulfate, where < 10% 
lysis occurred after 40 rain. 

Aubert and Motais [10] in their study of the trans- 
port of organic anions have postulated that a strategic 
three-oxygen atom attachment occurs between the an- 
ion and the transnort site, although their studies gener- 
ally involved oxygen atoms belonging to neighboring 
anion centers in a given molecule, in our comparison of 
the Lransport r_ates for a series of phosphorous oxyacitis 
1111, we found ~hat phosphite (HPO 2-)  influx was 
300-fold faster than phosphate influx at pH 7, although 
phosphite is a stronger acid (pK 6.4) than phosphate 
and therefore expected to exist to a higher degree in 
diionized form. The significance of the three-oxygen, 
bicarbonate-like anion center in transport was further 
born out by our observation that hypophosph~te 
(H2POf)  influx was actually slower that of phosphite, 
although hypophosphite has only two oxygens and hence 
has a lower molecular weight. 

However, the chemical analogy between phospifite 
and bicarbonate is limited in that bicarbonate has a 
planar structure, while the structure of phosphite is 
more nearly tetrahedral [121. Moreover, the phosphite 
proton is covalently bonded to pentavalent phosphorus, 

while the bicarbonate proton is not directly bonded to 
its carbon. In the present study we find thaz the anion 
transport of the bicarbonate-like HSO~ is at least two 
orders of magnitude faster than the phosphate.like 
SO~-. The disparity in influx rates between sulfate and 
bisulfite further strengthens the hypothesis that the 
three-oxygen anion center is abe preferred chemical 
structure for transport. Interestingly, there is an aspect 
of bisulfite chemistry that bridges bicarbonate and 
phosphite. Homer and Conniek [13] have shown using 
170-NMR spectroscopy that bisulfite e~Jsts at room 
temperature in aqueous solution as an equilibrium be- 
tween two isomers, HSO3- and SO3H-. In the former 
isomer, the hydrogen is directly bonded ~o sulfur (phos- 
phite-like), while in the latter, the hydrogen is bonded 
lo oxygen (bicexbonate-like), It would be val.,mble to 
know whether these two isomeb s are handled differently 
by the anion transporter. 

Acknowledgment 

This work was supported by Grant No. R01 DK3577q 
from the National Institutes of Health. 

References 

1 Knauf, P.A. (1979) Curt. Top. Membr. Transp. 12, 249-363, 
2 Jacobs, M.H. (1924) Am. J, Physiol. 68, 134-135. 
3 Tosteson, D.C. (1959) Acta Physiol..~and. 46, 19-4!. 
4 Cousin, 7.L., Motais, R. and Sola, F. (1975) J. Physiot. (London) 

253, 385-399. 
5 Hunter, J.M. (1977) J. Physiol. (London) 268, 35-49. 
6 Schnell, KF., Gerhardt, S. and Scheppe°Fredenberg, A. (1977) J. 

Memhr. El~ol. 30, 319-350. 
7 Dcutlck¢, El. (1970) Naturwissenschaften t~7, 172-179. 
8 [",cuucke, El. (1977) Rev. Physiol. Biochem. Pharmacol. 78, 1-97. 
~) Becker, B.F. and Durra, J. (1978) J. Physiol. (London) 282, 

149-168. 
10 Aubert, L. and Motais, R. (1975) J. Physiol. (London) 246, 

159-179. 
11 Labotka, RJ. and Omachi, A. (1987) J. Biol. Chem. 262, 305-311, 
12 Van Wazer, J.R. (1958) Phosphorus and its Compounds. Vol. 1, p. 

375, lnterscience, New York. 
13 Homer, D.A. and Connick, R.E. (1986) lnorg. Chem. 25, 

2414-2417. 


