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The wide range of transport rates for anions of differing chemical structure by the human erythrocyte anion transport
protein (Band 3 protein) suggests that this protein is highly selective for anions that chemically resembie its natural
substrate bicarbonate. To test this hypothesis, the influx of bisulfite (HSO;" ), a bicarbonate analog, was compared to
influxes of chioride, sulfate, and bicarbonate, as measured by the technique of colloid osmotic lysis in isotonic
ammonium sait solution. The lysis time induced in chloride solution (> 10 min) was markedly accelerated to 0.6 min by
theaddiﬁonofsnnﬂamoums(SmM)ocharhomte,aneffectcharacteristicoicolloidmodclysisindueedbythe
anion transport pathway. Lysis in bicarbonate solution was extremely rapid (0.09 min), and was markedly inhibited by
acetazolamide (2.9 min). Lysis in bisulfite solution occurred spontaneously (2.2 min) but was markedly accelerated to a
time similar to that of chloride (0.56 min) by addition of 5 mM bicarbonate. In contrast, sulfate induced lysis was
extremely slow (< 10% lysis at 40 min in the presence of bicarbonate). Preincubation of erythrocytes with SITS, an
inhiblmrofmionexchlnge,preventedIys!sbydﬂoﬁde,bulhadnoeﬁedonlysisbybiurbomte.imliuﬁnglhﬂlysls
wmmmmuywaﬂmwmmmmsmmdmmm
the catalytic effect of bicarbonate during lysis by bisulfite, indicating that anion transport of bisulfite and diffusion of
the conjugate acid in the form of SO, both contribute to the total membrane flux. When the contribution of diffusion is
taken into account, the rate of bisulfite influx through the anion exchange pathway is at least 100-fold faster than that
for sulfate.

Introduction In the present study, we test this hypothesis by using

the technique of colloid osmotic lysis to compare the

The anion transport protein (Band 3) is responsible
for the extremely rapid. electrically neutral transmem-
brane exchange of C1~ for HCO; 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., SOZ")
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.

Abbreviations: S.E., standard error of the mean: SITS. 4-acetamido-
4’-isothiocyanatostilbene-2,2'-disulfonic acid.
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influx of bisulfite (HSO,), a chemical analog of bi-
carbonate, to that of HCO; and Cl-, as well as to the
dissimilar anion SO? .

Methods

Osmotic lysis solutions. NH HSO, was prepared by
combining 1.0 M H,S0, and 5 M NH ,OH 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,HCO,, 179
mM., osmolarity 297 mosM (pH 7.80); NH,Cl, 150 mM,
osmolarity 298 mosM (pH 7.11); (NH,),S0,, 140 mM,
osmolarity 301 mosM (pH 7.14); NaHSO,, 160 mM,
osmolarity 323 mosM (pH 7.11). The pH values were
adjusted with NH,OH 10 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, to
minimize the oxidation of bisulfite to sulfate and to
remove dissolved CO,. The csmolarities were measured
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on an Osmettc S freezing point depression osmometer.
The pH values were measured on a Corning 130 pH
meter foliowing deoxyyenation.

Erythrocyte prepuration. Fresh erythrocytes were pre-
pared from whole blood oviamied from aduit voiunteer
donors by washing twice ir 150 mM NaCl, to remove
the plasma and buffy coat. The crythrocytes were then
resuspended to a packed cel ~olume of 10% in 150 mM
NaCl. The suspensions wc:i incubated for 30 min at
37°C under air passed through an alkali trap to remove
CO,. Two mM acetazolamide were then added to some
cell suspensions. All suspensions were then de-
oxygenated by incubation under N, for 30 min with
agitation in order to minimize any seduction of oxyhe-
moglobin by bisulfite during the experiments and re-
duce residual CO,. 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 ul erythrocytes in $ ml of each
lysis solution, with a blank consisting of a hemolysate
prepared by the addition of 20 ul deoxygenated
erythrocytes to 5 ml H,O. This optical frequoncy 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
tight path. Absorbence vs. time curves were recorded on
a Linear X-Y recorder for 10 min or longer. For some
studies, 5 mM NH_ HCO, was added, and in some
studies 1-2 mM SITS (4-acetamido-4’-isothiocyanato-
stilbene-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 lysis solutions
were unaffected by the addition of 5 mM HCO; . 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, which dif-
fuses across the membrane [2]. In the absence of net
anion flow into the cell, the NH; influx would be
limited due to charge neutrality since virtually all anion
transport is a 1:1 transmembrane exchange {3}. Thus,
exchange of an extracellular anion for intracellular C1~
(or other anion) results in no net influx of solute. If an
anion, such as HCO; is capable of crossing the mem-
brane in neutral, undissociated acid form, such as CO,,
then hemolysis will occur. Alternatively, when an anion
does not penetrate the membrane in undissociated form,
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Fig. 1. Colloid osmotic lysis of ervthrocytes suspended in isotonic
NH,Cl and (NH,),SO, solutions. The time to 50% lysis in ClI™
solution (C; 30 min} is accelerated 50-fold by the addition of 5 mM
HCO; (o; 0.60+0.11 min). No significant lysis is observed in
SO /5 mM HCOy solution (a). Except as noted in the text, each
curve represents the meaa + S.E. of three to four determinations.

net anion movement can be induced when catalytic
amounts of HCO; are present [4]. This occurs because
the inflowing anion may be exchanged through the
anion transport channel for intracellular HCO; , which
may then diffuse back across the membrane as CO, and
be reconverted to HCO; . At a given pH and HCO;
concentration, this latter 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 NH,Cl solution at pH
7.1. In the absence of added HCO; , only 17% hemoly-
sis occurs by 10 min, and the 50% lysis point is not
reached until 30 min. However, with the addition of §
mM HCO;, hemolysis is accelerated approx. 50-fold,
50 that the SO% hemolysis point is reached at 0.60 + 0.1
(8.E.) min,

Because H,SO, 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 ClI~ [6].
When the colloid osmotic lysis was measured for
(NH,),S0, in the presence of 5 mM HCO; (Fig. 1), no
measurable hemolysis was observed after 10 min. When
the observation time was extended to 40 min, < 10%
hemolysis occurred. Therefore, under these conditions
SO2- transport is more than 160-fold slower than C1-
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 cffect of inhibition of erythrocyte carbonic anhydrase on

colloid osmotic lysis. The 50% lysis ume in isotonic NH,HCO,

solution {A; 0.09 + 0.02 m:n) is prolonged 30-fold by preincubation of

erythrocytes in 2 mM acetazolamide (a; 2.9140.02 min). Lysis of

acetazolamide-treated erythrocytes in C1~ solution with 5 mM HCO,
(®) is only 37% complete by 10 min.

colloid osmotic lysis technique cannot directly compare
the rates of CI~ to HCO; influx, due to the role of
HCO; exchange in catalyzing C1~ induced lysis, this
technique can be used to explore the contributions of
diffusion and anion transport to HCO, induced lysis
and the role for intracellular carbonic anhydrase in this
process. The colloid osmotic lysis for erythrocytes in
NH _ HCO, solution (Fig. 2) was found to he extremely
rapid (50% at 0.09 + 0.02 min). 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,. 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 time to 2.9] +
0.02 min. Therefore, the action of carbonic anhydrase in
accelerating the conversion of CO, to HCO; is to allow
faster accumulation of bicarbonate, probably by reduc-
ing back diffusion of CO,. In ClI~ solutions acetazola-
mide may be expected to retard HCO, catalyzed lysis
because the generation from CO, of the intracellular
HCOy required for C1- accumuiation will be delayed.
Fig. 2 confirms that CI"/HCO; induced lysis in
acetazolamide treated erythrocytes is only about 37%
complete after 10 min incubation (single determination),
compared to the 50% lysis time of 0.60 min (Fig. 1) in
the absence of acetazolamide.

Fig. 3 depicts the colloid osmotic lysis times for
erythrocytes suspended in bisulfite solutions. Unlike
Cl7, in the absence of HCO,; hemolysis occurred read-
ily for NH_HSO,, with a 50% hemolysis point of 2.19 1.
0.03 min. Becausc bisulfite is potentially a reducing
agent, we sought to determine whether hemolysis might
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Fig. 3. Colloid osmotic lysis in isctonic sulfite solutions. The 50% lysis
times are; NH,/HSO, (O), 2.19 £ 0.03 min; NH,HSO, +5 mM HCO;
(©). 0.56 + 0.03 min; NH (HSO; + 2 mM acetazolamide (@), 2.36 + 0.07
min. No hemolysis was observed in NaHSO, solution (O).

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, solu-
tion, indicating that bisulfite did not induce hemolysis
by chemical action on the membrane. Therefore, the
lysis in NH HSO, solution indicates that either minute
quantities of HCO; are present and acting to catalyze
transport induced hemolysis or that there is substantial
diffusion of this compound as the conjugate frec acid
SO,. For the acetazolamide treated erythrocytes in
NH_HSO,; solution, the 50% hemolysis time of 2.36 +
0.07 min was similar to that for untreated erythrocytes,
suggesting that trace quantities of HCOy are not in-
volved in the bisulfite-induced lysis. However, Fig. 3
also shows that the S0% lysis time for untreated
erythrocytes in NH,/HSO, solution was markedly shor-
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Fig. 4. Colioid osmotic lysis in erythrocyies pretreated with 1 mM
SITS to inhibit anion transport. NH,HCO, (a), 0.08 £0.03 min;
NH,HCO, +2 mM acetazolamide (), 2.73£0.22 min; NH,HSO,
(@), 2.26 £0.64 min; NH,HSO, +5 mM HCO; (dashed line), 2.7
min. No lysis is observed in NH ,Cl solution (0).



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, HCO; induced bisulfite lysis is essen.
tially 100% complete by 1.3 min, 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 bisulfite fiux, colloid
osmotic lysis studies were carried out in erythrocytes
treated with SITS, a potent inhibitor of anion transport
[1). As shown in Fig. 4, no hemolysis was observed for
erythrocytes suspended in NH,Cl solution because in-
flux of this compound is limited to anion transport. In
contrast, hemolysis in NH,HCO, solution was ex-
tremely rapid (0.08 + 0.03 min), 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 CO, and not by anion transport.
This observation is consistent with the role for HCO,
in catalyzing hemolysis induced by other anions, be-
cause the net movement of anions into the cell is ot
supported by the anion transport pathway - hence. no
matter how rapid the anion transport is for bicarborate,
it does not result in the accumulation of NH,HCO, by
the cell. The SO% hemolysis time in NH,HSO, solution
was 2.26 + 0.04 min, a rate nearly identical to that
observed in the absence of SITS. Moreover, the 50%
lysis time in the presence of 5 mM HCO; was 2.7 mun
(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.

Discussion

Like HCO, , HSC, is the monodissociated form of
a volatile acid (sulfurous acid, H,80,), whose anhydride
(S8O,) is gaseous and is extremely soluble in water. The
fully dissociated form sulfite (SO7™) bears a resem-
blance to carbonate (CO:?™):

pK 6.3 pk 102

CO, + H,0 = H,CO, HCO, +H* COi +2H!

pK 1R pK69

SO, + H,0 = H,S0, HSO; +H"* SO +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. However there are hittle
data in the literature to indicate to what extent the
membrane transport of these compounds is analogous.
Deuticke [8] has studied the effects of substitution of
sulfite for C17 in phosphate influx studies, and found
that this substitution enhances phosphate influx, al-
though this effect was alsc observed when Cl™ 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::y effect was considerably
more pronounced than for sulfate.

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

Our colloid osmotic 'ysis studies show that hemolysis
in NH HSO, is extremely rapid compared to that for
(NH,),80,. 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 hemoiysis 10 occur. Hemolysis is not due to a
chemical attack on the membrane by HSO; /S0,, be-
cause lysis was not observed in NaHSO, solutions,
Studies with the anion exchange inhibitor SITS indicate
that diffusion of neutral CO, provides the major path-
way for the extremely rapid hemolysis in NH,HCO,
solution. Similar to HCO; , 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,. However, it would be
extremely difficult to use these lysis times to compare
diffusion rates for 8O, and CO, for several reasons.
First, at any given pH and bisulfite concentration the
free SO, concentration is considerably lower than that
expected for CO, at equivalent bicarbonate concentra-
tion, because the pK for H,SO, dissociation (1.8) is
much lower than that for H,CO, dissociation (6.3).
Second, the 1clative permeabilities of the membrane to
these two substances are not known. Third, although
the equilibrium concentrations of SO, and CO, can be
predicted from the Henderson-Hasselbalch equation,
the relative rates of interconversion between SO, and
HSO; and between CO, and HCO; are not known.
As these experiments have shown, the action of carbonic
anhydrase 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 inhibiticn of lysis in HSO;  solution for
acetazolamide-treated erythrocytes, but we have ob-
served such inhibition at lower pH values where the
equilibrium SO, concentration is expected to be higher.
Further experimentation may determine whether HSO;
acts as a substrate for carbouic anhvdrase.

The rate of he.nolysis in HSO; solution at pH 7.1
((50% lysis time)~!, 0.46 min~') in the absence of
HCO; is proportional to the rate of diffusion of SO,,
whereas the rate of hemolysis in the presence of HCO;
(1.79 min ') is proportional to the sum of the rate of
diffusion and the rate of HSO;-HCO; exchange
through the transport pathway. Therefore, in the pres-
ence of bicarbonate, the contribution of transport to the
hemolysis rate is 1.33 min~', or 74% of the net flux of
this compound. This rate is of a similar magnitude to
that found for Cl~ (50% lysis rate, 1.67 min~ '), at at
least 100-fold faster than that for sulfate, where < 10%
lysis occurred after 40 min.

Aubert and Motais [10] in their study of the irans-
port of organic anions have postulated that a strategic
three-oxygen atom attachment occurs between the an-
ion and the transport site, although their siudies gener-
ally involved oxygen atoms belonging to neighboring
anion centers in a given molecule. In our comparison of
the wransport rates for a series of phosphorous oxyacis
[11), we found that phosphite (HPO?™) 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 hypophosphite
(H,PO;) 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 phosphite
and bicarbonate is limited in that bicarbonate has a
planar structure, while the structure of phosphite is
more nearly tetrahedral [12]. Moreover, the phosphite
proton is covalently bonded to pentavalent phosphorus,

while the hicarhonate proton is not directly bonded to
its carbon. In the present study we find tha! 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 ithe preferred chemical
structure for transport. Interestingly, there is an aspect
of bisulfite chemistry that bridges bicarbonate and
phosphite. Horner and Connick {13] have shown using
"0-NMR spectroscopy that bisulfite exists at room
temperature in aqueous solution as an equilibrium be-
tween two isomers, HSO; and SO,H". In the former
isomer, the hydrogen is directly bonded to sulfur (phos-
phite-like), while in the latter, the hydrogen is bonded
to oxygen (bicerbonate-like). It would be valuable to
know whether these two isomes's are handled differently
by the anion transporter,
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