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Source of Transport Site Asymmetry in the Band 3 Anion Exchange Protein
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ABSTRACT. Flux measurements indicate that a far greater number of unloaded band 3 anion transport sites
face the cytoplasm than face the external medium, but the reason for this striking asymmetry has remained
obscure. To resolve this question, we have measured the appareatffi@ity of the transport site of
human red blood cell band 3 protein under various conditions by analyzirfgGhBIMR free induction

decay (FID). The [CI] that half-saturates the transport sites with]& [Cl.] (K12) in RBC membranes
(ghosts) is 46t 5 mM at OC, while theK°;, (for half-saturation with [Gf] at constant [G]) of intact

cellsis 3.2+ 2.1 mM. When cells were pretreated with EM, an inhibitor of band 3 anion exchange that
does not prevent Clbinding to the external transport sit€;,, andK®, are 41+ 14 and 46+ 12 mM,
respectively. The EM-induced increaselfy, with little change inKy, can be most simply interpreted

as meaning that EM abolishes the effects of the translocation rate constaffis,@o thatk®,,, andKj/,

of EM-treated cells now both reflect the true dissociation constant for binding oftcCthe external
transport siteK,. The fact thatk, for a slowly transported anion, iodide, is nearly the same in EM-
treated as in control cells indicates that EM does not significantly aedbr chloride. Our results
indicate that the true dissociation constants for & the inside and outside are very similar but that the

rate constant for inward translocation is much larger than that for outward translocation. For this reason,
both unloaded and Cl-loaded transport sites are asymmetrically oriented toward the inside,-afil
untreated cells) is much lower thd.

It is generally agreed that the band 3-mediated anion Cl
exchange process can be best described by a ping-pong
model (Jennings, 1992; Knauf, 1989; Passow, 1992; Knauf E K; ECI _ k< ECI E
& Brahm, 1989). In the ping-pong kinetic model (Figure i - i T 0 K o
1), band 3 can exist in two distinct conformations. In the
E, form, the transport site faces the extracellular medium, Cl,
while in the E form, it faces the cytoplasm. Substrates such Ficure 1. Kinetic description of the ping-nond model. Bnd
as CIand HCQ" can bind to either form of band 3, which  are the forms of bandp 3 with thg t?a?\spgrt site@facingE the
results in four different states of the protein, e.g,,i& ECl, extracellular or intracellular space, respectively. E3id EC| are
and ECI (assuming that Clis the substrate); Ecand ECI the corresponding forms with substrate ([0bound K; andK, are
are the states of band 3 with-Gbound corresponding to,E ~ the dol'('ssogij‘“o” Cﬁ“StamS forﬂ"'”d'?g tOhE and &, reSpegt'Ve'y- .
and E The one-fo_r-one tightly couplec_i exchange is {argnsit?gns, rztsep(tac?i\jglt; constants for the in to out and out to in
explained by postulating that the conformational change that

converts the transport site from facing one side of the transport parameters, A LKJ/K; whereL = k/K. The

membrane to facing the other can only take place in the c5icylated values oA from older studies range from 0.06
substrate-bound forms of band 3, e.g., &@id EClL. to 0.2, with an average value of 0.15 0.09 Knauf &
Four intrinsic parameters are needed to fully describe the Brahm, 1989). A more recent extensive set of data gives a
ping-pong model (Figure 1)K, and K; are dissociation  gjmjlar A value of 0.12+ 0.02 (Gasbjerg & Brahm, 1991).
constants for substrate (assumed to beiChot otherwise To determine the reason for the asymmetry, as well as

stated) binding to outward-facing or inward-facing sites, the distribution of band 3 among the different states, it is

respectively, whilek and k' are rate constants for the LT
conformational change from EQo ECh and for EC} to necessary to know the value of the four intrinsic parameters
as well as the inside and outside substrate concentrations.

ECI, respectively. Previous flux studies provided some 4 fthe f tors for @ h
information about the asymmetry of the band 3-mediated OWEVET, none of the four parameters for Alansport has
been measured. The difficulty lies in the fact that the

anion exchange system. The asymmetry faétr defined ; i ;
as [EJ/[E] with [Cl;] = [Clg]. In terms of the intrinsic measured dissociation constants are strongly influenced by

the rate constantg andk’. The dissociation constants for
tg ted by NIH (NIDDK) Grant DK27495 and National Cent CI~ measured by radioactive isotope flux experiments are
upportea oy ran an ational Center . P . .
for Research Resources Grant S10-RR06252. actually apparent dissociation constants which are functions
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Cl~ exchange. One way is to vary [@linside and outside Another difference in the present NMR study is the use
of the cells simultaneously ([T [Cly]). TheKgmeasured  of intact cells instead of leaky or resealed ghosts as in
in this way is calledKi, and is given by (Falke & Chan, previous studies. As pointed out by Falke et al. (1984b),
1985) the high hemoglobin content of red cells makes the intrac-
ellular **Cl NMR signal decay much faster than the extra-
Ko = LK, + K ) cellular signal (Riddell & Zhou, 1995; Liu et al., 1996). Thus,
V2= 1+L only the very beginning part of the FID has a significant
) o contribution from intracellula?®Cl, and the intensity of the
Ky can be determined from flux measurements in intact cells jntracellular signal decays to a negligible level after the first
that have been treated with nystatin to make][€jual to 23 ms of acquisition. This simplifies the system because,
[Clo] (Knauf & Brahm, 1989; Knauf et al., 1989). In  with the proper signal acquisition parameters, only Cl
addition, Ky, can also be measured in leaky ghQStS?’W binding to externally accessible sites is observed. Another
NMR (Falke et al., 1984a,b, 1985a). No nystatin treatment gqyantage is that botk, andK°y, can be measured in intact
is necessary in this case since @fuilibrates instantly across  cells, but it is impossible to determiré;, in leaky ghosts.

leaky ghost m_embrar_wes. The valueskaf, measure_d_by We have previously shown that eosin-5-maleimide (EM)
NMR are consistent with the values measured by rad|0|sot0pedoes not block the external anion access channel of band 3

flux experiments on intact cells (Funder & Wieth, 1976; : . s
Knauf 8? Brahm, 1989; Fiblich, 198(2; Brazy & Gunn, 1976; (CI:'II_U :)t( :rllénlg? 3 ?I)_’if \:;r&:\goul;?gégg‘;'arllyhfsorpn%lzgﬁg?'E';/SI‘
Dalmark,. 1976). . . may prevent the band 3 conformational change while leaving
.If [Cli] is kept constant a!”d only [glis Va“?d' a totally the transport site accessible for@linding. We exploited
different apparenky, K°y, is measured K%, is given by this property of EM and measured the appat&malues of
(Liuetal., 1996b) EM-treated cells under symmetric (iF1= [CI]) and

LK asymmetric conditions ([@lis constant). The theory predicts
K= —OK 2) that, if the translocation is prevented, the difference between
1+L +_i K12 and Ky, will vanish. Furthermore, if EM does not
[Cl] significantly alter the Cl binding affinity of the external

transport site, th&y of EM-treated cells provides an accurate
Ko includes a termin [Glas well asL. This is due tothe = measurement of the true dissociation constant of the outward-
translocation of the Ctbound forms of band 3 which re- facing transport site of band &,.
equilibrates the system between inward- and outward-facing
conformations. Similarly, another apparédt Kiy2, can be EXPERIMENTAL PROCEDURES

btained by keepi | tant and i | Th
obtained by keeping [¢] constant and varying (¢ © Cell Preparation. Red blood cells were obtained from

measurements &€°;,, andK'y,,; are possible because the net
CI- flux in red cells is less thaMg of the flux caused by  [reshly drawn blood, donated by apparently healthy volun-
teers. Heparin was added as an anticoagulant. The cells

anion exchange (Passow, 1992), which makes it possible to ) .
keep the Ci concentration constant at one side of the Were washed at least three times with 150 KH. For each

membrane for a reasonable period of time while varying the Wash. the cells were centrifuged for 5 min at 2000 rpm using
CI- concentration at the other side of the membrane. a Sorvall GLC-1 table-top centrlfuge_; th_en the supernatant
In this study, we measured Cidissociation constants and buffy coat were removed by aspiration. The cells were
under different conditions b¥*CI NMR. The NMR binding then subjected to different treatments as described in the text
assay is based on the studies of Falke et al. (Falke et a|_,and figure legends. The cells were stored on ice before NMR

1984a,b, 1985a,b: Falke & Chan, 1985), except that, insteagMeasurement. The pH of all media used in the experiments
of using a line broadening (LBRssay as in previous studies, Was adjusted to 6.9 at room temperature. Most of the
we fitted the®Cl free induction decay (FID) signal to a measurements were completed within 36 h after the blood
biexponential function (Price et al., 1991; Liu et al., 1996). nad been drawn.

The slow and fast relaxation rates arise from the central and Preparation of Leaky Ghost Membranekeaky ghosts
satellite transitions of th&CI nuclear spin, respectively (Bull, ~Wwere prepared essentially as described by Falke et al. (19844a).
1972). We have shown previously that the different relax- Red cells prepared as described above were brought to 50%
ation properties of central and satellite transitions result from hematocrit (v/v). The cells were lysed at8 °C by mixing

CI- binding to the band 3 transport site (Liu et al., 1996). with 5P8 at a 1:30 cell to medium volume ratio. The
Since our measurements were done at a relatively high fieldsuspension was centrifuged at 12 000 rpm in a Sorvall SS-
strength where the biexponential character of the FID seems34 rotor for 10 min. The supernatant was removed by
more prominent, we used biexponential fits to determine the aspiration, and the dense pellet underlying the membranes

Cl- relaxation properties to avoid systematic errors which at the bottom of the tube was also removed. The leaky ghost
would be caused by assuming a Lorentzian line shapemembranes were washed at least three times in 150 KH
(corresponding to a single-exponential FID). before the membranes were pooled and weighed in one tube.
The suspension was well mixed before being distributed
1 Abbreviations: RBC, red blood cell; FID, free induction decay; €dually by weight to multiple tubes. The ghost membranes
LB, line broadening; DIDS, 4'4diisothiocyanatostilbene-2;@isulfonic in each tube were washed at least twice in medium with the
acid; EM, eosin-5-maleimide; 150 KH, 150 mM KCl, 24 mM sucrose, desired Ct concentration. Finally, the total weight of the

20 mM HEPES N-(2-hydroxyethyl)piperazine-N2-ethanesulfonic PR ;
acid], and 5 mM glucose, pH 6.9 at room temperature with KOH; 5P8, ghoséj'uspensmn ".1 teach tgbe \tNaS aﬁ]u?‘ed to the Star?.e Va']?e
5 mM NaHPQy, 130 M dithiothreitol, and 10uM phenylmethane- y adding appropriate media (to make the concentration o

sulfonyl fluoride at pH 8 with NaOH; S:N, signal-to-noise ratio. ghost membranes in each sample the same) before the
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samples were transferred into the NMR tubes for measure-parameter unweighted nonlinear least-squares fit to determine
ment. The membranes were stored on ice and were usedy, C, and LB, by the program Origin (Microcal).
within 6 days of preparation.

35C| NMR SpectroscopyNMR measurements were car- RESULTS AND DISCUSSION

ried out on a 9.4 T (400 MHz for protons) Bruker/GE Kooi _
; 12 in Control Intact Cells and Leaky Ghosts.14([Cl]
(Fremont, CA) Omega NMR spectrometer as described half-saturation with [G] = [Cl]) has been extensively

previously (Liu et al., 1995), except that 256 or 512 points tudied. Several NMR measurements on leaky ghost mem-
were collected for each scan. The number of scans average ranes by Falke et al. give an average value of 80+ 30

varied according to the concentration of"Gind the line o\, aie et al., 1984a,b, 1985a,b). Falke and Chan (1985)
width of the sample. The typical range was 18aB000 also reported &/, value of 60+ 10 mM measured with
scans. crushed ghosts. Glibowicka et al. reportel;a of 60 + 9
Treatment with Inhibitors and NyStatinTl’eatment with mM, on the basis of NMR measurements on resealed ghosts
inhibitors and nystatin (Sigma, St. Louis, MO) were as (Glibowicka et al., 1988). Earlier data from flux experiments
previously described (Liu et al., 1995, 1996). with intact red cells gavé&;, values ranging from 3% 4
Changes in the Cellular and Medium Chloride Concentra- mM (Frohlich, 1982) to 65+ 5 mM (Brazy & Gunn, 1976;
tion in Low-CI" Media. The intracellular Ct concentration Dalmark, 1976); the most recent value is 3010 mM
was determined as described previously (Knauf & Brahm, (Gasbjerg & Brahm, 1991). Given the relatively large error
1989; Knauf & Mann, 1986; Knauf et al., 1989). The cells in NMR experiments, it was generally considered that values
were incubated witf°Cl and PH]sucrose in 150 KH medium  of Ky, measured by these two different methods are the same,
at 37 °C for 10 min to allow Ct equilibration. The as predicted by the ping-pong model. We measitggin
hematocrit was made very high (75%) to mimic the condi- leaky ghosts and intact cells by NMR. Unlike the LB assay
tions of the NMR protocol. The Clratio ([CH]:[Cl,]) in in previous NMR studies, however, we used a two-
the 150 KH medium was taken as the control. After the component model to fit the FID signal so we get two, instead
incubation in 150 KH, an equal volume of 0 KH [0 mM of one, calculated line broadenings, {Bnd LB (see
KCI, with 20 mM HEPES and sufficient sucrose<040 Experimental Procedures). kB the LB calculated from
mM) to keep the osmolality equal to that of 150 KH] was the fast component and is more sensitive to changes i};[Cl
mixed with the concentrated cells. The ~Ciatio was therefore, the dependence of L Bn [CI"] was used to
measured at different time points after mixing. Except for calculateKy.

the control sample, the extracellularGloncentration was According to the ping-pong model, th&, measured by
also determined by radioactivity. NMR in ghosts or intact cells should be the same regardless
Data Analysis. The NMR data were processed with the of whether only the outward-facing sites are visible (as in
spectrometer software (Bruker Omega). The magnitude of intact cells) (Falke et al., 1984b) or both outward- and
the FID signal was calculated and transferred to a fitting inward-facing sites (as in leaky ghosts) are visible (Falke &
routine. The first two or three data points (corresponding Chan, 1985). This prediction has been verified, at least
to approximately the first 2 ms after the 9fulse) were approximately, by comparison of previous NMR measure-
discarded to minimize the effect of receiver recovery as well ments on leaky ghosts with flux measurements on intact cells
as to avoid any residual contribution of intracellularCl  under similar conditions (Falke et al., 19844a,b; Falke & Chan,
The biexponential fitting was done by assuming that the ratio 1985). Our NMRKj; values for ghosts and intact cells are
of the amplitudes of the rapidly decaying (fast) component also consistent with this prediction. Figure 2a shows the
and slowly decaying (slow) component of transverse mag- result of such a measurement in leaky ghosks,, was
netization is 3:2, as predicted by theory (Bull, 1972). From calculated to be 46: 5 mM at 0°C with glutamate replacing
the T, of the fast {2;) and slow {9 components, two  CI~ to maintain the ionic strengthK,, was also measured
corresponding line widths, LB1/(zT>)] and LBs [1/(7T2d)], with intact red cells (Figure 2b). In this case, nystatin was
can be calculated. used to make [@land [CL] equal and no replacement anion
In order to calculate Cldissociation constants, a series Was used, so the ionic strength varied with[Cl The Ky
of LB; values at different Cl concentrations was measured value based on data from four different eXperimentS was 44
and plotted against [C]. The data were fitted to the function ~+ 14 mM. This represents the first measuremerof by
LB; = C/([CI"] + Kg) + LBjow. LB is the portion of line NMR in intact red cells. The value is very close to that
broadening caused by low-affinity sites and is the plateau Obtained with leaky ghosts (Figure 2a), despite the fact that
of the curve at high [Cl]. Ky is the dissociation constant for the intact cells the ionic strength was not kept constant.
and can b, K, or K,, depending on the conditions of The larger standard deviation in intact cell experiments
the experiment.C is a constant which is determined by was due to reduced signal intensity caused by the decrease
(an intrinsic constant related to the relaxation characteristicsin the observable (extracellular) Clsignal at the high
of CI~ in the outward-facing binding site and the rate of hematocrit used. The problem becomes worse at lower Cl
exchange between boundGind free Ct), o; (correspond- concentrations, and more scans are required to get a

ing constant for Ci binding to inward-facing siteskr (total reasonable S:N. Cell lysis caused by mechanical stress
concentration of band 3), and(k/k'). The exact form ofC during sample preparation may also contribute to the larger
depends on which kind of experiment is being performed. standard deviation. The samples with intact cells were
In experiments measuring, in intact cells,C = a,ErL/(1 handled carefully, and the period between completion of
+L). If the system is leaky ghost€,= (a.L + o)Er/(1 + sample preparation and data acquisition was kept at a
L). When theK®y; is being measured in intact cellg, = minimum to keep the level of cell lysis low enough (less

aoErL/(1 4+ L + Ki/[Clj]). The data were subjected to a three- than 1% of total cells) so that the extra LB introduced by
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FIGURe 2: LBs values of untreated control leaky ghosts (a) and is the CI concentration of the extracellular medium. The Cl
intact cells (b) are plotted against Ctoncentration. LB was concentration inside of the cells was kept constant at 150 mM.
calculated from the fast component of the biexponentially decaying Sucrose was used to balance the osmotic pressure whgmisi
FID signal, as described in Experimental Procedures. The data werereduced. Error bars represent the SD. The equation used is the same
fitted to the function LB = C/([CI7] 4+ Kg) + LBjow. In this case, as that described in Figure 2, except tg is replaced withKoy,.
Kg is the apparent dissociation constdfit,. For leaky ghosts (a), The value ofK°y, measured from these data is 322.1 mM.C
Kiz =46+ 5 mM, C = 21004 200 H2mM, and LBy = 17 + and LB,y are 13004 200 HzmM and 13+ 2 Hz, respectively.
1 Hz. For intact cells (b)Ky2, = 44 + 14 mM, C = 1500+ 400

Hz:mM, and LB,y = 17 + 2 Hz. Error bars represent the SD from  than the value with glutamate (46 5 mM) and closer to
four or five experiments. the values of Falke et al. (88 30 mM). The fact thaKq

is lower with glutamate replacement than with citrate
suggests that, at least afQ (pH 7.2), glutamate competes
less effectively with Ct and is therefore a better replacement
anion to maintain constant ionic strength, as previously
reported by Jennings (1989). Because glutamate appears to
be a better “spectator” anion than citrate, our lower value of
Kiz (46 = 5 mM) is probably more reliable than those
obtained in the presence of citrate (Falke & Chan, 1985;
Falke et al., 1984a). Our value is also close t048.9
mM, the average df,,; values measured by flux experiments
[reviewed byKnauf and Brahm (1989)]. The most recent

small. Actually, the principal impact of cell lysis on the .
: . : flux measurements by Gasbjerg and Brahm (1991) gave a
quality of our data is not mainly due to the extra LB caused Ky, value of 50+ 10 mM, almost identical to our NMR

by hemoglobin released from lysed cells but rather due to value. The agreement of our NMR measurement&.of
the restraint on the number of scans for each sample. Since .~ 9 . ; ;
the level of cell lysis is time-dependent, a lower S:N ratio with these values from flux experiments provides evidence

has to be accepted in order to keep the acquisition time short,g:saéoiligtigogg'ﬁsdta':tl\sﬂ?Ormgg}ﬁg":s ;gall')iggr;?ﬁﬁ;ﬂng
and this problem is more pronounced for samples with a hosts and intact cells 9 y
low [CI"] and hence a low S:N. ’ Measurerrl1ent of & b. NMR. A variation of the protocol

Although our results agree approximately with previous that we used to meaguym Wit}.ﬁ intact red blood Eells can
NMR and radioactive flux measurements, oWk, is 2

somewhat smaller than the values of Falke et al. (Falke & be used to measuié®y, by NMR. We kept [C] constant

Chan, 1985; Falke et al., 1984a). The major cause of theat 150 mM in intact red cells and used sucrose to balance

small discrepancy is probably the use of a different spectatorg:gr]()tzrg?la:[{ig]zcézase?]g:ﬁieedomlhfvgi{r';gﬁ '\I/IaerZISQL:’]r:I-
anion? glutamate instead of citrate. In fact, when we used P

the same replacement anion as Falke et al. (citrate), theIntenSIty show no significant change in [Li(data not

; I shown), so the [CI] gradient across the membrane is
measuredyz in ghosts was 76 11 mM, significantly larger maintained long enough for the NMR measurements. Figure

3 shows the plot of LBof 50% cells as a function of [g]l

2Falke et al. (1984a) showed that at low field strength (8.8 MHz o i : o
3C| NMR frequency) the®Cl NMR resonance fits very well to a The value oK%, is 3.2+ 2.1 mM. Typical values oK,

Lorentzian down to 20% of peak height, thereby demonstrating that measured under similar conditions in previous flux experi-
their technique of measuring line width at half-maximal peak height ments are 3.6: 0.4 mM (Gunn & Fidlich, 1979) and 2.2

was appropriate. Even at low field strength (8.384 MHz), we observed 4 .3 mM (Gasbjerg & Brahm, 1991) in intact red cells and
two relaxation rates (non-Lorentzian behavior), consistent with observa-

tions by Price et al. (1991), but this should have little effect on the line 2:6F 0.4 MM in resealed ghosts (Gasbjerg & Brahm, 1991).
widths as measured with the technique of Falke et al. It is critical, The similarity of ourk®y, value to those measured by flux
however, that the two-component assay for the data from the high- experiments further demonstrates the validity of the NMR
field spectrometer be used. When we applied the conventional LB method.

method to analyze our NMR data, the LB appeared to be very
insensitive to the changes of [Gland the calculatety,, was in the The asymmetry factor A can be calculated from measure-

range of hundreds of millimolar. ments ofK;, andK®, (Knauf & Brahm, 1989). The NMR

cell lysis, determined by examining the LB of the supernatant
of samples of intact cells, was smaller than 10% of the total
LB. We also tested the [Cl] dependence of supernatant LB
and found no observable correlation between the LB caused
by hemoglobin in the supernatant and [CI] (data not shown).
Because the extra LB caused by cell lysis in different samples
was very similar, the major effect of cell lysis is the
overestimation of the low-affinity LB (LBy), while the
effect on the high-affinity LB is minimal (Liu et al., 1995).
Thus, the influence of cell lysis on th&; measurement is
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Table 1: Calculated Values &f, A, andK; Using Measuredy,, 198

1564 ®
K°y, andK, Values S 15414 \'\
Ko £ 152
— 150
30 35 40 45 50 55 S 1ua
L 0152 0128 0110 0097 008 0.078 146
40 K 415 406 400 395 391 388 144 -— .
A 0110 0110 0110 0.110 0.110 0.110 142 +——— o S —
0 100 200 300 400 500
L 0157 0132 0113 0.100 0.089 0.080 " .
Kz 45 K, 47.4 463 456 450 446 442 40
A 0100 0.100 0.100 0100 0100 0100 S 30 .
L 0162 0136 0117 0102 0091 0082 £ 3 -
50 K 532 520 512 505 500 496 2 /
A 0091 0091 0091 0091 0091 0091 < seie,
35g

aThe value ofK°,, was set at 3.2 mM in the calculatiork, was
chosen from 30 to 55 mM at 5 mM intervals which covers the range > 10 200 a0 40 s00
of K, according to our data (46 12 mM). The range oKz is chosen ° 190 200 Ti 390 400 °
from 40 to 50 mM which approximates the range<gh values obtained ime (min.)
in leaky ghosts (46: 5 mM). The units forK;, Ko, andKy; in the Ficure 5: Time-dependent changes in {|Cand [Cl] for EM-

table are millimolar. treated cells in low-[G] medium. The starting condition is 150
mM CI; and 35 mM C. During the 8 h period, the change of the
80 - Cl~ concentration both inside and outside is gradual and slow.

704
604 70

50j 60—.‘

“01
3oﬁ

20 30 4

LB, (H2)
LB, (Hz)

T T T - — —r T —
0 50 100 150 200

[CI] (mM) 0 20 40 60 80 100 120 140 160
FiurRe 4: Measurement oKy, in EM-treated intact cells. Data [Cl,] (mM)
pO[[I’rl]tS reg_rf?sentte;)\fer%ggs from Eultlptl)e experln:enés w(njvglw_ngt_two FIGURE 6: Measurement oK, of in EM-treated intact cells.
or three different blood donors. Error bars are standard deviations. .
. . Potassium glutamate was used to replace external KCI whgh [CI

’C\l:ells vxllere pret;eatgad with nystgt!n :g makeiI?_r;]d [CL] Pj[qual. q jdvas reducegd. [@lwas kept constant gt 150 mM. The data%\yve[re

o replacement anion was used in this case. The equation used i . ; . .
the same as that described in Figure 2. Error bars represent th%ggg izsegq: Z;ﬁgi?ﬁ%{%gg%&rg?ﬁ t'éslilgjirrgczec_iruhr:%a;l;:hlemechuatlon

SD. The calculated,,,, C, and LBy, are 414+ 14 mM, 2000+
700 HzmM, and 20+ 2 Hz, respectively. In this cas€, = aE,, g,oaﬂczi I‘rlzg"é:ézvt?j 12 mM, 5000+ 1000 H2mM, and 6.4+

whereE, is the total concentration of band 3 with the transport
site facing outward. ) ) )
treated intact cells, measured by the biexponential method,
measurements give aA value of about 0.1 (Table 1), Was 41+ 14 mM (Figure 4).
indicating about 10 times as many inward-facing as outward-  To measuré®;; in EM-treated cells, we first had to ensure
facing unloaded transport sites, in good agreement with that, when [C] > [ClJ], the net Ct efflux from EM-treated
isotope flux measurements of this parameter (Knauf & cellsis very slow, as in control cells (Jennings, 1992; Passow,
Brahm, 1989; Gasbjerg & Brahm, 1991). Thus, the NMR 1992). To test this, the intracellular and extracellular Cl
data, like earlier flux measurements, indicate asymmetry in concentrations of EM-treated cells were measured under the
the intrinsic parameters;, Ko, k, andk’, but they do not same conditions that were used for the NMR experiments

tell us whether the asymmetry is primarily due to a difference (Figure 5). During an 8 h period, [g}lincreased less than

betweerK; andK, or betweerk andk'. 20% while [C|] remained at around 150 mM, with less than
Ky and Ky, of EM-Treated Intact Cells.To determine an 8% decrease. Given the fact that NMR measurement of
the intrinsic constants, we need to measure theaffinity each sample was usually completed within 1 h, the ClI

under conditions where the exchange flux is stopped so thatconcentration gradient is maintained long enough for the
the transport sites cannot reorient but €hn still bind to ~ NMR measurements. This verifies that the change in the
the transport site. In EM-treated cells; @xchange is nearly ~ CI~ concentration gradient across the membrane dueto Cl
completely stopped (Liu & Knauf, 1993). Nevertheless, EM- leakage is negligible under the conditions of oify,

treated cells still exhibit LB from a high-affinity band 3 ClI measurement.
binding site (Liu et al., 1995), and EM does not abolish a  As can be seen in Figure K%, of EM-treated cells with
double-quantum-filtered NMR signal arising from @ind- sucrose to balance the osmolality was#462 mM. Another

ing to the transport site (Liu et al., 1996). THe, of EM- experiment in EM-treated cells with glutamate to balance
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the osmolality gave K°; value of 40+ 17 mM. In contrast 2§
to the value of the untreated control cells, #fe, values in ]
EM-treated cells were extremely closeKg, (41 mM).

The similarK,, andK®y, values are exactly what the ping-
pong model predicts if EM stops anion translocation and fixes
the number of band 3 molecules in each conformation while 15
allowing external Ct binding to the outward-facing transport
site of band 3. Regardless of whether onlyJGir both
[Cl]] and [CL)] are varied, the [G] dependence of the NMR
LB with intact red cells reflects the binding of externalCl
to outward-facing transport sites, whose distribution is not 5
affected by the change of the transmembrane @hdient
(in contrast to untreated cells, where there is interconversion

204

LB, (Hz)

o

between the EGland ECJ forms). This makes the two 0 20 40 60 80 100
conditions used for measuringi, and K°,, essentially 1] (mM)

'dent',cal_for EM-treated cells; in *?Oth cases, one IS measuring gz 7: Dissociation constant for external of EM-treated cells.
the binding of external Clto a fixed number of outward- n this experiment, [i] and [CI] in the extracellular medium were
facing transport sites. changed simultaneously, keeping their sum constant at 150 mM to

In other words, in EM-treated cells, the observed values maintain equal osmolality. LiBmeasured as described in Experi-

o ; ; mental Procedures was plotted againg} [Error bars represent
of Kyz andK°y, Y ”ﬁa”y 'decr;“g.a' because they are beth the SD. The function used to fit the data is 1B C/[150 — [Io] +
measureme_nts o the true |$SOC|&tI_Oﬂ constant for Ko(1 + [lo]/Kol)] + LBy, Which is a modified version of the
outward-facing band 3 transport sites, which has never beenfunction described in Experimental Procedures; isBn hertz, and

measured before due to the rapid transport of. CA [lo] is in millimolar. K, is the dissociation constant for Cbinding
remaining problem, however, is the fact that theof EM- to the outward-facing transport site, akd is the corresponding

: dissociation constant for | A four-parameter nonlinear fit was
labeled band 3 may not necessarily be the kyief untreated performed first to determine the value Kf. The value ofK, is

band 3, because the EM treatment might have altered thesg 4 mm, which is virtually the same as the dissociation constants

affinity for ClI-. of EM-treated cellsKy» andK®y, in Figures 4 and 6) within the
Measurement of the | Affinity of the Outward-Facing experimental error. Because of this, we fixed the valu&gft
Transport Site in EM-Treated CellsLike CI~, I~ can be 46.4 mM and used a three-parameter fit to determine the rest of

. the parameters in the equation. The dissociation constant for |
transported by band 3 in red blood cells, but the transport K, is calculated to be 1.% 0.2 mM. The calculated values 6f

rate fOI’ I— |S abOUt 260 tlmeS S|0W€I‘ than that Of_C':it 0 and I—BOW are 2600+ 100 HZzmM and 10.4+- 0.4 HZ, respective|y_
°C and pH 7.4 (Dalmark & Wieth, 1972). This provides a
way to determine the dissociation constant fobinding to very improbable given the fact that and CI compete for
the outward-facing transport sit&(,/, by measuring the the external Cl transport site. Furthermore, even if the
competitive effect of different externaf toncentrations on  structural perturbation caused by EM were sufficiently
the CI” flux (Milanick & Gunn, 1986; Knauf et al., 1986;  unusual to cause different effects on two very similar anions,
Liu et al., 1996a). Practically, 1/(whereld is the flux of the chance that the alteréd would be equal to th&,, of
CI7) vs [lg] is plotted at two different Glconcentrations with  control cells is exceedingly small.
a constant [G] (Knauf & Brahm, 1989). Thex-value of Recently, Pan and Cherry (1995) have measured the ability
the intersection point of the two lines with different,Cl  of iodide to quench the fluorescence of EM in ghosts from
concentrations gives-K,. Flux experiments gave values EM-labeled red cells. On the basis that the quenching
for Ko' of 0.834 0.11 mM (sucrose substitution) (Liu et al., saturates with increasing I they calculate an iodide
1996a) and 2.0+ 0.3 mM (citrate-sucrose substitution) dissociation constant for the site that is involved in quenching
(Milanick & Gunn, 1986) at C°C. of 23 mM at 3°C. Because DIDS at high concentrations
Figure 7 shows the result of a NMR experiment on EM- (K4 = 36 uM at 14°C) seems to compete with,Ithey argue
treated cells with external las a competitive anion. The that the quenching is due to Ibinding to the external
external I and CI' concentrations were changed simulta- transport site. However, disulfonic stilbenes such as DIDS
neously so that the sum of the two was kept constant to probably bind, at least with low affinity, to sites other than
maintain a constant osmolality and ionic strength. The the external transport site (Knauf et al., 1993; Aranibar et
relation between [l] and LB was fitted to a function al., 1994; Liu et al., 1996b). This, together with the fact
predicted by the ping-pong model (see the Figure 7 legend).that the I~ dissociation constant is more than 20 times higher
TheKjq for I~ of EM-treated cells measured by NMR is 1.1  than theK,' value from flux measurements (Liu et al., 1996a;
+ 0.2 mM, which is very close to th€,' of untreated control ~ Pan & Cherry, 1995), suggests that the binding site involved
cells measured by fluxes. This result shows that the externalin quenching is different from the external transport site. The
|~ affinity is not substantially altered in EM-treated cells. data in Figure 7, which indicate that, even in EM-treated
This makes it unlikely that EM treatment causes any cells, the NMR-observable high-affinity Cbinding site has
pronounced changes in the Chffinity, which in turn a much higher1 affinity (Kq ~ 1 mM) than the fluorescence
suggests that thi€y values for Ct that we measured in EM-  quenching site, argue strongly against the possibility that the
treated cells are probably very close to the true Cl binding site described by Pan and Cherry is actually the
dissociation constant for the outward-facing transport site external transport site. A more likely possibility is that it
of band 3,K,. Although we cannot strictly exclude the might be an external inhibitory (modifier) site, which binds
possibility that EM treatment only alters the “Caffinity I~ with a lower affinity [Kq ~ 60 mM (Dalmark, 1976), with
while having no effect on the laffinity, this alternative is recent measurements (Knauf & Spinelli, 1995) suggesting a
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35 andK; > 38 mM. Obviously, our measurd€i, does not fit
1 this indirectly estimated value. Bjerrum’s calculations
307 assume that (1) the system is unlikely to function in a
25_’ metastable situation and (2) the changekn when binding
a CI, is comparable to that observed frombinding. At
N 54 this point, the inconsistency of our results and Bjerrum’s
. calculations suggests that some modifications are needed in
— 45 the simple ping-pong, single-titratable carrier model or that
. the assumptions made in Bjerrum’s calculations are not
10 - entirely correct.
5 CONCLUSION
0 —_— Biexponential analysis of the high-fiefiClI NMR signal
0 50 100 150 200 250 was used to study Clbinding to band 3 transport sites. For
[CI] (mM) most experiments, intact cells were used to allow selective

FIGURE 8: Ky of leaky ghosts from EM-treated cells. Cells were ~observation of the effect of Cbinding to the outward-facing
first treated with EM and then lysed and made into leaky ghosts as transport sites.Ky, was measured in both intact cells and
described in Experimental Procedures. Potassium glutamate Wai;host membranes. Using intact cells, we also meas¢tad

used to maintain the ionic strength constant at 250 mM. A three- . - .
parameter fit as described in Experimental Procedures was used 1Y NMR for the first time. BotrKy,; andK®y, are consistent

calculate theky,. The equation used is the same as that described With the previously reported values measured by either flux
in Figure 2. The calculated{,/,, C, and LBy, are 51+ 3 mM, or NMR.

1400+ 80 HzmM, and 7.7+ 0.4 Hz, respectively. Approximately equal values f,,, andK®,,, were obtained

when the NMR protocols were applied to EM-treated cells,

which indicates that EM prevents Clranslocation and

. allows measurement of the true outward-facing transport site
Calculation of L, K, and A from the Measgred Values of jissqciation constan,. TheK, value for EM-treated cells

Kiz, Ko, and Koy Given the measurello, Kz andKup, is the same as that measured from flux experiments on

egs 1 and 2 can be solved because only two unknowns, neateq cells, which provides strong evidence that EM does
remain,L andK;. L andK; were calculated using combina- not alter K, From these data, we conclude that the

tions of the largest and smallest possible values®band gy ymetric distribution of inward- and outward-facing
Kiz given by the experimental data (Table 1). The average ,joaded band 3 sites is caused by the difference of

value OI\f/IL isFo.lliho.OS, and theﬂaveragek;/f’v“ue Kaf:; 4g translocation ratels andk’, while the dissociation constants,
£ 5 mM. From the maximum flux (Gasbjerg & Brahm,  “an4 k. are very similar. This implies that both the

1_9191)' the (_;alculateq values kfandk' are 490 and 450_0 unloaded and Cl-loaded transport sites are asymmetrically
SI J respeptwelgﬁ : Th|hs enables us to a(ljnslwer ;he foIIowmgh distributed, in favor of inward-facing sites. These results
old question about the ping-pong model. What causes the,, permit calculation of the distribution of band 3 among

asymmetry of the system? Since itis clear from our results jiq \ ariqus conformations under any given conditions in Cl
thatK, ~ K; ~ Ky andL is much less than 1, the asymmetry medium at 0°C (Knauf & Brahm, 1989)

is caused by the difference in the translocation rdtemd
k \_/:/hile the dissociation constant, and K;, are very ACKNOWLEDGMENT
similar.
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