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Abstract. We use a fluorescent probe of [l 6-me-  been proposed for this one-for-one exchange, the bulk of
thoxy-N-(3-sulfopropyl)quinolinium (SPQ), to study the evidence favors a model which derives from a reac-
CI"/HCGO; exchange in human erythrocyte ghosts in ation sequence in enzyme kinetics which Cleland (1963)
stopped-flow apparatus at 4°C. The quench constant dfias called the ping-pong mechanism. As applied to band
SPQ in our CI/HCGO,/HPQ, system at pH 7.4 is 0.065 3 (Frohlich & Gunn, 1986; Gasbjerg, Knauf & Brahm,
+0.005 nm~%. The time course of CIHCO; exchange  1996; Knauf, Gasbjerg & Brahm, 1996), the ping-pong
does not follow a single exponential function at 4°C andmodel posits the existence of a transfer site which can
we propose an extended ping-pong model in which slipind either CT or HCG;; the transfer site acts as a carrier
page is explicitly considered in order to account for thisto transport anions across the membrane by a conforma-
phenomenon. The solution of the system of equationsional change in band 3. The movement of an unloaded
generated by our model is a double exponential functiontransfer site across the membrane, slippage, occurs more
which fits the time course of CIHCO; exchange. Our  slowly by four orders of magnitude than that of loaded
results confirm the predictions of the model concerningsites, and terms describing slippage are dropped from the
the functional dependence of the two rate constants. Onkinetic equations in the standard development of the
rate constantk)) is independent of medium composition; ping-pong model (Passow, 1986; Jennings, 1992). How-
it is determined by the sum of the two slippage rateever, several phenomena have been explained by slip-
constants and its value is 1.04 + 0.14 SecThe other  page, and, indeed, have provided crucial evidence in dis-
rate constantk) varies inversely with [CI]; the regres-  tinguishing among the various models of red cell anion
sion line is 1k, = 18.8 sec — 0.095 mn 'sec [CI]. exchange (Jennings, 1982; Knauf, Law & Marchant,
1983; Frohlich, 1984). Even though the justification for
Key words: Band 3 — Anion exchange — Erythrocytes neglecting slippage is empirical (Passow, 1986), most
— Ping-pong model — SPQ — DIDS workers in the field invoke it as a postulate and obtain
one-for-one exchange as a direct consequence (Passow
1986; Jennings, 1992).
A variety of experimental techniques have been em-
_ _ ) ployed in the study of anion exchange. Several labora-
CI"/HCO; exchangers play a central role in the regula-y,jes have used variants of the Jacobs-Stewart cycle by
tion of intracellular pH, volume, and [Cl and in the measuring pH or [C] (Chow, Crandall & Forster, 1976;
transport of ions across epithelial surfaces (Alper, 1991KI0cke, 1976; Lambert & Lowe, 1980). Falke and Chan
Tanner, 1993). Of these, the erythrocyte anion ©€X+1985) have measuretiCl~ NMR line broadening and
changer (band 3, AE1) has been the most extensively,e demonstrated that their data support the ping-pong
studied (Knauf, 1979; Passow, 1986; Jennings, 1992).,qe| for anion exchange. Beginning with Tosteson’s
In the erythrocyte the primary function of anion ex- (1959) experiments, an extensive literature has emergec
change is the excretion of G@hrough the chloride, or 4, the yse of isotope techniques in the study of anion
Hamburger, shift. Although several explanations haveexchange (Gasbjerg & Brahm, 1991; Gasbjerg et al.,
1996; Knauf et al., 1996). Recently Calafut and Dix
I (1995) have employed a fluorescent probe of ICI
Correspondence toA.K. Solomon 6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ), to
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monitor anion exchange in erythrocyte ghosts at roon A

temperature. u
When we undertook a series of stopped-flow experi- pi

ments using SPQ in erythrocyte ghosts at 4°C, it becam u

apparent that the time course of anion exchange coul

not be fit by a single exponential function, a finding not b b b

consistent with the standard view of the ping-pongBi +pl . pt po PO 4 go

model. This paper solves the ping-pong model without v B B u

dropping the terms describing slippage. The resulting -1 21 2

equation is a double exponential function. The only as-

pect of the solution dependent upon our experimenta , 1 A 12 -2

design is the assumption that the external JGind € * R} R N Ry *+C°

[HCO3] remain constant; the material presented in the c_, Coy c,

Theory section below is, therefore, substantially inde-

pendent of the experimental results which confirm its

predictions. Within the framework of this model, the

time course of anion exchange does not follow a single

exponential at 4°C because of a transient during whick

the unloaded transfer sites adjust to the new environmer I II III

after mixing. We will follow the traditional terminology o

and refer to the transfer site as a carrier; however, th v R

model makes no assumptions about the physical natur gt j g

of the transport step and includes non-carrier theories a ,

well (Baker & Baker, 1996). Ry Ry

Ci Co
THEORY pi po

po

inside membrane outside

Figure 1 shows the ping-pong model for anion exchangeig. 1. Ping-pong model of anion exchange. Figureillustrates sche-
with slippage and defines the symbols used below. Thenatically the reaction mechanism. Superscripsido indicate inside
validity of the assumptions made both in defining theand outside of the cell. Capital lettels C andP refer to bicarbonate,
model and in simplifying the equations will be treated in chloride and protein (l_)an_d 3) conce_ntration_s. SupscripB itedicate
the discussion. Although the variables are all functiongether the transfer site is unoccupiéd) r binds bicarbonate) or

of time, this will not be explicitly written unless it is chloride @. Lower case Ietters,‘b and_c are the apparent rate con-

! o . - . stants. Figure B shows the physical picture corresponding to the re-

necessary to distinguish the variable from its value at &ction scheme above. There are three surfaces of discontinuity (I, Il and

particular instant, e.gG'(t) from C'(0). The model gen-  1i1). Two of them (I and Ill) coincide with the physical interfaces

erates the following system of equations: between aqueous phase and membrane; the other (1) is theoretical,
dividing the inner and outer halves of the membrane. Each anion has a
dPi net flux () through each surface and the arrow (drawn only for surface
Zu_ Cflptlc _ CIPLIJCI + bflplls _ b1PLIJ B' I) indicates that the refere_nc_l(le (positive) direction for fluxes is inward.
dt The flow of unloaded carriejjy), occurs only across surface |I.
— UPy + Uy P§ (1)
dP|i3 — i ipi o dPg — o 0~O0 i
i (b_y +byx)Pg +b,PB +b,,Pg (2) T (C_2+C)Pc +CPC™ + ¢ 5P (6)
dPe i i i jc=c_,PL — ¢,P,C' 7
o= (it eiPL+ P + 0P @ JeTefemaR @
jg= b—lplia - blptiJBi (8)
aRy P2 PSC° +b_.Pg — b,PSB°
—=C — + — .
dt -2 C CFy -2'B 2ty J(I:II — —C,2P8+C2P8CO (9)
+UPG — UyP§ (4) .
H - o onpo
. jg = —b_Pg+bPyB (10)
dPg _
— 2= _ + o4 0Ro | i ) .
dt (b2 +b0)Pg +b,PB"+ by Pp () We introduce the following fluxes through surface II:
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ja=cyP2 — Clzpic (11) Assumptions 14-23 above are sufficient to reduce
the system of equations to a solvable differential equa-

jg =b,,PS — b12P|i3 (12)  tion. We first divide equations 7-10 by the appropriate
product of dissociation constant af} or P?. Using

JU = Uy,PS — Ulzpb (13) assumptions 14-17 to set to zero the left hand side of

each equation and rearranging, we can write
The fluxes defined in Eq. 7-13 allow us to recast equa-

tions 1-6 in a more intuitive and compact form. Equa-_; _S i h i _Ca 5
tion 3 may be rewritten as Pc= KL Py where Kc= | (24)
d_P('::j”_jl : B' : . by
dt ~’c c (3a) Pe=—7Pu where Kg= o (25)
Kg 1
We make the usual assumption that the association- o c
dissociation steps are not rate-limiting for transportpgz_opa where KS:;Z (26)
(Knauf, 1979; Passow, 1986; Falke, Kanes & Chan, K¢e C1
1985). More precisely, we assume the following:
o
_ b_,
c_PE>>jL (14) Pe=Pd  where Kg=—- 27)
Kg >
i i )
b_1Pr>>lje| 19 16 solve forC'(t), we rearrange Eq. 3a and multiply by
1 T I
C_Pe>>[jl (16) the cell surface to volume ratio to convgktto dC'/dt.
0 " dc' A, A(, dr:
b_Pr>>|jg 17) E:WJIC:W@:I -4 (28)

in which P} and P$ stand for the total concentration of

transfer sites on the inside and outside faces respectivelyVe can use equations 24 and 26 to rewrite Eq. 115or
Using A for cell surface area and' for cell volume, we  Substituting the result into Eqg. 28 and rearranging gives
further assume

, dC' Acy ., Acy,, , AdP (29)
P, A dt viwoZ TU T Uiiv U T Ui gt
Ccl U v << 1 (18) dt V Kg Vv KC \Y dt
-1
_ Equation 29 corresponds to Passow’s (1986) Eqg. 9,
b,P, A Knauf's (1979) Eq. 13, and Frohlich and Gunn’s (1986)
b, V' <<1 (19)  Eq. 4. Substituting Eq. 24 into 29 f@., differentiating

and rearranging gives

We impose the physical constraint that the two aqueous,
phases remain electroneutral, from which it follows that<

AP,\dC' Acy .
1+—— —=—.—0 U
o VIKS/) dt vike
Jjc*ig=0 (20) (Ac12 LA 1dPL',>Ci
— | —— U+_' -
o K ki dt
& +ig' =0 (21) Vike & ViKe

(30)

To solve this system of equations we must introduce one ) . i
approximation unique to our experimental design. TheBY assumption 18 the coefficient dC'/dt may be taken
hematocrit after mixing is about 1% which allows us to 8 1, 9iving

use the approximation that the concentrations in the ex- _; i
ternal agueous phase remain constant, i.e., d_C:ﬁCil 0RO _ A, +ﬁidﬂ c
d vike Y VKL Y VvikL dt
C° = constant (22) (31)

B° = constant (23) An expression fordB/dt may be derived bymutatis
mutandisyepeating the argument above beginning at Eq.
HenceB® and C° are also the equilibrium values. 2. The resulting expression is
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dB'_Aby oBo_(Ablzl A 1 dP,

P +—.—.—>B‘ (32)
U U
dt i K3 VK| Vikg dt

EQUATIONS FOR V,

Even without solving Eq. 31 and 32, we may use them t

derive relations for the initial velocityy,. For experi-
ments in whichC'(0) = 0, it is simplest to takey, as
dC'/dtatt = 0. In this case equation 31 becomes

Ac .
Vo=14 —PU(O)C° [C'(0)=0]

\% K2 (33)

We may derive an expression fBf} (0) as follows. Let

Ab
(vKijP;’(t < 0)> B°

B

0.15 ( 1 1 )
1 +|———|B°
Ke Ke Ke

Vo= [B'(0)=0]

(37)

0Equation 37 necessitates that a plot ofj,1Against

1/B° fall on a straight line for experiments in which
B'(0) = 0.

EQuATION For Ci(t)

We may integrate Eq. 31 by making the further assump-
tion that the state after mixing is not too far from equi-
librium. UsingP}, to be the equilibrium value d®,, PT

Pr (t < 0) be the total concentration of transfer sites perto be the total concentration of band 3 per unit area, and
unit area on the outside of the membrane prior to mixingJetting u;/u,, = K, the solution is

Att =

0, immediately after mixing, the dissociation
reactions equilibrate before there can be any significanC'(t) = a,e ' + a,e ' + C°

change in the number of transfer sites (assumptions 16

and 17). Therefore,

c° B°
P7(t < 0) =P§(0) + P3(0) — +P5(0) —
KC KB

which can be rearranged to

PR(t < 0)
c° B°
1+—+—
Ke Kg

P3(0) = (34)

In our experimentsB® + C° = 0.15wm. Using this to
eliminateB® and substituting Eq. 34 into 33 leads to

AcCyy
—i—op-?(t <0 |C°
V' Ke .
Vo= [C'(0)=0]

° 0.15 1 1
+— - —|C°
Kg KS Kg

Equation 35 entails that a plot ofj/against 1C° should
be a straight line for the experiments in whi€0) =

(39)

0. For the experiments in whidB'(0) = 0, Eq. 32 be-
comes
o V' KOPUB [B'(0) =0] (36)

For these measurements we takasdB/dtatt = 0 and
note that equation 20 entails thdB/dt = —dC'/dt.
Proceeding as beforeyutatis mutandisleads to

(38)
where
Ky =Upy + Uy (39)
A Cip
ko= Pu
VI KL
Ac_12 T
V' KL
- Ky, 1 Ky 1 (40)
1+K,+C°( —+— | +B° —t—
KS Ke Ke Kg
4 k 1 Ac
PS(0)u,; — P,(0)u <—1——— 1)—.3(:0
( U( ) 21 U( ) 12) 012 KU VI ch
a, =
! (kz - kl) (kl)
(41)
a,=C'(0) — C° — (42)

The details of this solution are given in the Appendix.
Equations 39 and 40 lead to predictions that may be
rigorously tested concerning the functional form and de-
pendence of the rate constants. One rate conskant,
should be independent G° andB°. Given thatB° + C°

= 0.15v in our system, equation 40 predicts thak,1/
should be proportional t€°.

Materials and Methods

REAGENTS

SPQ, 6-methoxy-N-(3-sulfopropyl)quinolinium, (Molecular Probes,
Eugene, OR) was prepared as a 2& rstock solution in 5 m
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Na,HPO,, pH 8, and stored frozen in aliquots. N&EDS, 4,4- A B
diisothiocyano-2,2stilbene disulfonate, was also obtained from Mo-
lecular Probes (Eugene, OR). NaHC®olutions were freshly pre-
pared before each experiment in 1@mMa,HPO,. Each solution was
adjusted to pH 7.4 and kept in a syringe anaerobically until use; pH did
not change by more than 0.3 during the course of an experiment.

\%
-
o

15

10

o
Fo/F

[ ] LY 0o P '
“White” ghosts were resealed to contain 10MMSPQ, 10 rm 50 100 150 50 100 150
Na,HPO,, pH 7.4, and either 150 mM NaCl or NaHG@n the fol-

lowing manner. Ghosts were prepared by a modification of the methocr [C1] (mM) [C1] (mM)
of Steck and Kant (1974). Citrate-anticoagulated human blood wa:
used within 24 hr of collection. Following three washes in normal
saline, the cells were hemolysed in SunNa,HPO,, pH 8, on ice.

Ghosts were washed in lysing medium three times by centrifugation ag S .
; s indicated b ; NaHCO; 150 mv — [NacCl]. PanelB shows the
10,000 xg for 10 min at 4°C. 1 ml of pellet was added to 1 ml of 20 ind y [C] O [ ] W

mm SPQ stock solution and incubated on ice for 5 min. Salt was added: tte[énl:}/(im; eryl-,(: é;tsht_esgz:!; Eta ir;&;-vz)geieolgolgwﬁln(: [fcléjlg]rescence

to bring the concentration to 150MrNaCl or NaHCQ. Following a ' ' ' '

second 5-min incubation on ice, the ghosts were resealed by incubation

at 37°C for 1 hr. For experiments with DIDS, ghosts were resealed in .

300 um Na,DIDS. Resealed ghosts were washed three times and thé\laHCQwe used the Stern-Volmer equation to convert fluorescence to

resulting pellet was resuspended 1:50 (volivol) in 1@ Ne,HPO,, pH internal [CI']. The time-dependent fluorescence tracks [@lside the
7.4, and either 150 mNaCl or NaHCQ * ghosts and we estimated the paramefgrandK for the internal phase

as follows. LettingF; andF; be the initial and final measured fluores-
cence after mixing

HEMOGLOBIN-FREE RED CELL GHOSTS

Fluorescence
o

ﬁiig. 2. Fluorescence of SPQ in aqueous solution. Panshows the
fluorescence of a solution of SPQ as a function of JTCMedium
composition is as follows: SPQ 10MnmNa,HPO, 10 mm, pH 7.4; NaCl

StopPEBFLOW STUDIES
FO FO

F, — F,=AF — _ —
1+K[Cl] 1+K[CI]

Fluorescence measurements were performed on a Model SF.17MV'
Stopped-flow Spectrometer (Applied Photophysics, Leatherhead, UK).

SPQ excitation was at 350 nm (9 nm bandpass) with emission meayich, since [CI] = 0 inside the ghosts, may be rearranged to
sured throug a 3 mmCaorion cut-on filter with 50% transmission at

500 nm. Compressed air at 40 psi injected equal volumes of ghosts and 1 1 1
CI/HCO; mixtures into a mixing chamber; a stop syringe (0.1 ml) ﬁ:W+F_
triggered recording. Measurements are labeled according thdér : f o[Cli] Fo
mixing; [HCO5] = 0.15m — [CI7] for all measurements. Osmolality of ) ) )
the 150 nw NaCl buffer was 28 + 5 mOsm and that of the 150mm ' herefore, for ghosts loaded with 150unNaHCO; we obtained esti-
NaHCO, buffer was 2B + 5 mOsm as determined by freezing point mates of the _Stern—VoImer parameters f_rom g least-squares fit of
depression (Fiske Model OS, Uxbridge, MA). Osmotic gradients 1/(Fi = Fe) against 1/[C] for each preparation (Fig.AandB). For
across the red cell membrane were always less than 10 mOsm. ANosts loaded with 150mNaCl, a plot off, - F; against [Cf] - [CI{]
circulating waterbath (Model 1145, VWR, Westchester, PA) main- c!osely fit a straight I.|ne (Fig. @ andD). Therefore, a linear conver-
tained the drive syringes and mixing chambeda 0.1 °C. For most sion factor was obtained from the slope of the least-squares fit.
experiments four hundred data points were collected over 10 sec and

stored in the spectrometer’'s workstation. Seven to ten replicate mea-
surements were made at eachCIData shown are from 10 experi- CURVE-FITTING

ments done on blood from 6 individuals. A small decrease in fluores-

cence occurs when ghosts are mixed with their suspending bufferTter converting fluorescence to internal [Gleq. 38 was fit to the
This baseline was subtracted from each measurement prior to converlime course by least squares using a software package supplied with the

ing fluorescence to [C]. A mixing artifact, usually less than 25 msec, SPectrometer. Initial estimates of the parameters in Eq. 38 were ob-
was truncated from the data before conversion. tained by fitting single exponentials to two domains: less than and

greater than one second.

(44)

ghosts:

(45)

CONVERSION OF FLUORESCENCE TOINTERNAL [CI7]

Results
For solutions of NaCl the fluorescence of SPQ follows the Stern-
Volmer equation

SPQ AS A Roge ofF[CI7]
Fo_ 1+K[CI'] (43)
F Vasseur, Fragne and Alvarado (1993) have demonstratec
whereF, is the fluorescence at [JI = 0 andK is the quench constant the need to determm.e the behavior of SPQ in each Sys-
(llisley & Verkman, 1987; Garcia, 1992; Calafut & Dix, 1995). We tem Of electrolytes. FlgureAZ§hows the ﬂl_"orescence of
confirmed that the Stern-Volmer equation also applies to o/ ¢l SPQ in an aqueous THCO; system with NaHPO,
HCO3/HPO; system (Fig. 2). For ghosts loaded with 150um buffer, pH 7.4. The fluorescence follows the Stern-



202 F.A. Greco and A.K. Solomon: An Effect of Slippage on Anion Exchange

>
@

apparent quench constants obtained from these fits
(0.018 + 0.007 m~%) were always less than the quench

> 0.6 4 X .

= _ constant in aqueous solution. For [Chbove 75 m

] 3 (Fig. 3C andD), fluorescence becomes linearly depen-
c 0.4 > S

@ <, dent upon [CI] at equilibrium.

(2]

® 0.2 s

§ = TiMe Courst oOF[CI~] anD EFFecT oFDIDS

w

! 20 40 25 50 75

Acquiring data at 25 msec/point gave adequate time
Time (s) 1/1c1] MY resolution (Fig. 4) over an interval sufficient for curve-
fitting (Fig. 4B). The time course of internal [l does

not follow a single exponential function (FigB4upper
panel); most of the deviation from a single exponential
occurs within 3 sec after mixing (Fig.B}. 300 pm

(9]
o

V)
o
w
o
w

) . . .
S 0.2 f,,.—»""' o2 Na,DIDS completely abolishes anion exchange, includ-
E / P o a ing the transient occurring over the first 3 sec (Fig).4
@ 54 0.1 Our model predicts that the time-course of internal
o .
S sare
L
20 40 0.05 0.1 A 160
Time (s
i (s) alCl] (M) +DIDS
Pttt e e O
Fig. 3. Conversion of fluorescence to [§l PanelA shows the time ’é‘ 140 \\

course of fluorescence after mixing ghosts loaded with 150 m \
NaHCQO, with a graded series of QHCO; mixtures. The curves have
been translated to align the origins and inverted to facilitate comparison 120

with Fig. 3C below. The tracings correspond in order of increasing

amplitude to initial gradients of 15, 30, 45 and 6@ nin this instance
inward for CI', outward for HCQ. PanelB is a plot of 1/ — F;) 1
against 1/ [C]], where F; and F; are the initial and final measured

fluorescences, and illustrates the method of obtaining the Stern-Volmepg

parameters (Eqg. 45). Pan€l shows the time course of fluorescence 0.05
after mixing ghosts loaded with 150MmNaCl with a graded series of

CI"/HCO; mixtures. Again the curves have been translated to align the

origins. The tracings correspond in order of increasing amplitude to 7"“&*

initial gradients of 15, 30, 45, 60w in this case outward for Cland
inward for HCG;. PanelD is a plot of AF againstA[Cl]; for each point
in the time course, 0.15 - [dlwas calculated by divinding(t) — F(0)
by the slope of this plot.

C1

Time (s)

-0.05
0.05

Frac Var

Volmer equation and the regression line is 1.02 + 0.06¢

mm~t [CI7] (Fig. 2B). -0.05
In SPQ-loaded ghosts two technical difficulties arise 0 5 10

in the use of the Stern-Volmer equation to convert fluo-

rescence to [Cl. First, it is not possible to measuFg, Time (s)

directly. Second, because the stopped-flow syringes mix

equal Vo.lumes of SOlu.tlonS In our system, measureme.n sSnows the initial time course of internal [Clin ghosts loaded with

W'tr_] a given preparation of ghosts could be made Wlth0.15M NaCl in response to a 0.0%b gradient. Incubation at 37°C in

[CI"] above or below 75 m but could not span the entire 300 ,,m Na,DIDS for 1 hr during the resealing step completely abol-

range from 0-150 m. In aqueous solution the depen- ished anion exchange. In parithe upper figure shows the fractional

dence of fluorescence upon [Cbecomes nearly linear variance from a single exponential fit to the time course of J@i

above 75 mu (Fig. 2A) and the Stern-Volmer equation is ghosts loaded with O:Uﬁ NaCl in response to a0.0'{(ASgradient. Note

no longer useful. Therefore, we used two methods forthat the greatest dewagon frgmasmgle expone_ntlal fit occurs over the

converting fluorescence to [Qlaccording as [Cl] was first 3 sec. The lower figure in pan@ is the fractional variance from

. a double exponential fit to the same data and illustrates the improve-
above or below 75 m (Flg. 3)' For [CI’] below 75 mu ment by using Eqg. 38. The initial estimates for this least-squares fit

(Fig. 3A and B), both parameters in the Stern-Volmer were obtained by fitting single exponentials to the first and last nine
equation were allowed to vary in fitting the data. The seconds of the time course.

ig. 4. Time course of internal [C] and effect of DIDS. Figure A
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A loaded with 0.1& NaHCOQO;; Figure 6A shows that the
data confirm this prediction. The least squares fit to this

3 line is 1k, = 10 (1LC°) - 52. Similarly, Eq. 37 predicts
that plotting 1¥, against 1B° should yield a straight line
TT 2 for experiments in which ghosts loaded with 0.15
() NaCl (Fig. 8). The least squares fit to this line isvd/
¢ = 3.2 (1B°) + 63.
MR
Discussion
50 100 150 . _
€1 (M) Calafut and Dix (1995) have used SPQ to study/Cl
B " HCQO; exchange in erythrocyte ghosts at room tempera-
ture. Their value of the quench constant in aqueous ClI
30 HCQO; solutions with HEPES buffer was 0.071 + 0.017
mm~%, which agrees within experimental error with our
20 value of 0.065 + 0.005 m* in phosphate buffer. The

(s)

guench constant in NaCl or KClI solution is 0.117 + 0.001
mv~t (lllsley & Verkman, 1988; Zhang & Solomon,

T 1992; Calafut & Dix, 1995). These findings underscore
the importance of determining the quench constant for

50 100 150 A
[C1] (mM) 800

Fig. 5. Dependence of rate constants upon medium composition. Rate

constants, andk, were obtained by fitting Eq. 38 to the time course ' 600
of [CIT]. Concentrations are equilibrium concentrations after mixing, =

C°in the Theory section. [HCE), ie., B°, is given by 150 mn — [CI]. £ 400
Open circles are data obtained from ghosts loaded with 150 m

NaHCQ, and represent inward Chradients and outward HCQyra- <SS 200

dients. Filled circles are data obtained from ghosts loaded with 260 m
NaCl and represent outward Cind inward HCQ gradients. Paneh
showsk, against [CT]. As predicted by Eq. 39, does not depend 25 50 75 100
upon medium composition; its value from the regression line is 1.04 +
0.14 sec™. PanelB is plot of 1k, against [CI]. As predicted by the g by,
model (Eqg. 40), this plot is a straight line; the regression lineks &

18.8 sec — 0.095 mi'sec [CI]. Error bars that fall inside a symbol 800
have been omitted.

<~ 600
[CI7] should follow a double exponential function (Eq. 's
38). Figure B shows that using a double exponential ¢ 400
function (lower panel) improves the fit in comparisonto
a single exponential (upper panel). The rate constant |, © 200
from fitting Eqg. 38 are shown in Fig. 5. Rate constint
is independent of medium composition for both inward
and outward Cl gradients (Fig. B); its average value is 25 50 75 100
1.04 + 0.14 sec". Rate constark, varies inversely with VR (
[CI7T], consistent with eq. 40 after substitutiBy = 0.15 g9
— C° (Fig. 5B). This relation holds for both inward and
outward CT gradients; the regression line ikl/~= 18.8
sec — 0.095 m™~"sec [CI].

Fig. 6. Dependence of initial velocity on medium composition. Panel
A is a double reciprocal plot, § against 1C°, for ghosts initially
loaded with 0.154 NaHCO;. v,y is dC'/dt att = 0. As predicted by Eq.
35 the points fall on a straight line; the equation of the regression line
INITIAL VELOCITY AS A FUNCTION OF is 1M, = 10 (1LC°) - 52. Figure 8 is a double reciprocal plot of ¢J
MEebpiuM COMPOSITION against 1B° for ghosts initially loaded with 0.1% NaCl. v, is dB/dt

. . . att = 0. Equation 37 predicts that these points should fall on a straight
Equation 35 predicts that the double reciprocal plot ofjine; the equation of the regression line isgl~ 3.2 (1B8°) + 63. Error
1N, against 1C° should fall on a straight line for ghosts bars have been omitted when they fall inside the symbol.
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mechanism is to assume a steady state in which the num:
ber of transfer sites on each side of the membrane re-
mains constant (Schultz, 1980; Neame & Richards,
1972). Such an approach leads to equations relating ini-
tial velocities and concentrations that are formally simi-
lar to Michaelis-Menten kinetics. It also predicts that the
time course should follow a single exponential function
(Calafut & Dix, 1995). Our data never followed a single
exponential function of time (Fig. 4) but rather suggested
an initial transient in approach to a steady state. The
success of our model in predicting the functional depen-
Fig. 7. Comparison with published values of anion exchange at lowdence of the rate constants (Fig. 5) makes it one possible
temperature. For a transport process described by a single exponentieXplanation of the phenomenon and we now turn to
function with rate constark, k V/A is the effective permeability when  g|iminate other possibilities.

the external compartment is large. The reciprocal of this value plotted The possibility that a subpopulation of smaller
against equilibrium [CI] should be a straight line ac_cording to our hosts mav account for the early time course mav be
model (Eg. 40). This figure compares the valuesd?'/A from the g L y . y y
literature with those calculated frokg, in this paper. The key to the €liminated by the failure ok, to depend upon [C] and
symbols is as followsO - this paper, Cl influx; @ - this paper, Cl by the observation that no such dimorphism is seen by
efflux; V - 3°Cl efflux into HCG; medium, erythrocytes (Dalmark, microscopic examination. That DIDS abolished the ini-
1972);A - *8Cl efflux, equilibrium exchange in erythrocytes (Dalmark, tial transient inC! (Fig. 4A) strongly suggests the in-
1972) X - Jacobs-Stewart cycle, erythrocytes (Chow et al., 1976); + -volvement of an anion exchange protein (Knauf 1979
36CI efflux, equilibrium exchange in erythrocytes and 1-step ghostsp 1986 dt in the i a bil !
(Funder & Wieth, 1976). All values are adjusted to 4°C, pH 7.4. Dal- aS_SOW’, ) as opposedto a process In the lipid bi a¥e’
mark's (1972)%CI equilibrium exchange data (his Fig. 4) were ad- OF diffusion through an unsealed hole. The only gradi-
justed to a red cell surface area of 148> (Funder & Wieth, 1976)  ents across the membrane that might theoretically be
and plotted according to [Cl The datum from Chow et al. (1976) was coupled to and thereby interfere with the measurement of
cal_culated directlyfromlthe rate constant assuming asurface—to—volum@r/HCOg exchange are dissolved Q@.nd CG. As

ratio of 1.6 x 18 cn* (Funder & Wieth, 1976) and was plotted | .y appear, interference by these species is unlikely be-
according to [HCQ]. The mean corpuscular volume of our hemoglo- . .

bin-free resealed ghosts is about 0.8 of the initial value and we havé?ause the gradients are too small and "'jmy coupling reac-
takenA/V' to be 2.1 x 18 cm™. The regression line of all data is 43 tion too slow. From the data of Magid and Turbeck

- 0.21[CI], where [CI is in mwm. (1968), it may be estimated that under the conditions of
our measurementd (= 4°C, pH = 7.4, all CQ, from

each system of electrolytes (Garcia, 1992; Vasseur et alNaHCO) approximately 98% of total COwill be in the
1993). Moreover, they raise the question of how to deform of HCG, 1% will be in the form of dissolved CO
termine the quench constant in a biological system. Thé&nd HCO;, and 1% in the form of CQ. Even in the
equilibrium values of the time-dependent fluorescenceeXtreme case when ghosts loaded with viBaCl are
clearly obey the Stern-Volmer equation (Figg)dut the ~ Mixed with 0.15m NaHCQ, the inward gradients of
apparent quench constant from a two-parameter fit is les€O, and CQ" are less than 1.5m too small to have a
than a third of that in aqueous solution. These considmeasurable effect. What GOnay cross the membrane
erations lead us to abandon the technique of assumingill remain in that form and not be coupled with 'CI
that the quench constant in the biological system is thélCO; exchange. Erythrocyte ghosts have no demon-
same as that in aqueous solution and to treat the equstrable carbonic anhydrase activity (London, Lipkowitz
librium values of the time-dependent fluorescence as de& Abramson, 1987; Calafut & Dix, 1995) and at 4°C the
termining a standard curve. Depending upon the concerhalf-time of uncatalyzed hydration of GOs 150 sec
tration range, we used either a straight line or hyperboldMagid & Turbeck, 1968), which is two orders of mag-
to fit the standard curve. The justification for this em- nitude slower than the process of interest. Although no
pirical approach lies in its success. Figure 5 shows nalata are available on the transport of £@cross red
discontinuity between the two ranges of [Clwhich  blood cell membranes, in general divalent anions are
supports the consistency of the methods for convertingransported more slowly than monovalent anions by sev-
fluorescence to [C]. Furthermore, Fig. 7 indicates that eral orders of magnitude (Knauf, 1979). Given that the
our values for the exchange rate agree with those obearly time course reflects protein-mediated anion ex-
tained by other investigators at low temperature. change, it may theoretically be due to a protein other than
While our scheme for ping-pong kinetics is identical band 3, a possibility that may be dismissed rather
to that of other authors (Knauf, 1979; Passow, 1986gquickly. Even though the additional process reaches
Frohlich & Gunn, 1986), our approach to its solution equilibrium within a few seconds, it accounts for up to
differs somewhat. The standard treatment of a carried0% of the total anion exchangdata not showh To

50 100 150 200
[C1] (mM)
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postulate a second anion exchange protein with such efiot invoke electroneutrality to constrain the flows of Cl
ficacy would gainsay the large body of data on inhibitorsand HCQ through surface Il. Whether the flows across
that show that band 3 accounts for virtually all anion surface Il are constrained by electroneutrality depends
exchange in erythrocytes (Knauf, 1979). We concludeupon whether or not the band 3-anion complex is
therefore, that the additional process represents a tramharged; this is not known and our model makes no
sient in the state of band 3 in the membrane, which camssumptions regarding it. However, any difference be-
be explained in the ping-pong model by a change in theaween the flows through Il and those through | and Il
number of transfer sites on either side of the membranenust occur through a change in the number of ions
in response to the new environment. bound to band 3. Because the flows through the red cell

The assumptions of our model are straightforward.membrane in our experiments are on the order &f 10
Because there is virtually no protein inside white ghostsons/sec and there are only®l€opies of band 3 per red
(Schwoch & Passow, 1973), there is no need to considetell, j¢ + j4 = 0, regardless of whether or not the band
the Donnan equilibrium. Furthermore, our salt concen-3-anion complex is neutral. Our assumptions, being less
trations remain below 150 mand we do not include a restrictive, not only allow the observed transient but also
modifier site (Dalmark, 1976). Our assumptions 14-17 correctly predict the functional dependence of the rate
that the dissociation steps are not rate-limiting, have beenonstraints.

confirmed experimentally by Falke et al. (1985). As- The first rate constank, is independent of medium
sumption 18, i.e., composition and is given hy,, + U,,, the sum of the two

_ slippage rates. Because conductive anion transport may
P, A occur in part by slippage (Knauf et al., 1977, Rlioh,
K_(':v <<1 1984), a simple steady-state model (assundiRj/dt =

0 = dP./df) can be analyzed to show that the available
data on conductive Cltransport are consistent with our
value of 1.04 se¢. For conductive Cl transport, the
movement of a loaded transport site is balanced in the
P A 10° steady state by that of an unloaded site, j&+# j{j = 0.
L (46) TakingC' = 0, we can write (from egs. 11, 24 and 26)

is more novel. Given thaP|, < PT, that P" = 1072
moles/cn, and thatA/V = 10* cm™L, we can write

- — < —
Ke V! K¢
1 —_ o,
Therefore, as long & > 10 m, approximation 18 will Puthi2 = Ptz 47)
be valid. Current estimates df; exceed this cutoff
(Jennings, 1992) and approximation 18 is well-foundedBecausec,, is several orders of magnitude larger than
As mentioned above, most treatments of carrier-u21 or Uy, it follows that pLiJ = PT. Hence
mediated transport assume that the process is in a steady
state in which the total number of transfer sites on each,,
side of the membrane remains constant. Within the litJ<
erature on band 3, it has long been recognized that the
distribution of transfer sites depends upon the composiTaking 0.5 set' as an estimate af,, andP" as 102
tion of the medium. However, studies to date have fo-moles/cn? give a conductive flux b5 x 10> moles/cnt
cused on the importance of recruitment to distinguishsec. Although the conductive Tllux due to this model
among the various models of anion exchange (Passovis to a first approximation independent of Gjradient,
1986; Knauf et al., 1983; Jennings, 1982) and on the rolean apparent permeability at 0.16CI~ can be calculated
of slippage in conductive Cltransport (Knauf et al., by dividing the flux by the Cl gradient after converting
1983; Fidnlich, Liebson & Gunn, 1983; Fidich, 1984).  the units to moles/cf The resulting apparent conduc-
In the standard ping-pong model (fRtich & Gunn, tive permeability atC® = 0.15m is 3.3 x 10° cm/sec
1986; Passow, 1986), the assumptions of a steady-statid agrees with the value Tcm/sec which may be
and no slippage satisfy electroneutrality and it is notobtained by extrapolation from Hunter's (1977) data.
imposed as an independent condition upon the modelVvhile the analysis above is at best good to an order of
however, these two assumptions do not allow a transiennagnitude, it nonetheless demonstrates that our estimate
in the state of the membrane. Our assumption of elecef k; is consistent with other results that reflect slippage.
troneutrality concerns surfaces | and Il (Fig. 1) + The second rate constark,, corresponds to the
jg = Oandjd' + jp' = 0. Electroneutrality here plays steady-state exchange rate and therefore to the perme
the same role as in Kohlrausch’s theory of electrolyteability of the membrane as measured by other methods.
conductance. The only connection between electroneuBecause of the curvature in the Arrhenius plot of anion
trality and a property of band 3 is the straightforward exchange (Chow et al., 1976), quantitative comparison
assumption that the dissociation step is very fast. We ddetween our data at 4°C and those obtained at tempera

=P'u, (48)
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tures above 17°C is not practical. Qualitatively, our re-have both Cl and HCGQG. Since bicarbonate-loaded
sults agree with those which Calafut and Dix (1995)transfer sites cross the membrane (surface Il) faster than
obtained at 25°C that the higher the equilibrium [HJO chloride-loaded sites (Knauf, 1979), there will be a rapid
the lower the exchange rate. However, there are suffifearrangement of the loaded sites with a net movement of
cient data collected at low temperature to make a quanbicarbonate-loaded sites from the internal to external
titative comparison. Dalmark (1972) us&CI™ equilib-  face. This rearrangement will tend to increase the total
rium fluxes to study the effect of varying [Qland  number of transfer sites on the external face. Because all
[HCO3] on exchange rate. If Dalmark’s data (his Fig. 4) of these extra transfer sites are initially loaded, there is a
are replotted as our Fig. 5 (reciprocal permeabi”tydisruption of the equilibrium between loaded and un-
against [CT]), the points also fall on a straight line as loaded sites. As the Ioade_d site; djscharge their anions,
predicted by our model (Fig. 7). Although Chow et al. the numbe_r <_Jf unIoadgt_:i sites \_N|II increase but electro—
(1976) worked only at low [HCG], their data using a pH r]eqtrahty limits the ability of this path to restore equi-
jump technique also agree with ours (Fig. 7). Given thafiPrium. Thus the flow of unloaded sites across the
these experiments employed completely independeril®mbrane is needed in order for the system to attain
techniques, studying both intact red cells and ghosts, thgauilibrium. About the time that measurable £1CO;
quantitative agreement of the results is quite remarkableXchange begins, there is a relative excess of transfer

At first glance our model appears to be at varianceSites on the outside face which partly compensates for

with the data of Klocke (1976): a closer examinationthe slower movement of chloride-loaded sites across sur-

reveals it is not. Klocke (1976) compared EBICO; ex- ];?CE . hThe_r ef?]re the cijnitial rate gf r?niol_n exchange is
change in “chloride-loaded” and “bicarbonate-loaded” igher than In the steady state and the slippage rate con
stants determine the relaxation. A similar argument may

r I 7° in ntin flow techni . H . .
fggn%ets aa:th/HCCl(? eic?hgi te u;)ou cse e?j edterﬁ orquliwl Qbe made for chloride-loaded ghosts with the same result:
3 ge p y the initial velocity exceeds and relaxes to that of the

In the_ chIc‘>‘r |qle-loaded cells (r?te constant 5.7 st steady state. These considerations suggest that the me
than in the “bicarbonate-loaded” cells (rate constant 9.8 o
suredy, reflects the state of the membrane a few milli-

sec’), In apparent disagreement with the prediction O.fseconds after mixing rather than the theoretical state at

Io_gr_ mode:. Hovx;(ec:\{rer, c(;u;gmd(;altpre(yctstrtlhat E[he €aU-_ o, which is what equations 35 and 37 describe.
orium values o an Q determine the rate con- Clearly these factors do not change the general form of

ft‘mt’ .r&ot Ithedmc'jt,',al Vﬁlluefs' In [(Ipcke’s ex.penmerljt.s thethe functional dependence af (Fig. 6) but do suggest
chloride-loaded” cells after mixing were in a medium _ .o« for further investigation.

whose [HCQ] was 87.5 rw; the “bicarbonate-loaded” In conclusion, we found that QHCO; exchange in
cells were in a medium whose [HGDwas 73 gryihrocyte ghosts does not follow a single exponential
mm. Therefore, ch_)cke’s data aIsp agree with the pre-5i 4°c and extended the usual ping-pong model to in-
diction that the higher the equilibrium [HG) the  ¢jyde slippage in order to explain this phenomenon. We
slower the exchange rate. o derived the system of equations resulting from the model
Equations 35 and 37 for, are formally similar to  ang obtained the solution, which is a double exponential
those of Michaelis-Menten kinetics. Indeedkif,andK;  fynction. We have demonstrated that the functional de-
are substituted foKg andKg, these equations become pendence predicted by our model of each rate constant
identical to that for competitive inhibition in enzyme fits the data. Other aspects of the model, such as the
kinetics withvi,,, equal to A/V)c, P (t < 0). Fromthis  amplitudes of the double exponential, and temperature
perspective, the linearity of the double reciprocal plotsdependence of the rate constants are currently under in-
(Fig. 6) not only confirms the prediction of the model vestigation.
but also obviates the need to consider cooperative inter-

actions among protein domains (Segel’ 1975)' This IIn'This work was supported in part by the Annie Laurie Charitable Trust
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Michaelis-Menten kinetics, howevev,,,, changes dur- and Research Foundation and by a gift from Philomen T. Marvell, MD.
ing the first few seconds of the reaction; a brief exami- The authors thank Michael Toon for critically reading the manuscript.
nation of the reasons for the changevip,, will add

some intuitive insight as well as show the limitations of

Egs. 35 and 37. When bicarbonate-loaded ghosts arg@eferences
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rapldly'as mixing oc;gurs, certainly in less_ than 1 MSEC.gaker, G.F., Baker, P. 1996. Temperature dependence of the exchange
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equationP{, (0) + PS(0) = P{, + PS which is a special case of A4. =pt)- P/,
At equilibrium we have

PS=K, P}, (A6) Note thatC' = C°. From A4 we derive

w=- (A9)
and

. and from(A5) it follows that
PT=P3+P2+P3+P} +P_+P}
d
- i . . i (CYR VP! (A10)
Substituting equations 24-27 and A6 into the above equation leadsdt

after solving forP/,, to
Rearranging the definitions of the infinitesimals so that they may be

. pT introduced into Eq. 31, dropping all terms with a product of two in-
Py = K 1 K 1 (A7) finitesimals, and using equations A6 and A8 to simplify terms leads to
1+KU+C°<—L;+—i> "(—L;+—i
Kc Ke Ke Ks d Ac,—. Ac Uy +u 1
d—’:+<—iifp¢,>xz—_ifc°<ﬂc—12—l<——1>t (A11)
From the principle of microscopic reversibility we derive the follow- V' Ke ViKe 12 v
ing:
Rearranging A5 to eliminatein All gives
Co1 Ciz
o Ku=5 (A8)  dy [Acp,_
Ke Ke (=22 L =
dt  \vik

0] @ (U2rtu1t

In order to utilize the assumption of near equilibrium, we introduce the ~ a Ciz Upy+Up 1 [UlzPliJ(O) - UyyP
following first order infinitesimals: —— °< - 1)

ViKE Ci2 Ky Upy +Ugp

x=Cit)-C' (A12)
. - Al2is a linear, first order differential equation whose solution, after
o =Pg(t) - Py replacingy with C'(t) - C°, is Eq. 38. Eq. 40 is obtained by use of A7.



