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�
abstract


The exchange of chloride and bicarbonate across the human red cell membrane has been characterized by quenching of an intracellular fluorophore, 6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ). In 20 mM HEPES, pH 7.4, and varying concentrations of chloride and bicarbonate with total anion concentration of 150 mM, SPQ is quenched dynamically by chloride with an apparent Stern-Volmer quenching constant 0.071 ( 0.016 mM-1 at 25 °C. HEPES alone quenched SPQ fluorescence with a quenching constant of 0.030 ( 0.003 mM-1. Stopped-flow kinetic experiments give fluorescence time courses that, when corrected for Stern-Volmer quenching, are first-order. Disulfonic stilbenes (inhibitors of anion exchange) decrease the rate of fluorescence equilibration. Transport of bicarbonate via hydration-dehydration of CO2 does not contribute to the observed kinetics. The chloride-bicarbonate exchange rate is independent of the anion concentration gradient, but increases at 25 °C from 1  s-1 to 4 s-1 as equilibrium chloride concentration increases from 20 to 130 mM (with concomitant decrease in bicarbonate concentration from 130 mM to 20 mM). The data indicate that the translocation rate of the chloride-loaded transport protein is greater than that of bicarbonate-loaded transport protein, and that bicarbonate has a higher affinity for the transport protein than chloride. Our results validate the use of SPQ to measure quantitatively chloride-bicarbonate exchange in red cell ghosts. The methods we describe should be applicable to other systems exhibiting chloride-bicarbonate exchange.


�
The CO2-carrying capacity of blood is greatly enhanced by a process that involves  chloride-bicarbonate exchange across the red cell membrane. In vivo, CO2, produced by metabolic processes in tissue, diffuses rapidly into the red cell, where intracellular carbonic anhydrase catalyzes the conversion of CO2 into bicarbonate. Intracellular bicarbonate is then exchanged for extracellular chloride as bicarbonate flows passively down its concentration gradient. In the lungs, the process is reversed, and CO2 diffuses into the atmosphere. The anion exchange occurs by a ping-pong mechanism (� seq ref �1�) and is mediated by band 3, an integral transmembrane protein (� seq ref �2�).


The rate-limiting step in CO2 transport by blood is the anion exchange across the membrane. The exchange is rapid and comparable to the residence time of the red cell in capillaries (0.3-0.7 s) (� seq ref �3�). Previous methods to characterize this rapid exchange have included radioactive tracer methods (� seq ref �4�), pH stopped-flow methods (� seq ref �5�, � seq ref �6�), and flow-tube methods (� seq ref �7�). We report here a method to measure chloride-bicarbonate exchange in red cell ghost membranes that is based on the quenching of an intracellular fluorescent probe by halides (� seq ref �8�). The method consists of creating gradients of chloride across the red cell membrane (with equal but oppositely-directed gradients of bicarbonate) in a stopped-flow apparatus. As chloride and bicarbonate flow down their concentration gradients, the fluorescence signal from the intracellular fluorescent probe changes in a manner that can be analyzed quantitatively to give the chloride-bicarbonate exchange time. The method is rapid and straightforward, and can be applied to any exchange system in which intracellular halide concentration changes with time.


materials and methods


Materials. SPQ2 was synthesized by heating equimolar amounts of 6-methoxyquinoline and 1,3-propane sultone (Aldrich, Milwaukee, WI) at 100 °C for 45 min (� seq ref �9�) and purified by recrystallization from ethanol. Biogel A-50m was obtained from Biorad (Richmond, CA). DIDS was obtained from Pierce Chemical (Rockford, IL). DBDS was synthesized by the method of Kotaki et al. (� seq ref �10�). All other chemicals were obtained from Sigma (St. Louis, MO). Red cells less than four days old were obtained from the Binghamton Chapter of the Red Cross Blood Bank.


Ghost preparation.  Red cell ghosts were prepared by a hemolysis-resealing procedure performed on a gel filtration column (� seq ref �11�). A 7 x 31 cm column containing 1250 ml of Biogel A-50m was pre-equilibrated with 0.1 mM EDTA and 20 mM Pipes, pH 6.0. The column was then loaded with 480 ml of 20 mM Pipes, pH 7.6, followed by 120 ml of 150 mM NaCl, 20 mM Pipes, pH 7.6 (isotonic buffer). Red cells were washed three times in isotonic buffer and suspended in isotonic buffer at 10% hematocrit. The washed red cell suspension (100 ml) was applied to the column and eluted with isotonic buffer. Red cells hemolyzed in the region of the column equilibrated with 20 mM Pipes. Unsealed ghost membranes were eluted in the void volume of the column while hemoglobin and other intracellular constituents were retained on the column. All operations were performed at 0.0 �SYMBOL 177 \f "Symbol"� 0.1 �SYMBOL 176 \f "Symbol"�C. This procedure typically removed >98% of the hemoglobin as determined by Drabkin's assay (Sigma). Ghost membranes were concentrated by centrifugation at 10,400 x g, 0 �SYMBOL 176 \f "Symbol"�C, for 10 min, and resealed by resuspending the pellet in 20 volumes of 150 mM NaCl, 20 mM HEPES, pH 7.5 (isotonic chloride buffer), at 37 �SYMBOL 176 \f "Symbol"�C for 45 min. 


Resealed ghosts were loaded with SPQ by incubation of equal volumes of packed ghosts and 20 mM SPQ in isotonic buffer overnight at 4 �SYMBOL 176 \f "Symbol"�C, then washed at least 5 times with 20 volumes of either isotonic buffer or isotonic bicarbonate buffer (150 mM NaHCO3, 20 mM HEPES, pH 7.5). Ghosts were kept at 4 �SYMBOL 176 \f "Symbol"�C prior to use. Samples for stopped-flow experiments were prepared by adding 1 volume of packed, SPQ-labeled ghosts to 14 volumes of buffer solution.


DIDS-labeled membranes were prepared by incubating washed intact red cells at 33% hematocrit with 66-100 (M DIDS for 1 hour at 37 °C, then washing three times with isotonic chloride buffer. Anion transport inhibition was assessed by measuring the time course of pH equilibration following a (1 pH unit perturbation of a 1.4% hematocrit red cell suspension in isotonic chloride buffer. Inhibition was > 98%. Ghost membranes were prepared from DIDS-labeled cells as described above.


Fluorescence measurements. The time course of fluorescence was measured in a Dionex Model D-110 stopped-flow apparatus (Sunnyvale, CA) interfaced to a PDP 11/23 computer. Equal volumes of SPQ-labeled ghosts and buffer were mixed. In some experiments, experimental conditions were set to produce a varied chloride concentration gradient across the membrane at constant equilibrium chloride concentration. In other experiments, equilibrium chloride concentration was varied at constant chloride gradient. In all cases, the sum of chloride and bicarbonate concentrations was constant at 150 mM. Stock solutions of isotonic bicarbonate buffer were prepared immediately before use by adding sodium bicarbonate to HEPES acid. SPQ excitation wavelength was 360 nm (20 nm bandwidth); emission wavelengths were >400 nm as viewed with a Schott Glass GG-400 cut-on filter (Duryea, PA). Typically, ten time courses were averaged before data analysis. 


Equilibrium SPQ fluorescence was measured as a function of chloride and bicarbonate concentration in a SLM 8000 fluorescence spectrometer. Solutions of 5 (M SPQ were prepared in buffer consisting of 20 mM HEPES, x mM NaCl, and (150-x) mM NaHCO3. Fluorescence was measured with 352 nm excitation and 450 nm emission (slit width 10 nm). Fluorescence lifetimes of SPQ were measured in an SLM 68000 phase-modulation spectrometer. 


Data Analysis. As shown in Results and Discussion, both chloride and HEPES quench SPQ fluorescence by a collisional mechanism. In the presence of these two quenchers, the fluorescence, F, of SPQ is related to chloride and HEPES concentration by


� EMBED Equation.2  ���				[� SEQ eqn \* MERGEFORMAT �1�]


where Fo  is the fluorescence of SPQ in the absence of chloride and HEPES, and KQCl and � EMBED Equation.2  ��� are the quenching constants of chloride and HEPES, respectively. Equation 1 can be recast as


� EMBED Equation.2  ���						[� SEQ eqn \* MERGEFORMAT �2�] 


where F’o is the fluorescence intensity of SPQ in the presence of  20 mM HEPES


� EMBED Equation.2  ��� 						


and KQ is the apparent quenching constant for chloride in the presence of 20 mM HEPES:


� EMBED Equation.2  ���							[� SEQ eqn \* MERGEFORMAT �3�]


Equilibrium fluorescence data were fit to equation � seq eqn SternVolmer �2� by nonlinear least-squares analysis.


The intracellular chloride concentration should depend exponentially on time if anion exchange occurs by a ping-pong mechanism (see below)


� EMBED Equation.2  ���			[� SEQ eqn \* MERGEFORMAT �4�] 


where [Cl]t=0 and [Cl]t=( are the intracellular chloride concentrations at zero time and at equilibrium, respectively. Combining equations � seq eqn SternVolmer �2� and � seq eqn exponential �4� gives the time-dependence of fluorescence quenching:


� EMBED Equation.2  ���		[� SEQ eqn \* MERGEFORMAT �5�] 


where C represents an instrumental offset. Equation � seq eqn TimeCourse �5� was fit to stopped-flow kinetic traces by non-linear least-squares analysis. For the fit, the parameters F’o, ( and C were varied. The parameters [Cl]t=0 and [Cl]t=( were held fixed to the conditions of the experiment, and KQ was held fixed to its value determined from equilibrium measurements.


results and discussion


Quenching of SPQ fluorescence. SPQ fluorescence is quenched by halides via a collisional mechanism (� seq ref refIV1987 �8�). To examine the fluorescence quenching in our system, the fluorescence intensity of SPQ was measured as a function of chloride concentration. The data are plotted in � REF _Ref300555821 \* MERGEFORMAT �Figure 1� as a Stern-Volmer plot. The linearity of the plot indicates that SPQ fluorescence quenching in our system is described reasonably well by a collisional quenching mechanism with an apparent quenching constant 0.071 ( 0.016 mM-1. Lifetime measurements also support a collisional quenching mechanism. In the absence of chloride, SPQ has a fluorescence lifetime of 26.0 ( 0.5 ns which decreases to 2.3 ( 0.1 ns in the presence of (75 mM chloride + 75 mM bicarbonate). The fractional quenching predicted from these lifetime measurements is 0.09, while that measured from equilibrium measurements at 75 mM chloride is 0.16. This comparison indicates that the quenching mechanism is more complex than a simple bimolecular collisional mechanism.


Our value of 0.071 mM-1 for the quenching constant differs significantly from the value of 0.118 mM-1 reported previously (� seq ref refIV1987 �8�). Our experiments were done in the presence of three ions: chloride, bicarbonate and HEPES. To assess the effect of the individual ions, we measured the fluorescence intensity of SPQ as a function of the concentration of these ions separately. For chloride alone, we obtained a quenching constant of 0.116 ( 0.007 mM-1 (data not shown), similar to that reported previously (� seq ref refIV1987 �8�). Bicarbonate at 150 mM had no detectable effect on SPQ fluorescence. HEPES quenched SPQ fluorescence with a quenching constant of 0.03 ( 0.003 mM-1 (inset, � REF _Ref300555821 \* MERGEFORMAT �Figure 1�). The apparent quenching constant for chloride in the presence of 20 mM HEPES and bicarbonate, calculated from equation � seq eqn eqnKq �3�, is 0.072 mM-1. Since this calculated value is equal to our measured quenching constant, the difference between our quenching constant and that determined previously is due to the quenching of SPQ fluorescence by HEPES.


Time course of fluorescence quenching. The kinetics of chloride-bicarbonate exchange were examined by creating inwardly and outwardly-directed gradients of chloride across the membrane in the stopped-flow apparatus. The experimental conditions were set so that the total intracellular and extracellular anion concentration at the start of the experiment was 150 mM. Since anion exchange in the red cell is a 1-for-1 exchange, the total intracellular and the total extracellular anion concentrations remained constant throughout the exchange time course.  Furthermore, at equilibrium, the intracellular and extracellular chloride concentrations must be equal because the Donnan ratio for red cell ghosts is equal to 1. The chloride concentration was manipulated to present an inwardly-directed or outwardly-directed chloride gradient across the membrane, with an equal but oppositely-directed bicarbonate gradient.


� REF _Ref300635651 \* MERGEFORMAT �Figure 2� shows the time course of SPQ fluorescence at five different chloride gradients. In these experiments, initial intracellular chloride concentration ranged from 0 to 150 mM, while the final intracellular and extracellular chloride concentrations at equilibrium were always 75 mM. Because the extracellular volume was much greater than the intracellular volume, the extracellular chloride concentration was constant throughout the experiment. Inwardly-directed chloride gradients (top three traces in � REF _Ref300635651 \* MERGEFORMAT �Figure 2�) produce a time-dependent quenching of SPQ fluorescence, while outwardly-directed chloride gradients (bottom two traces) produce an enhancement time course. The kinetic experiments shown in � REF _Ref300635651 \* MERGEFORMAT �Figure 2� measure chloride-bicarbonate exchange. Chloride-chloride or bicarbonate-bicarbonate exchange would not change the intracellular chloride concentration nor the fluorescence intensity of SPQ.


As shown in � REF _Ref300637188 \* MERGEFORMAT �Figure 3�, the time courses are well-described by an equation that combines first-order kinetics with Stern-Volmer quenching (equation 5). First-order kinetics are expected from the commonly accepted ping-pong mechanism of anion exchange (� REF _Ref300637390 \* MERGEFORMAT �Figure 4�). If anion binding and unbinding are rapid compared with translocation steps across the membrane (� seq ref �12�), the exchange system behaves as an apparent first-order kinetic system characterized by an inverse exponential time constant, (-1, given by3


� EMBED Equation.2  ���			[� seq eqn �6�] 


where the symbols are defined in � REF _Ref300637390 \* MERGEFORMAT �Figure 4�. The inverse exponential time constant, (-1, is a function of the rate constants, equilibrium dissociation constants, and equilibrium concentrations of both anions on both sides of the membrane. The parameter ( can be thought of as a relaxation time constant. When the anion exchange system is perturbed by the imposition of an anion concentration gradient, the system will relax back to equilibrium with first order kinetics with inverse time constant given by equation � seq eqn ClDependence �6�.


Hydration and dehydration of CO2. The model of anion exchange in � REF _Ref300637390 \* MERGEFORMAT �Figure 4� supposes that the only transport pathway for bicarbonate is through band 3. It is possible, however, for bicarbonate to be transported across the membrane as CO2. Bicarbonate dehydration and CO2 transport could provide a shunt to dissipate bicarbonate gradients set up in the stopped-flow experiments. The CO2-bicarbonate reactions are summarized by the chemical equations:


� EMBED Equation.2  ���


Reactions 1 and 2 are very fast compared to the time scale of our experiments. At pH 7.4, bicarbonate is the predominant species. In the absence of carbonic anhydrase, reaction 3 occurs on a time scale comparable to that of our experiments (� seq ref  �13�, � seq ref �14�), while reaction 4 occurs on a time scale of hours in the absence of vigorous solution agitation (� seq ref �15�).


To examine reactions 3 and 4, pH stat experiments were performed. Aliquots of HCl were added to a freshly-prepared solution of 150 mM NaHCO3 and 20 mM HEPES to maintain a constant pH of 7.5. The kinetics of HCl addition was biphasic characterized by time constants of 14 sec and 9 hours (data not shown). The two kinetic components correspond to reactions 3 and 4, respectively (� seq ref refGE1963 �13�). The decrease in bicarbonate concentration, calculated from the amount of HCl added after completion of the first reaction, was 7%.


In the stopped-flow apparatus, the concentration gradient of bicarbonate was imposed within milliseconds in the stopped-flow apparatus, and the longest time constant for SPQ quenching was 1 sec. Since these times are smaller than the measured dehydration times, bicarbonate equilibrates via chloride-bicarbonate exchange across the membrane before appreciable dehydration takes place. The maximal change in bicarbonate concentration due to dehydration is 5-7%, which would be a small perturbation on the observed SPQ time course. 


To confirm the insignificance of bicarbonate dehydration, kinetic experiments with resealed ghosts were performed in the presence of intracellular and extracellular carbonic anhydrase, and also in the presence of acetazolamide, an inhibitor of carbonic anhydrase. None of these treatments affected the exchange rates observed by SPQ fluorescence. Control experiments showed that carbonic anhydrase activity was not inhibited by SPQ. We conclude that dehydration of bicarbonate does not contribute significantly to the observed SPQ time course.


Effect of anion transport inhibitors. To demonstrate that the fluorescence time course represents chloride-bicarbonate exchange through the anion exchange protein, band 3, we examined the effect of DIDS and DBDS. These compounds are band 3-specific inhibitors of anion transport. DIDS binds irreversibly and DBDS binds reversibly to band 3; both can inhibit up to 99% of anion exchange. � REF _Ref300637846 \* MERGEFORMAT �Figure 5� shows that both inhibitors dramatically slow down the fluorescence time course. These results indicate that intracellular SPQ fluorescence monitors chloride-bicarbonate exchange through band 3.


Temperature dependence of anion exchange. The temperature dependence of the chloride-bicarbonate exchange was examined by measuring the SPQ fluorescence time course at four temperatures from 4.5 (C to 35 (C. An Arrhenius plot of the results (� REF _Ref300639766 \* MERGEFORMAT �Figure 6�) gives an activation energy of 17 ( 2 kcal/mole. Although our data do not define a transition temperature for chloride-bicarbonate exchange (e.g., 17 (C; � seq ref �16�), the activation energy is similar to the value of 19 kcal/mole reported previously when only a single activation energy was assumed (� ref refLL1980 �6�).


Dependence of time course on anion concentration and gradient. To investigate the relative magnitudes of the binding and translocation rates of the transport mechanism of � REF _Ref300637390 \* MERGEFORMAT �Figure 4�, the time course of SPQ fluorescence was measured as a function of equilibrium anion concentration and anion concentration gradient. Stopped-flow experiments at varying chloride gradient (at constant equilibrium chloride concentration) showed that the inverse exponential time constant (1/( in equation 5) does not depend on anion concentration (data not shown). This finding is consistent with an apparent first-order relaxation system (� seq ref �17�).


Because of the presence of rapid bimolecular steps preceding and following the slow unimolecular steps in the reaction mechanism of � REF _Ref300637390 \* MERGEFORMAT �Figure 4�, the exchange rate should depend on the equilibrium chloride concentration, as given in equation � seq eqn ClDependence �6�. � REF _Ref301053445 \* MERGEFORMAT �Figure 7� shows that the exchange rate increases with increasing chloride concentration and that the dependence is concave upward. Similar data have been obtained by measuring chloride self-exchange in the presence of bicarbonate in red cells (� seq ref  refLL1980 �6�, � seq ref  �18�, � seq ref  �19�) and in resealed ghosts (� seq ref refW1979 �4�). 


The data in � REF _Ref301053445 \* MERGEFORMAT �Figure 7� can be used to examine the affinities and translocation rates of chloride and bicarbonate. In principle, equation 6 can be fit to the data, but in practice, the eight parameters in equation 6 are not independent and the data have too much variation to extract parameter values with good precision. A qualitative comparison can be made, however. In the limit of zero equilibrium chloride concentration, the reaction kinetics of � REF _Ref300637390 \* MERGEFORMAT �Figure 4� are governed by bicarbonate translocation. As chloride concentration increases, the chloride translocation steps begin to contribute to the observed exchange time until at zero bicarbonate concentration, the reaction kinetics are governed by chloride translocation. Since the exchange rate increases with chloride concentration, the sum of the rate constants for the EoCl� EMBED Equation.2  ���EiCl transition in � REF _Ref300637390 \* MERGEFORMAT �Figure 4� (k1+k-1) is greater than the sum of rate constants for the EoHCO3 � EMBED Equation.2  ���EoHCO3 transition (k2+k-2).  Furthermore, because the curve is concave upward, the dissociation constants of chloride from Eo and Ei (KoCl and  KiCl) are greater than those of bicarbonate (KoHCO3 and KiHCO3 ) (� seq ref refGDTW1973 �18�).


We have shown that the fluorescence of SPQ, trapped in red cell ghosts, can be used to monitor chloride-bicarbonate exchange through band 3, the anion transport protein. We have also shown how the observed time course of fluorescence can be analyzed to give a single exponential time constant that characterizes the exchange. The method should be applicable to any exchange system in which SPQ can be trapped intracellularly and in which intracelluar halide concentration changes during the exchange process. For example, chloride-bicarbonate exchange could be studied in cardiomyocytes (� seq ref �20�), hepatocytes (� seq ref �21�), or other systems that have transport proteins similar to erythrocyte band 3.
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Footnotes


1Present address: College Misericordia, 301 Lake Street, Dallas, PA  18612


2Abbreviations used: SPQ, 6-methoxy-N-(3-sulfopropyl)quinolinium; DIDS, 4,4’-diisothiocyano-2,2’-disulfonicstilbene; DBDS, 4,4’-dibenzamido-2,2’-disulfonicstilbene.


3 The reaction mechanism in � REF _Ref300637390 \* MERGEFORMAT �Figure 4� is described by two differential equations for the two slow translocation steps, four equilibrium equations for the four fast steps, and five conservation conditions. However, because the reaction steps form a closed loop, the two differential equations are not independent, and a single differential equation is sufficient to describe the kinetics (� seq ref �22�). We take this equation to be the rate at which the concentration of all forms of intracellular band 3 change:


	� EMBED Equation.2  ���


Because the anion concentration is much greater than the concentration of band 3, all anion concentrations are to a good approximation equal to equilibrium anion concentrations. With this approximation, substitution of the equilibrium and conservation conditions into the differential equation gives a first-order equation whose inverse exponential time constant is given by equation � seq eqn ClDependence �6�.


�
Figure Legends


� REF _Ref316457905 \* MERGEFORMAT �Figure 1. Dynamic quenching of SPQ by chloride and bicarbonate solutions.� The fluorescence of a solution of 500 (M SPQ, 20 mM HEPES, pH 7.4, and varying chloride and bicarbonate concentrations (total anion concentration = 150 mM) was measured at 25 °C. The data represent the average of three experiments. A weighted fit of a linear function to this data gives an apparent quenching constant of 0.064 ( 0.004 mM-1. Four sets of these experiments gave an average quenching constant of 0.071 ( 0.016 mM-1. Inset: Dynamic quenching of SPQ fluorescence by HEPES. 


� REF _Ref316458419 \* MERGEFORMAT �Figure 2. Time course of SPQ fluorescence.� SPQ-labeled, resealed ghost membranes (0.2 mg protein/ml) in buffer solution of chloride, bicarbonate and 20 mM HEPES, pH 7.5, were mixed with an equal volume of chloride, bicarbonate and 20 mM HEPES, pH 7.5. The composition of the two solutions was varied to produce varying chloride gradients across the membrane; the sum of chloride and bicarbonate concentrations was 150 mM. From top to bottom, the chloride gradient was -65, -45, -25, +25, +45 mM. (A negative chloride gradient corresponds to an inwardly-directed chloride gradient.) The final equilibrium intracellular and extracellular chloride and bicarbonate concentrations were 75 mM. The data represent the average of six to eight scans. For these and the following figures, SPQ fluorescence is in arbitrary units.


� REF _Ref316458444 \* MERGEFORMAT �Figure 3. Fit of fluorescence time course.� Experiments were performed as in figure 2. (a) Inwardly-directed chloride gradient is -65 mM; equilibrium chloride concentration is 75 mM. A fit of equation 5 to the data (solid line) gives a time constant of 0.74 ( 0.04 s. The graph below the data is the deviation between the experimental data and the fit, expressed as a fraction of the signal amplitude. (b) As in (a), but with outwardly-directed chloride gradient of +65 mM. The fit gives a time constant of 0.69 ( 0.04 s.


� REF _Ref316458449 \* MERGEFORMAT �Figure 4. Ping-pong mechanism of anion exchange.� The translocation steps are slow compared to the anion binding steps. Equilibrium constants are expressed as dissociation constants. The symbol E stands for band 3.


� REF _Ref316458454 \* MERGEFORMAT �Figure 5. Effect of anion exchange inhibitors on fluorescence time course.� (a) Effect of DIDS, an irreversible inhibitor of anion exchange, on chloride influx resulting from a -65 mM chloride gradient. Equilibrium chloride concentration is 75 mM. Red cells were labeled irreversibly with DIDS before hemolysis as described in Materials and Methods. Exchange time constants were 0.73 ( 0.03 s (control) and 62 ( 4 s (DIDS). (b) Effect of 4 (M DBDS, a reversible inhibitor of anion exchange, on chloride efflux resulting from a +65 mM chloride gradient; equilibrium chloride concentration is 75 mM. Exchange time constants were 0.65 ( 0.04 s (control) and 6.8 ( 0.6 s (DBDS). DBDS exerts a considerable inner filter effect on SPQ fluorescence, artifactually lowering the equilibrium SPQ fluorescence.


� REF _Ref316458471 \* MERGEFORMAT �Figure 6. Temperature dependence of anion exchange.� The chloride-bicarbonate exchange rate is in s-1. The line is a fit of the Arrhenius equation to the data with activation energy 17 ( 2 kcal/mole. Data were obtained with a chloride gradient of -30 mM.


� REF _Ref315155189 \* MERGEFORMAT �Figure 7. Concentration dependence of chloride-bicarbonate exchange rate.� The exchange rate was determined at each equilibrium chloride concentration with one to three concentration gradients.
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�


 � REF _Ref300555821 \* MERGEFORMAT �Figure 1�, Calafut and Dix, “Chloride-Bicarbonate Exchange ...” (ref: CALAFUT.XLS, SternVolmer) �
�


� REF _Ref300635651 \* MERGEFORMAT �Figure 2�, Calafut and Dix, “Chloride-Bicarbonate Exchange ...” (ref: CALAFUT.XLS, Kinetics)�
�
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Figure 3a, Calafut and Dix, “Chloride-Bicarbonate Exchange ...” (ref: CALAFUT.XLS, Kinetic Fit 2)


�
�


Figure 3b, Calafut and Dix, “Chloride-Bicarbonate Exchange ...” (ref: CALAFUT.XLS, Kinetic Fit 2)


�
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� EMBED MSDraw  ���











Figure 4, Calafut and Dix, “Chloride-Bicarbonate Exchange ...”


�
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� REF _Ref300637846 \* MERGEFORMAT �Figure 5�, Calafut and Dix, “Chloride-Bicarbonate Exchange ...” (ref: CALAFUT.XLS,  DIDS) 


�
�





� REF _Ref300639766 \* MERGEFORMAT �Figure 6�, Calafut and Dix, “Chloride-Bicarbonate Exchange ...” (ref: CALAFUT.XLS, T dep) 


�
�


� REF _Ref301053445 \* MERGEFORMAT �Figure 7�, Calafut and Dix, “Chloride-Bicarbonate Exchange ...” (ref: CALAFUT.XLS, C dep)


�
Figure Captions


Figure � SEQ Figure \* ARABIC �1�. Dynamic quenching of SPQ by chloride and bicarbonate solutions.


Figure � SEQ Figure \* ARABIC �2�. Time course of SPQ fluorescence.


Figure � SEQ Figure \* ARABIC �3�. Fit of fluorescence time course.


Figure � SEQ Figure \* ARABIC �4�. Ping-pong mechanism of anion exchange.


Figure � SEQ Figure \* ARABIC �5�. Effect of anion exchange inhibitors on fluorescence time course.


Figure � SEQ Figure \* ARABIC �6�. Temperature dependence of anion exchange.


Figure � SEQ Figure \* ARABIC �7�. Concentration dependence of chloride-bicarbonate exchange rate.
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