Biophysical Chemistry 23 (1985) 139-145
Elsevier

BPC 01033

139

TEMPERATURE DEPENDENCE OF ANION TRANSPORT INHIBITOR BINDING TO

HUMAN RED CELL MEMBRANES

-Richard G. POSNER and James A. DIX

Department of Chemistry, State University of New York, Binghamton, NY 13901, U.S.A.

Received 20th June 1985
Accepted 2nd September 1985

Key words: Red cell membrane; Thermodynamics; Anion transport;, Band 3; 4,4’- Dibenzamido - 2,2’ - disulfonic stilbene

The binding characteristics of the inhibitor of anion transport in human red cells, 4,4'-dibenzamido-2,2'-disulfonic stilbene
(DBDS), to the anion transport protein of red cell ghost membranes in buffer containing 150 mM NaCl have been measured
over the temperature range 0-30°C by equilibrium and stopped-flow fluorescence methods. The cquilibrium dissociation
constant, K.q, increased with temperature. No evidence of a ‘break’ in the In(K,) vs. 1/T plot was found. The standard
dissociation enthalpy and entropy changes calculated from the temperature dependence are 9.1+ 0.9 kcal/mol and 3.2+0.3
e.u., respectively. Stopped-flow kinetic studies resolve the overall binding into two steps: a bimolecular association of DBDS
with the anion transport protein, followed by a unimolecular rearrangement of the DBDS-protein complex. The rate constants
for the individual steps in the binding mechanism can be determined from an analysis of the concentration dependence of the
binding time course. Arrhenius plots of the rate constants showed no evidence of a break. Activation energies for the individual
steps in the binding mechanism are 11.6 +0.9 kcal/mol (bimolecular, forward step), 17 £ 2 kcal/mol (bimolecular, reverse
step), 6.4+2.3 kcal/mol (unimolecular, forward step), and 10.6+1.9 kcal/mol (unimolecular, reverse step). Our results
indicate that there is an appreciable enthalpic energy barrier for the bimolecular association of DBDS with the transport
protein, and appreciable enthalpic and entropic barriers for the unimolecular rearrangement of the DBDS-protein complex.

1. Introduction

Temperature dependences of equilibrium and
kinetic processes in biological systems can be used
to calculate equilibrium and activation thermody-
namic parameters. Although the interpretation of
these parameters cannot be as precise as that in a
more well-defined physico-chemical system, the
thermodynamic parameters nonetheless give an
approximation of the energies of the equilibrium
states of the biological system and of the activa-
tion barriers connecting the equilibrium states.

In addition to giving energy levels, temperature
dependences often reveal ‘breaks’ in plots of the
logarithm of the equilibrium or rate constant vs.
inverse absolute temperature. Breaks are usually

interpreted as phase changes in the biological sys-
tem [1], or as competition between two opposing
processes [2].

We have measured the equilibrium and rate
constants that characterize the binding of a fluo-
rescent inhibitor of red cell anion transport, 4,4~
dibenzamido-2,2'-disulfonic stilbene (DBDS), to
human red cell ghost membranes over the temper-
ature range 0-30°C. DBDS binds specifically to
band 3, the anion transport protein of the red cell
membrane [3]; the binding is accompanied by a
100-fold increase in the quantum yield of fluores-
cence. In the presence of chloride, the binding
mechanism of DBDS to band 3 consists of a
bimolecular association of DBDS with band 3,
followed by a unimolecular rearrangement of the
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DBDS-band 3 complex:

k, k
band 3/ band 3-DBDS = band 3*DBDS (1)
= k_,

DBD

in which k&, and k_; are the forward and reverse
rate constants, respectively, of the i-th step [4].
Both steps can be resolved kinetically by stopped-
flow fluorescence experiments [5].

Studies of a variety of red cell membrane prop-
erties, including anion transport [6], glucose trans-
port [7], water transport [8], and membrane lipid
viscosity [9], have revealed breaks in Arrhenius
plots in the temperature range 10-20°C. We do
not find breaks in Arrhenius plots for DBDS
equilibrium and kinetic constants. The bimolecular
step in DBDS binding is characterized by a large
activation enthalpy, much larger than would be
expected for a simple diffusion-controlled bimo-
lecular association. The unimolecular step is char-
acterized by large enthalpic and entropic barriers,
as would be expected for a DBDS-induced confor-
mational change in the band 3 protein.

2. Materials and methods
2.1. Membrane preparations

Human red cell ghost membranes were pre-
pared from outdated blood obtained from the Red
Cross Blood Bank. The blood was washed 3 times
in 20 vols. of 150 mM NaCl, 5 mM sodium phos-
phate, pH at 8, 0°C, then hemolyzed at 0°C with
20 vols. of 5 mM sodium phosphate, pH 8. Hemo-
lysate was removed by washing four times with
20 vols. of 5 mM sodium phosphate, pH 8. The
ghost membranes were then washed twice with
20 vols. of 150 mM NaCl, 5 mM Hepes, pH 7.4;
this buffer was used in the subsequent experi-
ments. Ghost membranes were suspended to
0.04 mg total protein/ml; protein concentration
was measured according to the method of Lowry
et al. [16].

2.2. Equilibrium experiments

Equilibrium DBDS fluorescence was measured
in an SLM 4000 fluorescence spectrometer

equipped with a double excitation monochrometer
and cooled photomultiplier. The spectrometer was
interfaced with a Digital MINC 11,/23 computer
(Maynard, MA) for data averaging, storage and
analysis. 3 ml of a 0.04 mg,/ml ghost solution were
tritrated with concentrated stock solutions of
DBDS; final DBDS concentrations ranged from
0.02 to 14 puM. The resulting fluorescence was
corrected for dilution, scattering and fluorescence
of unbound DBDS as described by Verkman et al.
[3]. The corrected fluorescence was analyzed in
terms of a single class of DBDS-binding sites. The
temperature was maintained by circulating tem-
perature-controlled water through the SLM cuvette
holder block; temperature was measured by im-
mersing a thermometer into the cuvette after com-
pletion of the experiment.

2.3. Kinetic measurements

The kinetics of DBDS binding to band 3 were
measured by fluorescence stopped-flow methods.
0.1 ml of a 0.04 mg/ml ghost solution (approx.
100 nM band 3) was mixed with 0.1 ml of a DBDS
solution of known concentration in a Dionex
Model D-130 stopped-flow photometer (Sun-
nyvale, CA) interfaced with a Digital MINC 11,23
computer for data acquisition and analysis. Typi-
cally, four to six scans at a given DBDS concentra-
tion and temperature were averaged before analy-
sis. The temperature of the reaction was main-
tained by circulating temperature-controlled water
through a water bath containing the mixing syr-
inges and mixing block, and through the block
containing the observation cell. A double-ex-
ponential function was fitted through the averaged
data by the nonlinear least-squares method; rate
constants were extracted from the exponential time
constants of the fit as described in section 3.2 and
as described by Smith and Dix [5].

3. Results and discussion

3.1. Equilibrium studies

The effect of temperature on DBDS equi-
librium binding to red cell ghost membranes is
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Fig. 1. Eifect of temperature on DBDS equilibrium binding to
ghost membranes. The ordinate is fluorescence of DBDS,
corrected for dilution, scattering and unbound DBDS {3]; the
abscissa is total DBDS concentration. The lines are the nonlin-
ear least-squares fit of a rectangular hyperbola, F =
¢,[DBDS]/(K ., +[DBDS])+ e, where F is the corrected fluo-
rescence and e, ch and e, fitted parameters. The data have
been normalized to corrected fluorescence intensity at infinile
[DBDS] in order to take into account the variation of quantum
yield with temperature. (O) 0°C, (O) 12°C, (a) 30°C.

shown in fig. 1. The overall dissociation constant
for DBDS binding, K, is obtained from fig. 1 as
the concentration of DBDS at which the corrected
fluorescence half-saturates. K., is related to the
rate constants of the DBDS binding mechanism in
eq. 1 by

ch=(k—1/k1)/(1+k2/k—z) (2)

As shown in fig. 1, the dissociation constant in-
creases with temperature, corresponding to a total
negative enthalpy change accompanying DBDS
binding.

A value for the overall enthalpy and entropy
changes is calculated from the equation relating
the equilibrium constant to temperature:

In(K,.)=—-AH/RT+AS/R (3)

A plot of In(K,,) vs. 1/T is given in fig. 2; the
standard enthalpy and entropy changes calculated
from the slope and intercept are given in the first
line of table 1. The data in fig. 2 fall along a
straight line and do not exhibit a significant break,
suggesting that DBDS binding to band 3 is not

1.0

In(Kg)

290 ! L L

325 345 365
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Fig. 2. Effect of temperature on equilibrium DBDS dissociation
constant. The logarithm of the dissociation constant. K,
determined from the fit of a rectangular hyperbola to binding
data as in fig. 1, is plotted as a function of inverse absolute
temperature. The line is the weighted least-squares fit.

sensitive to any phase changes that might occur in
the membrane over this temperature range, or that
DBDS binding does not consist of two competing
processes with differing temperature dependences.

3.2. Kinetic studies

The effect of temperature on the rate of DBDS
binding is shown in fig. 3. As temperature in-
creases, the rate of binding increases. The time
course of binding is not single exponential but
double exponential [5], reflecting contributions
from each of the two steps in the binding mecha-
nism of eq. 1.

For [DBDS] > [band 3] (which is applicable in
our experiments), the time course of DBDS bind-
ing is described by two coupled differential equa-
tions; in matrix form, these equations are [5]:

—dxy/dt\ [ k[DBDS]+k_, k_, x
—dysdr| k, k2+k2)(y
(4)

where x and y represent deviations of [band 3]
and [band 3*-DBDS], respectively, from their
equilibrium values. The solution to eq. 4 is of the
form

x+ty=A exp(—t/m)+ A, exp(—1/7,) (5)
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Table 1

Standard thermodynamic parameters characterizing DBDS binding at 25°C

Standard state: 1 M, activity coefficients = 1.

Parameter Value Units AH AS AG E,

(kcal /mol) (cal/mol per K) (kcal /mol) (kcal /mol)
K., 0.77 uM 9.1+0.9 321+ 03 8.240.5 -
k, 0.67 s uMT! 1.0+ 09 6.6 + 0.7 9.0+1.2 11.6+0.9
k_, 24 57! 17 +2 -0.45+ 007 17 +2 17 +2
k, 131 s7! 57423 -35 +18 16 +8 64123
k_, 0.52 57! 100+1.9 -26 + 7 13 +4 10.6 £1.9
From Verkman et al. [3]
ks 40 st 53+1.6 -38 + 9 17 16 -
k_, 0.09 s™! 122424 -24 + 3 19 16 -
where 7! and 7, ! are the eigenvalues of the rate The time constants, 7, and 7,, were determined

constant matrix in eq. 4 and A4, and A4, are re-
lated to the eigenvectors of the equation. The
quantity x + y is related to the measured quantity
in our kinetic experiments, [band 3-DBDS]+
[band 3*-DBDS]. If the quantum yield of DBDS
fluorescence is the same in both the band 3-DBDS
and band 3*-DBDS forms, then x+y is just
proportional to [band 3-DBDS] + [band 3*-
DBDS]); if one form fluoresces more than the
other, then the eigenvectors will be affected but
the eigenvalues will remain relatively unaffected.
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Fig. 3. Effect of temperature on time course of DBDS binding
to ghost membranes. Equal volumes of ghost membranes
(0.04 mg /ml) and DBDS (10 p M) were mixed in a stopped-flow
device and the resulting fluorescence followed as a function of
time. The data shown in this figure represent the average of
four time courses, Increasing (luorescence represents formation
of the band 3-DBDS and band 3*-DBDS species in the mecha-
nism of eq. 1 in the text. The lines are a fit of a double-
exponential function to the data. (Left) 1°C, fast time constant
=1.23+0.02 s, slow time constant = 3.3+0.3 s; (right) 23.5°C,
fast time constant = 0.11 +0.01 s, slow time constant = 0.59 +
0.04s.

at a given temperature for five DBDS concentra-
tions in the range 5-15 pM, by a fit of a double-
exponential function to each time course. Theo-
retical time constants, predicted by solving the rate
matrix for a given [DBDS] and assumed rate con-
stants, were compared to the time constants ob-
tained from the double-exponential fit. The rate
constants were then varied until the deviation be-
tween the calculated time constants and the ex-
perimental time constants was minimized. In order
to minimize the number of variable parameters,
the combination of the four rate constants
ki, k_y, kyand k_, was constrained to equal the
equilibrium dissociation constant as calculated by
eq. 2 at the appropriate temperature.

Fig. 4 shows the temperature dependence of the
rate constants, plotted in the form of an Arrhenius
plot. None of the four rate constants exhibits a
significant break in the Arrhenius plot, suggesting
that even on a mechanistic level, as given in eq. 1,
there are no thermal transitions as probed by
DBDS binding.

We have used Eyring activated-complex theory
to calculate the thermodynamic parameters char-
acterizing the kinetics of DBDS binding. The
Arrhenius plot of the temperature dependence of a
rate constant, k;, yields an activation energy, E,

In(k;)= —E,/RT +1In(A) (6)

where A4 is the Arrhenius frequency factor. The
standard activation enthalpy change, AH?, is



R.G. Posner, J.A, Dix / Thermodynamics of inhibitor binding 143

o5~

N
u

In (rate constant)
In (rate constant)

L 1

L1 1 1
33 35 37 33 35 37

1/T (mK)™! /T (mK)!

Fig. 4. Arrhenius plots of rate constants for DBDS binding to
ghost membranes. Forward and reverse rate constants for the
individual steps in the DBDS-binding mechanism of eq. 1 were
extracted from the concentration dependence of the fitted time
constants as described in the text. The lines represent the
weighted least-squares fit. (Left, top) forward unimolecular
step, (left, bottom) reverse unimolecular step, (right, top) for-
ward bimolecular step, (right, bottom) reverse bimolecular step.

calculated from E, as
AH*=E,— RT (7)

and the standard activation entropy change, AS#,
for a given temperature, T, is calculated as

ASt=R(In(k,)+AH* —In(kgT/h)) (8)

where kg is Boltzmann’s constant and /4 Planck’s
constant [10]. The standard activation enthalpies
and entropies are given in table 1.

3.3. Thermodynamic profile

The activation parameters can be combined to
give a thermodynamic profile for DBDS binding
to band 3 (fig. 5). At 25°C, the bimolecular step
of the reaction mechanism is both enthalpy (AH
= —6 kcal/mol) and entropy (—7AS= —1.8
kcal/mol) driven, resulting in a favorable free
energy change (AG = —7.6 kcal /mol). The major
activation barrier for the bimolecular step is en-
thalpic. For the unimolecular step, a favorable
enthalpy change (AH = —4.3 kcal/mol) is op-
posed by an unfavorable entropy change (—7AS
= +2.6 kcal /mol), resulting in a small, favorable
free energy change (AG = —1.7 kcal/mol). The

ks K> .
Band 3 —— = B3-0BDS __ - - >~ 33.-DBDS
ko>

k_y

DBDS

(Keal fmol)

AH

-T4S (Kcal /mol)
Q
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o
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Fig. 5. Thermodynamic profile for DBDS binding to ghost
membranes at 25°C.

major activation barriers for the unimolecular step
are both enthalpic and entropic. Similar thermody-
namic profiles have been observed for enzyme
reactions [11].

Consideration of the thermodynamic parame-
ters of fig. 5 leads a plausible molecular model for
DBDS binding. The binding site for DBDS on
band 3 may be a narrow cavity to which DBDS
has restricted diffusional access. In order for DBDS
to associate with this binding site, enthalpic bonds
must be broken (large, positive activation en-
thalpy) and the protein must adopt a slightly more
disordered state (positive entropy of activation);
this would correspond to opening up to make it
more accessible to DBDS. Once DBDS has bound
to this site, additional enthalpic bonds must be
broken and the protein must adopt a much more
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ordered state (large negative activation entropy) in
order for DBDS to bind to its final, band 3*-DBDS
form; this would correspond to an internalization
of the DBDS molecule within the band 3 protein,

3.4. Comparison with previous work

Verkman et al. [3] have studied the thermody-
namics of DBDS binding to ghost membranes
suspended in sodium citrate buffer, 160 mM ionic
strength, rather than the chloride buffer used in
the present study. In buffers that do not contain
transportable anions, such as citrate buffer, DBDS
binds to two classes of band 3 sites on ghost
membranes. Because of the large dead time of
their stopped-flow apparatus, Verkman et al. were
not able to detect fast, bimolecular steps in bind-
ing. In spite of the differences between our experi-
mental conditions and those of Verkman et al., the
thermodynamic profiles for the unimolecular step
of binding are remarkably similar (table 1), sug-
gesting that the energy barriers for the rearrange-
ment and the equilibrium states of the band 3-
DBDS complex do not depend strongly on the
presence of transportable anions.

In the present study, and in the study of Verk-
man et al. [3], Arrhenius plots of rate constants
were linear and did not reveal any characteristic
break. This finding is in contrast with breaks
determined from log plots of red cell membrane
parameters vs. inverse absolute temperature. Such
plots reveal a thermal transition in the temperature

Table 2

Reported transition temperatures in the red cell membrane

System Method T.(°C) Reference
Intact cells water transport 26 [8]
glucose exchange 20 7
glucose efflux none  [13]
chloride exchange 15 [6]
bromide exchange 25 6}
NBD-taurine efflux 10 [12]
Ghost membranes positron lifetime 16-20 [14)
Sonicated ghosts  viscometry 18-19  [9]
Sonicated lipids  viscometry 18-19 [9]

Intact cells bicarbonate exchange 12-24 [15]

range 10-20°C. A summary of reported transition
temperatures is given in table 2.

It is perhaps surprising that there is no evidence
of a break in the Arrhenius plots of the binding
rate constants of DBDS to band 3, while Arrhenius
plots of rate constants for anion transport through
band 3 reveal breaks [6,12]. However, anion trans-
port involves at least two steps, an anion-binding
step and an anion translocation step; if these two
steps have different activation energies, then mea-
surement of just the overall exchange rate as a
function of temperature could lead to apparent
breaks as the temperature dependence of one step
dominates the temperature dependence of the other
[2,12].

In our binding studies, we are able to resolve
the individual steps in the binding mechanism,
thereby determining the activation barriers for each
individual step. We have used our results to analyze
the effect of temperature on a two-step binding
mechanism if the kinetic data were fitted incor-
rectly by a single-exponential time course. Simu-
lated time courses for the reaction mechanism in
eq. 1 were calculated from the rate equations in
eq. 4 and the rate constants for a particular tem-
perature as obtained from the fitted lines in fig. 4.
The simulated time courses were then fitted by a
single-exponential function from 200 ms to 4-times
the fitted time constant; over this time range, the
simulated data were described reasonably well by
the single-exponential fitting function.

If a single-exponential function is fitted to the
simulated data, then a break in the Arrhenius plot
of the log of the inverse fitted exponential time
constant vs, reciprocal absolute temperature is seen
at 19°C, similar to the temperature at which a
break in the Arrhenius plot of chloride exchange
flux is observed [6]. These results indicate that if a
two-step mechanism were fitted incorrectly to a
single-step mechanism, then an apparent break in
an Arrhenius plot could be observed. If, in our
studies, we probe the overall state of band 3, then
our data suggest that breaks in Arrhenius plots of
anion exchange data result from competition be-
tween the temperature dependences of anion-bind-
ing and/or anion translocation steps, and not
from a phase change in the transport protein or
surrounding lipid.
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