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Phloretin is an inhibitor of anion exchange and glucose and urea transport in human red cells. Equilibrium
binding and Kinetic studies indicate that phloretin binds to band 3, a major integral protein of the red cell
membrane. Equilibrium phloretin binding has been found to be competitive with the binding of the anion
transport inhibitor, 4,4'-dibenzamido-2,2’-disulfonic stilbene (DBDS), which binds specifically to band 3. The
apparent binding (dissociation) constant of phloretin to red cell ghost band 3 in 28.5 mM citrate buffer, pH
7.4, 25°C, determined from equilibrium binding competition, is 1.8+0.1 pM. Stopped-flow kinetic studies
show that phloretin decreases the rate of DBDS binding to band 3 in a purely competitive manner, with an
apparent phloretin inhibition constant of 1.6=0.4 uM. The pH dependence of equilibrium binding studies
show that it is the charged, anionic form of phloretin that competes with DBDS binding, with an apparent
phloretin inhibition constant of 1.4 pM. The phloretin binding and inhibition constants determined by
equilibrium binding, kinetic and pH studies are all similar to the inhibition constant of phloretin for anion
exchange. These studies suggest that phloretin inhibits anion exchange in red cells by a specific interaction
between phloretin and band 3.

Introduction the red cell, includihg glucose and anion transport;
phloretin is also a potent inhibitor of the transport

Phloretin(3-(4-hydroxyphenyl)-1-(2,4,6-trihy- of small, hydrophilic, nonelectrolytes [2-5]. The

droxyphenyl)-1-propanone) exhibits diverse effects
on transport processes across the human red cell
membrane. Phloretin appears to accelerate trans-
port through membrane lipids [1,2] including lipo-
philic nonelectrolyte permeability, valinomycin-
mediated potassium flux, and transport of acetate
in the undissociated form. On the other hand,
phloretin inhibits protein mediated processes in

* Present address: Department of Chemistry, SUNY Bingham-
ton, Binghamton, NY 13901, U.S.A.
Abbreviations: DBDS, 4,4’-dibenzamido-2,2’-disulfonic stil-
bene; DIDS, 4,4'-diisothiocyano-2,2’-disulfonic stilbene.
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bimodal effect of phloretin may be related to the
two distinct classes of phloretin binding sites on
the red cell membrane [6), a protein class (K4 = 1.5
pM, 2.5 10° sites /cell) and a lipid class (K, = 54
pM, 5.5- 107 sites /cell).

In order to study the protein class of sites,
specific interactions of phloretin with band 3, the
anion-exchange protein of the red cell, have been
studied using a stilbene inhibitor of anion ex-
change. DIDS (4,4’-diisothiocyano-2,2’-disulfonic
stilbene) is the anion-exchange inhibitor that has
been most widely characterized [7]; we have used
DBDS (4,4'-dibenzamido-2,2’-disulfonic stilbene),
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an analogue of DIDS, which fluoresces [8] when
bound to band 3. More than 99% of the DBDS
binding is inhibited when DIDS is covalently
bound to band 3 in red cell ghost membranes.
DBDS fluorescence has been shown to be an
indicator of the band 3 conformational state [9].
Evidence is presented which shows a simple com-
petition between phloretin and DBDS for a bind-
ing site on band 3 and suggests that this competi-
tion may be responsible for the observed inhibi-
tion of anion exchange by phloretin.

Materials and Methods

Phloretin was purchased from K and K Labora-
tories (Plainview, NY) and its purity was checked
by thin-layer chromatography in chloroform /pro-
panol (3:1, v/v). Phloretin was dissolved in 1 M
NaOH and added to buffer which was subse-
quently titrated to pH 7.4. DBDS was synthesized
by the method of Kotaki et al. [10].

Human red cell ghosts were prepared by the
method of Dodge et al. [11] from recently out-
dated bank blood. All experiments were per-
formed in 28.5 mM sodium citrate buffer at pH
7.4 (160 mM ionic strength) to minimize interac-
tions with transportable anions. Schnell et al. [12]
have concluded that citrate exercises little effect on
the concentration dependence of chloride self-ex-
change (see also Ref. 7) and we have found [9] that
the replacement of citrate with gluconate has little
effect on DBDS binding. pH dependence studies
were done in sodium citrate-glycylglycine buffer.
Protein concentrations were measured by the
method of Lowry et al. [13].

Stopped-flow experiments were performed on
an apparatus consisting of two hand-driven syr-
inges which propel solutions into a dual-jet stream
mixing chamber and quartz observation cell as
previously described [14,15]. Equilibrium fluo-
rescence intensities were measured on a Perkin-
Elmer MFP-2A spectrofluorometer (Norwalk, CT)
interfaced to a DEC PDP 11/34 (Maynard, MA)
computer [16] at an excitation of 356 nm and
emission of 426 nm. Equilibrium binding measure-
ments were performed by measuring the fluo-
rescence of a dilute ghost membrane solution (0.04
mg/ml ghost protein) when known concentrations
of DBDS were added. The fluorescence intensity

was taken to represent the amount of DBDS bound
to the membrane [9], after’ correction for ghost
scattering, unbound solution DBDS and inner filter
effects (correction for self absorption of excitation
and emission light by DBDS). In equilibrium bind-
ing experiments, phloretin was added to the ghost
solution prior to the addition of DBDS. In
stopped-flow experiments, phloretin was added to
both DBDS and ghost solutions.

Results and Discussion

Equilibrium binding studies

In the absence of phloretin, the mechanism of
binding of DBDS to band 3 (b3) in ghost mem-
branes is [9]:

K, K K,
b3 ¢ b3-DBDS <b3*-DBDS < b3*-(DBDS),
DBDS DBDS

(1)

in which b3-DBDS and b3*-DBDS represent dif-
ferent conformational states of the complex. The
measured equilibrium constants (K74 and K5%) for
the binding of the first and second DBDS mole-
cules to band 3 in the sequential mechanism above
(Eqn. 1) each contain contributions from two indi-
vidual steps, as given below. The two equilibrium
(dissociation) binding constants* are related to
K,, K, and K;, by

Ki'=K,/(1+K;) (2)
K;q:K3(l+(1/K2)) (3)

Typical fluorescence probe binding data in the
presence of phloretin are shown in Fig. 1. In the

* The notation for the equilibrium binding (dissociation) con-
stants used in this paper is:

K,, K,, K;, equilibrium constants for the individual steps of
the DBDS binding mechanism in Eqn. 1.

K%, K59, experimentally determined equilibrium constants for
DBDS binding in the absence of phloretin.

(K \)app» apparent dissociation constant for the first bimolecu-
lar step in the presence of phloretin.

(K§9),pps apparent equilibrium constant for DBDS binding in
the presence of phloretin.

KPP apparent inhibition constant of phloretin in the presence
of DBDS.



presence of 50 pM phloretin, the affinity of the
first, high-affinity DBDS-binding site decreases
dramatically, as shown by the decreased initial
slope of the fluorescence binding curve in the top
portion of Fig,. 1. The affinity of the second, low-
affinity binding site also decreases, although the
data that define this site are not precise due to
large inner filter corrections at high [DBDS]. In
the bottom half of Fig. 1, the fluorescence binding
data have been replotted in the form of a Scatchard
plot to exhibit the effect of phloretin more clearly.
The Scatchard plots were made assuming the total
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Fig. 1. Effect of phloretin on DBDS binding to ghost mem-
branes. Top: The fluorescence of solutions containing known
concentrations of phloretin and 0.04 mg/mi ghost protein in
28.5 mM sodium citrate, pH 7.4, 25°C was measured as a
function of DBDS concentration. Bottom: Fluorescence bind-
ing data are plotted in the form of a Scatchard plot with a
DBDS binding stoichiometry [9] of 3.2 uM/(mg/ml). Fitted
curves for top and bottom were obtained by non-linear
least-squares regression to a two-site sequential binding mecha-
nism.
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stoichiometry of DBDS binding was not changed
in the presence of phloretin. This assumption is
supported by the observation that the fluorescence
intensity of DBDS bound to ghost membranes,
extrapolated to infinite probe concentration and
corrected for inner filter effects, was independent
of phloretin concentration. The Scatchard plot
shows quite dramatically that phloretin decreases
the affinity for DBDS binding.

Binding data were analyzed by non-linear
least-squares using a two site sequential model,

v n( K58+ [DBDS])
[DBDS] ek +2K[DBDS] + [DBDS]

(4)

where v is the amount of probe bound, n is the
total stoichiometry and K9 and K59 are the ex-
perimentally determined equilibrium constants for
sites 1 and 2 in the absence of phloretin. Fig.2
shows the dependence of (Ki?),,,, the value of
K74 in the presence of phloretin, on phloretin
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Fig. 2. Effect of phloretin on apparent equilibrium binding
constants of DBDS to ghost membranes. The high affinity
equilibrium binding constant is plotted against total phloretin
concentration at pH 7.4, 25°C in 28.5 mM sodium citrate.
Error bars represent one standard deviation from the mean; the
fitted line was obtained by a weighted least-squares fit to the
data. The negative x-intercept, 1.8=0.3 uM, gives K, for
phloretin inhibition of DBDS binding.
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concentration at pH 7.4, 25°C. If binding of
phloretin is competitive with probe binding, a plot
of (K{%),,, vs. phloretin concentration ([Phl])
should be a straight line with an x-intercept of
-K,,

(Ki*)

app

=Kfq(1+[—l;(}1fll) (5)

The data in Fig. 2 are consistent with simple com-
petitive inhibition with a phloretin K; of 1.8 =0.3
wM. The inhibition constant K; agrees with the
value of K, (1.5 uM) for the high-affinity phlore-
tin site on red cell membranes [6].

Stopped-flow studies

Since K9 is determined by two parameters (see
Eqn. 2), the effect of phloretin (Fig. 2) may be due
either to an effect on K, or K,. An effect on K|
would suggest simple competition for a single site.
An effect on K,, a step in which no competitive
interaction is possible, would suggest an allosteric
effect on the protein, as has been seen with chlo-
ride [17]. Equilibrium measurements can not dif-
ferentiate between these alternatives, whereas
stopped-flow kinetic experiments can determine
the values of K, and K, separately.

Fig. 3 shows the effect of 20 pM phloretin on
the time course of DBDS binding to ghosts as
measured in a stopped-flow experiment. Phloretin
both decreases the amplitude and the rate of DBDS
binding to ghosts in the stopped-flow trace, con-
sistent with simple competition for a single bind-
ing site. Time constants were obtained from non-
linear least-squares fits of single exponential func-
tions to the stopped-flow traces. These are plotted
in Fig.4 against reciprocal DBDS concentration
for several phloretin concentrations. This plot is
similar to a Michaelis-Menten plot in which the
inverse velocity is given by the stopped-flow time
constant. The data at high DBDS concentrations
appear to intersect at a single point on the y
axis. Thus, phloretin appears to interact with
DBDS by a simple competitive mechanism, in
contrast to a non-competitive mechanism in which
the y-intercept would vary with phloretin con-
centration. A detailed, non-linear fit of the
stopped-flow data, as described previously [9,18],
allows resolution of the equilibrium constants, K,
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(r=10102s)
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(r=31%02s)

FLUORESCENCE (arbitrary unifs)

TIME (s)

Fig. 3. Effect of phloretin on time-course of DBDS binding to
ghosts. In a stopped-flow experiment, 1 pM DBDS was mixed
with ghosts (0.04 mg/ml ghost protein) in 28.5 mM sodium
citrate, pH 7.4, 25°C. In the bottom trace, 20 u M phloretin was
present in each solution prior to mixing.

and K,, for DBDS binding to ghosts.

If the interaction between phloretin and DBDS
were simple competition for a single binding site,
then phloretin should increase the apparent value
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Fig. 4. Effect of phloretin on the kinetics of DBDS binding to
ghosts. Each point represents the average from experiments
performed in quadruplicate; error bars are one standard devia-
tion from the mean. Fitted curves were obtained from a fit to
kinetic equations describing sequential binding of DBDS to
band 3 according to Eqn. 1 [9,18].



of K, without affecting K,

K, K, K,
b3-Phl ¢ b3 < b3-DBDS «b3*-DBDS
Phl  DBDS

K,
< b3*-(DBDS), (6)
DBDS

The apparent dissociation constant of the first
bimolecular step, (K),pp, 18

(K=K 1+ L )

The slope of the top curve in Fig. S, given in the
legend, does not differ significantly from 0, show-
ing that phloretin does not affect. the value of X,
36 £10. (K,),, 1s linearly dependent on phloretin
concentration and equals (1.6{Phl]+ 3) uM. The
value of K, calculated from Eqn. 7 is 1.6 = 0.4 uM,
consistent with K; = 1.8 0.3 uM calculated above
from the effect of phloretin on equilibrium DBDS
binding.

Since the fitted curves in Fig.4 have approxi-
mately the same intercept on the r axis, phloretin
binds competitively with DBDS for a single site on
band 3. If phloretin could bind simultaneously
with DBDS to another site on band 3, one would
expect that, as [DBDS] — oo, the time constant of
the band 3-DBDS conformational change would
be dependent on phloretin concentration. As Fig. 4
shows, this is not the case. Furthermore, if there
were an independent site for phloretin on band 3,
the reaction scheme in Eqn. 6 would not be cor-
rect. The value for K, obtained from kinetic mea-
surements depends upon the validity of Eqns. 6
and 7 so that the agreement between the
phloretin-inhibition constants for DBDS binding
as obtained in equilibrium and stopped-flow mea-
surements constitutes strong evidence that phlore-
tin binds competitively with DBDS for a single
site.

Phloretin is a weak acid, with a pX, of 7.3. In
order to determine whether the charged or un-
charged form of phloretin is active in the inhibi-
tion of DBDS equilibrium binding to ghosts, the
pH dependence of phloretin competition with
DBDS was measured as shown in Fig. 6. As pH
increases, the difference between the effect of the
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Fig. 5. Effect of phloretin on equilibrium constants of DBDS
binding to ghosts. The slope for the top line is —0.2%0.5
pM™! and the intercept is 36=10. The slope for the bottom
line is 1.6=0.2 and the intercept is 3=2 uM. Error bars
represent one standard deviation.
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Fig. 6. pH dependence of phloretin effect on DBDS binding to
ghosts. The fluorescence of a solution, containing 200 nM
DBDS, ghosts (0.04 mg/ml ghost protein) and varying phlore-
tin concentrations, was measured as a function of pH. The
buffer consisted of 25 mM glycylglycine+24 mM sodium
citrate, 25°C.
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lowest and highest total phloretin concentration
on DBDS binding becomes more pronounced.
Since the charged form predominates at higher pH
values, these observations suggest that the charged
form of phloretin is active. This can be illustrated
more clearly by comparing the dependence of the
relative fluorescence data on either the concentra-
tion of uncharged phloretin ((HPhl], Fig. 7, top),
or charged phloretin ([Phl™], Fig. 7, bottom). For
the uncharged form, the data fall along curves
which suggest that increased uncharged phloretin
causes increased DBDS binding. Since these curves
are separate, [HPhl] cannot be the proper indepen-
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Fig. 7. Charge dependence of phloretin inhibition of DBDS
binding. The data from Fig. 6 were plotted as a function of the
concentration of charged and uncharged forms of phloretin to
determine the active form of phloretin. Top: The fraction of
DBDS bound is plotted against the concentration of uncharged
phloretin (same symbols as in Fig. 6). Bottom: The fraction of
DBDS bound is plotted against the concentration of charged
phloretin.

dent variable to describe phloretin inhibition of
DBDS binding. When plotted against the con-
centration of charged phloretin, it becomes clear
that the fraction bound decreases monotonically
as a function of charged phloretin. The data ap-
pear to follow a single line with an apparent
half-inhibition constant, K*?, of 5.5+24 uM,
indicating that charged phloretin is the correct
independent variable. K{*? is related to K, for
phloretin by

K'aPP:K_(l_F[DLDSl) (8)

1 1 Kleq
Since 200 nM DBDS was used in these experi-
ments, the K of 5.5=2.4 uM corresponds to a
K, of 1.4=0.6 uM, given the measured value of 65
nM for K9 for DBDS binding in the absence of
phloretin [9].

The conclusion that the charged form of
phloretin is active in the inhibition of DBDS
binding is valid provided that the binding of probe
to ghosts in the absence of phloretin is not strongly
pH dependent. A control binding experiment per-
formed at pH 8.4 gave K;9=110=40 nM [9], in
the same general range as the value K{9=65=38
nM obtained at pH 7.4 [9]. The value of K; de-
termined by the pH dependence of phloretin bind-
ing is in good agreement with the values already
presented for determination by equilibrium bind-
ing and kinetic analysis as shown in Tablel. As
the table shows, the present values also agree with
those previously given by Wieth et al. [19] for
inhibition of anion transport and Jennings and
Solomon [6] for binding to the phloretin high
affinity site. Simple competition between phloretin

TABLEI

K, FOR PHLORETIN INTERACTION ON RED CELL
MEMBRANE PROTEIN

Method K, (uM) Reference
Equilibrium binding 1.5+1.0 Jennings and
Solomon [6]

Anion-exchange inhibition 2-5 Wieth et al. [19]
DBDS equilibrium binding 1.8=0.3 Present study
DBDS kinetic analysis 1.6+0.4 Present study
DBDS equilibrium binding,

pH dependence 1.4=0.6 Present study




and probe by equilibrium and kinetic measure-
ments places the probable binding site for phlore-
tin at or near the probe-binding site. Jennings and
Solomon [6] found (2.5=1.5)-10° high-affinity
protein-binding sites for phloretin on the red cell
membrane. The present studies show that phlore-
tin, a potent inhibitor of anion transport, has
specific binding sites on band 3, the anion ex-
change protein. Since there are 1.2 - 10° copies of
band 3 present on the red cell membrane, there
may remain additional, non-band 3, high-affinity
protein-binding sites for phloretin. If so, these
additional sites must have the same affinity as the
others since Jennings and Solomon [6] have shown
only a single class of high-affinity site.

Since binding of DBDS appears to be non-com-
petitive with chloride binding [17], simple competi-
tion between phloretin and DBDS would predict
non-competitive inhibition of anion transport by
phloretin. Recent experiments (Frohlich, O., per-
sonal communication) show that phloretin inhibits
chloride self-exchange in human red cells in a
mixed competitive manner, consistent with the
present study.

Cousin and Motais [20] have suggested that -

phloretin exerts its inhibitory effects on anion,
nonelectrolyte and glucose transport through an
interaction with the membrane lipid. Since
phloretin alters the internal membrane electric
potential when bound to lipid binding sites near
the lipid headgroups [21,22], it would be possible
for it to alter the function of a transmembrane
protein by altering electric potential. However, the
present finding of simple competition between
phloretin and DBDS on band 3 is not consistent
with this picture. Furthermore, it is unlikely that
the DBDS competition can be due to phloretin
binding to the lipid annulus since phloretin bind-
ing to red cell lipid has a K; of 54 uM [6], very
different from the 1.4-1.8 uM value of K,; found
in the present study. Moreover, it is the charged
form of phloretin which is active in DBDS binding
inhibition, so that it would be necessary for Phl~
to bind to annulus lipids. However, Verkman and
Solomon [23] showed that Phl™ binding to lipid is
less tight than HPhl binding by a factor of 103,
making it unlikely that there is significant binding
of phloretin to lipids at the low concentrations
used in this study.
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It is not surprising that the negatively charged
form of phloretin competes simply with DBDS on
band 3. Both molecules are negatively charged,
and share regions of striking structural similarity
as shown in Fig. 8. The mechanism of phloretin
inhibition of stilbene binding could be steric
hindrance if the stilbene binding site is located in a
deep cleft in band 3 in the vicinity of the chloride
binding site as proposed by Macara and Cantley
[24].

It is important to realize, however, that the
present study, by itself, cannot rule out binding
and functional effects of the uncharged form of
phloretin at high affinity sites on band 3 or in the
lipid annulus, since DBDS-band 3 conformational
states may not be sensitive there. It is unlikely that
a significant lipid effect on anion transport exists
since Jennings and Solomon found that the K, for
phloretin binding to lipids was 54 pM, more than
an order of magnitude greater than the concentra-
tion of phloretin needed to inhibit anion exchange
and affect DBDS binding and kinetics (Table 1).
As already pointed out, Jennings and Solomon
found a single binding affinity for the protein site,
and a total number of protein sites that may
exceed the number of sites at which charged
phloretin competes for DBDS binding to band 3.
Thus, it is not possible to rule out effects of
uncharged phloretin on band 3, especially in view
of the finding by Wieth et al. [19] that uncharged

Philoretin

Fig. 8. Structural relationship between DBDS (top) and
phloretin (bottom) drawn from Dreiding models. The double-
headed arrows between the oxygens indicate regions of struct-
ural similarity. Analogous benzene rings have been stippled.
Both molecules have a great deal of rotational freedom but can
adopt essentially planar conformations except for the hydro-
gens at the phloretin double bond and the oxygens in the
DBDS sulfate groups.
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phloretin may be responsible for inhibition of
anion exchange.
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