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SUMMARY

1. Kinetic analysis allows the detection of mutual competition between
transport inhibitors of similar or of different kinetic type.

2. Phlorizin, a fully competitive and phloretin, a fully non-competitive
inhibitor compete mutually for the transport system(s) of glucalogues in hamster
small intestine. This observation suggests common step(s) in the mechanism of
inhibition by phloretin and phlorizin.

INTRODUCTION

Phlorizin is a fully competitive inhibitor of the Nat-dependent transport
of glucalogues at the brush border pole of the small intestinal cylindrical cells?,
whereas its aglycone, phloretin, produces a decrease in the apparent maximum
transport velocity, without affecting the apparent K, (ref. 2). Despite the fact
that the two types of inhibition by these compounds have different kinetics,
hypotheses have been put forward on the mechanism of phlorizin inhibition, which
imply similarity or overlap between the modes of action of phlorizin and phloretin:

(i) Phlorizin binds at two sites, viz. at the glucalogue carrier and at the phloretin
binding site (the resulting higher binding energy would explain the unusually
small Ky of phlorizin®3, (ii) The aglycone of phlorizin (liberated by the brush border-
bound phlorizin hydrolase®5) would be the actual inhibitor® rather than phlorizin
itself. A third possibility is, of course, that phlorizin and phloretin inhibit intestinal
sugar transport through unrelated mechanisms.

Hypothesis (i), and probably Hypothesis (ii) also, imply that phlorizin and
phloretin should compete with each other, in spite of their different kinetic type
of inhibition. To the best of our knowledge, however, such competition was never
subjected to a quantitative kinetic test*, nor, in fact, were ever the appropriate
kinetic equations made available. In the following we provide the equations for

* A first step in this direction is reported in ref. 3.
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testing whether two transport inhibitors, fully competitive and/or fully non-com-
petitive compete mutually or not. It will be seen that, whenever the two inhibitors
compete mutually, Dixon plots (r/initial flux ws variable concentrations of one
inhibitor) in the presence and in the absence of a second inhibitor, always yield
parallel lines, irrespective of whether the two inhibitors belong to the same kinetic
type or not.

Experiments on the inhibition of small intestinal sugar transport by phloretin
and phlorizin clearly show that these two inhibitors compete mutually.

Without mutual competition With mutual competition

One tully competitive and one fully non-competitive inhibitor
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Fig. 1. Schematic model of mutual competition or lack of mutual competition between fully
competitive and fully non-competitive inhibitors. SBS, substrate binding site; NCIBS, non-
competitive inhibitor binding site. C, D, fully competitive inhibitors; N, R, fully non-competitive
inhibitors.

THEORY

Assumptions

In deriving the equations of Table I the following assumptions were made:
(a) The carrier binds one substrate molecule. (b) The rate-limiting step in the
unidirectional flux is the translocation of the carrier through the membrane (or
its physical equivalent), so that carrier, substrate and inhibitor can be considered
as being always in equilibrium at either face of the membrane. (c) In the steady
state there is no build-up of carrier anywhere in the membrane (i.. the total
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velocity of translocation of carrier molecules in its various forms is the same in
both directions). (d) The permeability coefficients (P, or their physical equivalents)
for a given carrier form are equal in both directions.

Definition of symbols

C and D were fully competitive inhibitors; N and R fully non-competitive
inhibitors; S the substrate; X the carrier. Their concentrations are indicated by
small letters. X; was the total carrier concentration. J5:'=° was the initial
unidirectional flux of substrate from the mucosal incubation medium into the
intestinal cells across the brush border membrane.

The K values at the cis side (incubation medium) were defined as follows:

K X'n  Xxs'n xeen| |[xrn| |xdn
N"%n xsn xcn xrn xnd

xX.r Xxs'r [xc-r] l:xn-r:l I:xd-r]
KR = —_— = = =
xr xsr xcr xrn xdr
K _xd _fxnd| |xcd| |xrd
D™ "xd | xnd | | xdc | | xdr

When the inhibitors are mutually competitive, the K; values of the equilibria in
square brackets were equal to co. The magnitudes referring to equilibria at the
trans (cellular) side were defined similarly and indicated by a dash (’). The
permeability coefficients (or their physical equivalents) were indicated by P and are
indexed appropriately. Pxgy and Pxsr were assumed to be zero (“fully’’ non-
competitive inhibition), whereas none of the other P values was assumed to be
necessarily equal to zero*. This additional assumption can be made, the corresponding
term then vanishing from the equations of Table I.

Dixon plots

The rate equations for the initial unidirectional fluxes (i.e. at zero trans
concentrations of substrate and inhibitors) are given in Table I in the form requested
for Dixon plots (1/J5=° vs either n or c¢). They provide a simple kinetic test to
decide whether the inhibitors considered compete mutually or not: whatever the
kinetic type of their inhibition, if the two inhibitors compete mutually, the line
obtained in Dixon plots in the presence of a constant concentration of a second
inhibitor is always parallel to that obtained with the variable inhibitor alone.
(compare eqns III and IV with eqn I and eqns V and VI with eqn II) On the other
hand, if the two inhibitors do not compete mutually, the lines obtained cross at
the left side of the 1/J%:i'=° axis, the crossing point being either above, or on,

* When Pxc¢ or Pxp are > o, C or D, respectively, can of course be regarded as substrates.
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or below the 7 axis, depending on the P values involved. This test is further
illustrated in Fig. 2.
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Fig. 2. Dixon plots. (1f ff];{:" vs variable concentrations of one inhibitor ¢;, with or without

another inhibitor i, at a constant concentration). (a) Mutual competition between inhibitors.
(b) and (c) two examples of lack of mutual competition between inhibitors.

METHODS AND MATERIALS

The intestinal sugar transport was measured ¢» vifro in Krebs—Henseleit
buffer?, using 6-deoxy-D-glucose (2.0 mM) as substrate, with [*H]mannitol (0.25 uM)
as a marker for the extracellular space®. Everted small-intestinal rings from ham-
sters were mounted in appropriate frames exposing to the medium the mucosal
surface alone”. At short incubations the uptake was an accurate approximation of
the unidirectional flux?; the extracellular space amounted to 109 at most.
Preincubation (at 37 °C, for 0~30 min) was carried out in Krebs-Henseleit buffer
containing o—~10 mM phloretin. (The stock solution of phloretin was 180 mM in
acetone; equivalent amounts of acetone were added to the controls). At the
beginning of the incubation proper, 6-deoxy-D-glucose and mannitol were added,
as well as phlorizin at the concentrations indicated. (Phlorizin was not present
during the preincubation, because of the phlorizin hydrolase activity of the small
intestine, refs 4 and 5). Incubation at 37 °C lasted 15 min. Preliminary experiments
had showed that the uptake of 6-deoxy-D-glucose was linear up to this time at least.

During both preincubation and incubation the tissues were supplied conti-
nously with O, (95%) and CO, (5%), which prevented any damage — either
morphological or functional — to the tissue®. At the end of the incubation, the
tissue was rinsed with cold Krebs—Henseleit buffer, punched” and weighed. After
deproteinization with Ba(OH),~ ZnSO,, 6-deoxy-D-glucose was measured according
to the method of Dische and Shettles®. [3H]mannitol was determined in a scin-
tillation counter; the scintillation liquid was 0.059% butyl-PBD [2-(4'-fert-butyl-
phenyl)-5-(4”-biphenyl)-1,3,4-oxadiazole] in toluene. The data were expressed as
pmoles substrate taken up per min per ml tissue water, assuming that the latter
amounted to 80 % of the fresh weight?®,

* The absorption of mannitol in most of hamster small intestine is negligible (P. Ruf and
G. Semenza, Biochim. Biophys. Acta, to be submitted for publication), as compared to that
of 6-deoxy-D-glucose. For the purpose of the present investigation, therefore, mannitol can be
regarded as a marker for extracellular space.
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6-Deoxy-D-glucose was supplied by Koch-Light Lab., Colnbrook, Bucks;
phlorizin by Fluka, Bucks, and was recrystallized twice from water; phloretin
was obtained from K and K Lab., Inc., Plainview, N.]J., and [*H]mannitol from
The Radiochemical Centre, Amersham, Bucks. All other chemicals were reagent
grade and were obtained from commercial sources.

TABLE 11

6-DEOXY-D-GLUCOSE UPTAKE IN THE SMALL INTESTINE OF ADULT HAMSTER IN THE PRESENCE
OF T MM PHLORETIN; PREINCUBATION 30 MIN

The data are corrected for the extracellular space and are expressed as umoles taken up per
min per ml tissue water. (Intestine mounted in frames, ref. 7). Average of 4 determinations
+ S.E.

Uptake Imkibition (9%,)
Controls 0.614 4+ o.012 —
-+ Phloretin (reagent grade) 0.1I1I + 0.007 82.0
—+ Phloretin (pretreated in 3 M 0.092 4- 0.017 85.1

HCI1 at 100 °C for 100 min)

RESULTS AND DISCUSSION

The batch of phloretin used was first tested for the possible contamination
with traces of the much more active phlorizin. If the inhibition brought about
by phloretin was due in part to contaminating phlorizin, treatment of the phloretin
preparation with 3 M HCI for oo min at 100 °C should decrease its inhibiting power.
Table I shows that this is not the case.

1004 [ele}} [0X] 05 1 10 mM phloretin
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020 05130 30 30 53
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Fig. 3. Inhibition of 6-deoxy-D-glucose uptake in the small intestine of adult hamsters at various
phloretin concentrations and after preincubations of different lengths of time in the presence
of phloretin.

The onset of inhibition is much greater in the case of phlorizin than in that
of phloretin®. The time course of phloretin was therefore checked by preincubation
experiments of increasing length of time (Fig. 3). For the mixed tests, the concen-
tration of phloretin chosen was 0.5 mM and the time of preincubation 30 min.
Due to the slow onset of phloretin inhibition, it was chosen to carry out the mixed
inhibition tests at one phloretin concentration and at variable phlorizin concen-
trations.
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The results of mixed inhibition tests are reported in Fig. 4. It is clear that
the line obtained with phlorizin in the presence of phloretin is parallel to that
obtained with phlorizin alone. (The slope with phlorizin and phloretin is 0.54; the
one with phlorizin alone is 0.57). '

+phloretin

11 uptake

0 5 © B 2
Phlorizin ( uM)

Fig. 4. Inhibition of 6-deoxy-D-glucose uptake in the small intestine of adult hamsters by phlorizin
in the presence (@) or in the absence (O) of 0.5 mM phloretin. Dixon plots; » = 5; the lines
are regression lines; the bars indicate the S.E.

Phlorizin being a fully competitive inhibitor! and phloretin probably a fully
non-competitive inhibitor?, the relevant equations are I and IV (Table I). It should
be pointed out, however, that parallel lines in this plot allow the diagnosis of
mutual competition irrespective of the kinetic type of the individual inhibitors.
(see under Theory). This point is of importance, in view of the present uncertainty
as to the kinetic type of phloretin inhibition® and as to the chemical mechanism
of phlorizin inhibition®. The mutual competition between phloretin and phlorizin
suggests common step(s) in their mechanisms of inhibition, and is thus compatible
with, but does not necessarily prove, Hypotheses (i) and (ii) quoted in the Intro-
duction.

To the best of our knowledge, this is the first reported example of competition
between inhibitors of different kinetic type.
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