Biochimica et Biophysica Acta, 1068 (1991) 105-110 105
© 1991 Elsevier Science Publishers B.V. All rights reserved 0005-2736,/91 /503,50
ADONIS 000527369100335F

BBAMEM 75343

Spermine uptake by rat intestinal brush-border
membrane vesicles

Ken Iseki, Michiya Kobayashi and Katsumi Miyazaki

Department of Pharmacy, Hokkaido University Hospital, School of Medicine, Hokkaido University, Sapporo (Japan)

{Received 15 May 1991)

Key words: Spermine; Polyamine; Brush-border membrane vesicle; Spermine transport; (Rat intestine)

The uptake of spermine by isolated rat intestinal brush-border membrane vesicles was studied. Uptake was
biphasic, with an initial rapid uptake followed by a prolonged slower phase. Spermine uptake was net affected by a
Na™ electrochemical gradient. The equilibrvium uptake of spermine was considerably dependent upon the medium
pH. At pH 7.5 the degree of uptake was higher than that at pH 6.5 and was inversely proportional to the
extravesicular osmolarity with a relatively high binding, which was estimated by extraporation to infinite extravesic-
ular osmolarity (zero intravesicular space), while the uptake at pH 6.5 was not aitered under the various medium
osmolarities. A kinetic analysis of the initial uptake rate of spermine at 37°C gave a K,, of 24.2 uM and ¥, of
206.1 pmol / mg protein per min. Furthermore, the uptake at 4° C was nonlinear, providing evidence for saturabil-
ity. These findings suggest that spermine was sassociated with intestinal brush-border membrane vesicles in two
ways, by binding te the outside and inside of membrane vesicles. The interaction of spermine and the apical
membrane can be a contributory factor in the accumulation of this polyamine in the intestine of the intact animal.

Introduction

Polyamines (putrescine, spermine and spermidine)
are found in a wide range of mammalian cells [1,2].
The intraceflular level of these polycations is highly
regulated in order to fulfil changing requirements dus-
ing cell growth and differentiation [3,4]. Biosynthesis of
polyamines within the cells is regulated by L-ornithine
decarboxylase (ODC) (EC 4.1.1.17). In addition, cells
from a variety of tissues have been shown to accumu-
late polyamines across their plasma membranes [5-9].

Small intestinal mucosal polyamine levels increase
after the activation of ODC in a variety of situations
that lead to an increased mucosal growth. Since the
apical surface of the intestinal epithelial cells are ex~
posed to luminal contents, this tissue has a unique
advantage for regulating its polyamine levels. Recently,
Kumagai and Johnson have reported the character-
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istics of the putrescine [7] and spermidine [8] transport
system using isolated enterocyte of rat. They demon-
strated that isolated cells accumulated these poly-
amines, and the uptakes were temperature-dependent,
saturable, and inhibited by 1 mM KCN. On the other
hand, Osborne and Seidel {10] indicated that the proxi-
mal intestinal lumen contained a high concentration of
free putrescine that was transported from the distal
intestine by enterohepatic circulation.

However, the direct evidences of polyamine trans-
port system on the cell membrane are still poor be-
cause the studies in intact cells are far too complex to
allow unambiguous determination of the mechanisms
involved. The aim of this study is to gain insight into
the intestinal transport system of spermine as a
polyaminc model compound by the use of isolated
brush-border membrane vesicles of rat small intestine,

Materials and Methods

Chemicals

{"“ClSpermine tetrahydrochloride (4.1 GBq/mmol)
and p-[**Clglucose (1.7 GBg/mmol) were purchased
from Amersham International (Buckinghamshire,
U.K.). Valinomycin was obtained from Sigma Chemi-
cals (St. Louis, MO, U.S.A)). All other chemicals were
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of the highest grade available and used without further
purification.

Preparation of membrane vesicles

The entire smal! intestine of male Wistar rats (180-
240 g) was excised under anesthesia with pentobarbital
sodium (30 mg/kg body weight, i.p.). Brush-border
membrane vesicles were isolated according to the cal-
cium chloride precipitation method of Kessler et al
[11] as already described [12].

The final washing of the membrane was done with
the preloading buffer which was either 20 mM Hepes-
Tris buffer (pH 7.5), or 20 mM Mes-Tris buffer (pH
5.5) containing 100 mM KCl and 109 mM p-mannitol,
respectively. The resulting pellet was suspended in the
same buffer and used for the transport studies within 4
h of preparation. Membrane purification was routinely
checked by measuring alkaline phosphatase (EC
3.1.3.1.), which is increased more than 11-fold in the
final membrane suspension compared with the concen-
tration in the homogenated intestinal mucosa scrap-
ings.

Uptake studies

Uptakes of [*]spermine and p-[**Clglucose were
measured by a Millipore filtration technique. Unless
stated otherwise, 20 ul of membrane suspension were
added to 100 p! of incubation medium kept at 37°C.
The composition of the incubation media will be indi-
cated in the legends of figures and tables. At selected
time intervals, the uptake was stopped by diluting the
incubation media with 2 ml of ice-cold 10 mM Hepes-
Tris buffer (pH 7.5) or 10 mM Mes-Tris buffer (pH 5.5)
containing 150 mM KCl. The mixture was immediately
filtered through 2 Millipore filter (HAWP, 0.45 um,
2.5 ¢cm diameter), The filter was rinsed with 3 ml of the
same buffer, and processed for counting the radioactiv-
ity.

All experiments presented in this paper were re-
peated at least three times and were always performed
in triplicate. As blanks, membrane-free incubation me-
dia were handled in an identical manner.

Analytical methods

The radioactivity of ['*Clspermine and p-{'*Clglu-
cose on the filters were measured by standard liquid
scintillation techniques. Protein was determined by the
method of Lowry et al. {13] using bovine serum albu-
min as a standard.

Resuits

Viability of brush-border membrane vesicles

Fig. 1 illustrates the uptake of p-glucose at 200 uM
concentration by rat intestinal brush-border membrane
vesicles as a function of time. In the presence of an
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Fig. 1. Uptake of p-glucose (200 M) by rat intestinal brush-border
membrane vesicles. Brush-border membrane vesicles (20 u!) were
preloaded with 100 mM KCl, 100 mM p-mannitol and 20 mM
Hepes-Tris buffer (pH 7.5) at 37°C. Transport studies were per-
formed by adding an incubation medium (100 x1) containing 20 mM
Hepes-Tris buffer (pH 7.5), 240 uM o-["*Clglucose, 100 mM p-man-
nital, and either 100 mM NaCl () or 100 mM KCl {o) at 37°C,
Final concentration of p-glucose was 200 uM. Results are expressed
as the mean of triplicate detzrmination.

inwardly directed sodium gradient, the initial rate of
uptake was clearly increased and there was also an
overshoot effect. Furthermore, the equilibrium (30 min)
uptake of p-glucose was decreased in inverse propor-
tion to increase of extravesicular osmolarity (data not
shown). This result suggests that the membrane vesi-
cles prepared in this study have an intact transport
properties.

Time-course of spermine uptake by intestinal brush-border
membrane vesicles

The time-course of spermine uptake in rat intestinal
brush-border membrane vesicles (50 M) was shown in
Fig. 2. Uptake was initially rapid, over 500 pmol/mg of
membrane protein was taken up in the first 2 min. This
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Fig. 2. Time-course of spermine uptake (50 pM) by rat intestinal
brush-border membrane vesicles. The membrane vesicles were prein-
cubated in 100 mM KCl, 100 mM p-mannitol and 20 mM Hepes-Tris
buffer (pH 7.5). The vesicles were assayed in a medium containing 60
1M ["Clspermine, 100 mM p-mannitot, 20 mM Hepes-Tris buffer
(pH 7.5) and either 100 mM NaCl () or 100 mM KCI (0). Resuits
represent the means + S.E. of 4-8 determinations.
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Fig. 3. Uptake of ["*C]spermine as a function of osmolarity of the

incubation medium. Uptake studies were performed in the media

containing either Hepes-Tris buffer (pH 7.5) (O} or Mes-Tris buffer

(pH 6.5} (a), 100 mM KCi, 100 mM p-mannito!, 50 M [*C]sper-

mine, and various concentrations of p-cellobiose to give the desired

medium larity. Values rep the means+S.E. of three
determination at 30 min incubation.

was followed by a slower phase of uptake which contin-
ued for at least 30 min.

Spermine uptake with increasing medium osmolarity

As shown in Fig. 2, the uptake of spermine was
initially very rapid and followed by a slower phase of
uptake. The term uptake, as used in this paper, does
not distinguish between the transport of spermine
across the brush-border membrane into an intravesicu-
lar space and the binding of this compound to the
membrane. To clarify whether the uptake of spermine
by the brush-border membranes represented transport
or binding, uptake of spermine by the vesicles after 30
min of incubation was measured under the various
medium osmolarities using cellobiose, an impermeable
solute. At the pH of 7.5 in medium, uptake of sper-
mine was inversely proportional to medium osmolarity
from 300 mosM to 650 mosM (Fig. 3). It was found that
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Fig, 4. Effect of the medium pH on spermine uptake by the imestinal
brush-border membrane vesicles. Membrane vesicles were sus-
pended in 100 mM KCi, 100 mM b-mannitol and either 20 mM
Hepes-Tris buffer (pH 7.5) {©) or 20 mM Mes-Tris buffer (pH 6.5)
{0). 20 p1 of these membrane suspensions were added to 100 w1 of
incubation medium containing 60 uM [**Clspermine, 100 mM KCl,
100 mM p-mannito), and either 20 mM Hepes-Tris buffer (pH 7.5)
(0) or 20 mM Mes-Tris buffer (pH 6.5) (O). Results represent the
means + S.E. of six determinations.

extraporation to infinite extravesicular osmolarity (zero
intravesicular space) was estimated approx. 30% of the
uptake amount at 300 mosM, the final osmolarity in all
subsequent uptake measurements. On the contrary, the
uptake of spermine at the medium pH of 6.5 was
extremely low and was not altered under the various
medium osmolarities.

Effect of the medium pH on spermine uptake by brush-
border membranes

Bitonti et al. [14} have reported that the uptake of
bis(benzyDpolyamine analogue into erythrocytes was
depending upon the pH of medium (7.5>6.5). To
study the effect of medium pH, the brush-border mem-
brane vesicles were preincubated with 100 mM KCl,
100 mM bp-mannitol, and either 20 mM Hepes-Tris
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Fig. 5. Effect of Na gradicnt on the spermine uptake (A; 50 uM, B; 1

M) by the intestinal brush border membrane vesicles. Membrane vesicles

(20 u1) were preloaded with 100 mM KCl, 100 mM p-mannitol and 20 mM Hepes-Tris buffer (pH 7.5) av 37° C. The vesicles were assayed in a
medium containing {*Clspermine, 100 mM o-mannitol, 20 mM Hepes-Tris buffer (¢H 7.5) and either 100 mM NaCl (®) or 100 mM KC! (o).
Resulls represent the means £ S.E, of 4-8 determinations.
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P g placement of Na* with charged compounds such as
12 el L7 choline, tetramethylammonium and lithium inhibited
8’ > //—o-—'l spermidine uptake remarkably.

“2 <00 J However, as shown in Fig. 5, Na™ gradient did not

] stimulated the initial uptake of spermine even at 1 M

1 of concentration in the incubation medium (pH 7.5).

o . PU— ., Moreover, using each preparation of membrane vesi-

rime (min) cles after dividing the four parts of small intestine,

Fig. 6. Effect of intravesicular ionic environment on the uptake of namely, proximal jejunum, distal jejunum, proximal
[ Clspermiine by rat intestinal brush-border membrane vesicles. The ileum and distal ileum, we have confirmed that there

membrane vesicles (20 ul) were preloaded with 20 mM Hepes-Tris was no difference in the effect of Na* gradient on the

buffer (pH 7.5}, and either 300 mM p-mannitol {a) or 100 mM : f
p-mannitol, 100 mM KCI (o). Transport studies were performed by Spermine uptake among those preparations (data was

adding an incubation medium (100 zl) containing 50 M not shown).

[“*Clspermine, 100 mM XKCl, 100 mM p-mannitol and 20 mM

Hepes-Tris buffer (pH 7.5). Results are expressed as the means with Effect of ionic strength on spermine uptake

S.E. of 6-8 determinations. The statistical significance was evaluated Fig. 6 illustrates the effect of ionic strength in the

by Student's 1-test. * Significantly different from control, P < 0.001;

% P 2 0,005, intravesicular space on the uptake of spermine into the

brush-border membrane vesicles. For these studies, the
membrane vesicles were preloaded with buffer A; 300
buffer (pH 7.5) or 20 mM Mes-Tris buffer (pH 6.5). mM p-mannitol, 20 mM Hepes-Tris buffer (pH 7.5) or
The vesicles were then added to a medium containing buffer B; 100 mM KCI, 100 mM p-mannitol and 20
100 mM KCi, 100 mM p-mannitol, and 20 mM Hepe~- mM Hepes-Tris buffer (pH 7.5). The vesicles were then
Tris (pH 7.5) or Mes-Tris (pH 6.5) buffer and 50 pM added to a medium containing 100 mM KCl, 100 mM

spermine. As shown in Fig. 4, the time-course of sper- p-mannitol and 20 mM Hepes-Tris (pH 7.5) buffer and
mine uptake was considerably dependent upon the 50 uM spermine. As shown in Fig. 6, there was a
medium pH, namely, the uptake of spermine at the pH significant stimulation in the initial uptake of spermine
of 7.5 was markedly stimulated in comparison with the under the low ionic strength condition in the intraves-
medium pH of 6.5, icular space. This finding agreed with the report of
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Fig. 7. Concentration dependence of [**Clspermine uptake into rat intestinal brush-border membrane vesicles {panel A) and Lineweaver-Burk
plot of spermine uptake value corrected for nonspecific binding at 4°C (panel B). Membrane vesicles were suspended in 100 mM KCl, 100 mM
p-mannitol, and 20 mM Hepes-Tris buffer (pH 7.5). 20 ! of this membrane suspension were added to 100 ul of incubation medium to obtain a
final composition of the extravesicular medium of 100 mM mannitol, 100 mM KCl and 20 mM Hepes-Tris buffer (pH 7.5), plus [MClspermine at
the concentrations indicated in the figure. Solid lines indicate the fotal uptake observed at 37° C (0), or 4°C (#), and dashed line indicates the
corrected uptake by subtracted the uptake value at 4°C from cach value at 37°C. Uptake rate for Lineweaver-Burk plot was estimated by
subtracting the value at 4°C from the total uptake value at 37°C (shown with dushed line in panel A). A linear repression program has been
used to fit the data, r = 0.9985. Intercepts of line with the X and Y-axes are —1/K, (K, =242 pM) and 1/ V,, (M = 206.1 pmol/mg
protein per min).



Kumagai and Johnson [7] using isolated enterocytes of
rat, although their result was for putrescine uptake.

Concentration dependence of spermine uptake

The effect of concentration of spermine on uptake
was investigated using 1 to 250 uM spermine. As
shown in Fig. 7A, spermine uptake, which was cor-
rected by the subtraction of the values at 4° C from the
uptake values at 37°C, exhibited the saturation kinetics.
Furthermore, the uptake rate of spermine at 4°C was
also nonlinear, providing evidence for saturability.
These data suggest that affinity of spermine to the
brush-border membrane is relatively high even at low
temperatures. This high affinity of polyamine to the
membrane vesicles was similar to our previous reports
in that the several amine compounds had a tendency to
bind to the brush-border membrane {15-18]. Line-
weaver-Burk transformation of the corrected data re-
sulted in values for K, and V,,, of 24.2 uM and 206.1
pmol /mg protein per minute, respectively (Fig. 7B).

Discussion

The findings in the present study suggest that sper-
mine is associated with intestinal brush-border mem-
brane vesicles by two methods of binding. This sugges-
tion is supported by several observations. For example,
the time-course of spermine uptake has two processes,
an carly rapid phase followed by prolonged slower
phase (Fig. 2). Possibly, the rapid phase is due to
binding to the outside membranes, whereas the slower
phase might be the binding to the inside of membrane
vesicies after permeation into the vesicles. In the char-
acteristics of spermine uptake, there was no depen-
dence of an inwardly directed Na™* gradient upon the
uptake behavior of this polyamine into the brush-border
membrane (Fig. 5). Kumagai et al. [7,8] have reported
that, in the isolated rat enterocytes, the replacement of
NaCl in the medium with p-mannitol or sucrose did
not significantly inhibit the uptake of spermidine and
putrescine, although replacement of NaCl with a
charged compound such as choline, lithium and te-
tramethylammonium significantly inhibited spermine
uptake. On the other hand, we confirmed that the
spermine uptake was not enhanced and that there was
no overshooting in the presence of Na™* gradient cven
at 1 uM of medium concentration of spermine (Fig.
5B).

Since it is impossible to distinguish between the
transport system of brush-border membranes and baso-
lateral membranes using the isolated enterocytes, the
results of Kumagai et al. [7,8] might represent the
mixture of brush-border membrane transport and baso-
lateral membrane transport. This speculation is also
suggested by Van Den Bosch et al. [9]. Although they
examined a renal cell line, they found that the Na*-de-

109

pendent polyamine uptake preferentially occurred from
the basolateral side. Thus, the results of the present
study suggested that there was no contribution of Na*
gradient-dependent transport system in the uptake into
the rat intestinal brush-border membrane. However, in
the present study, the spermine uptake could not be
separately determined according to binding to the in-
side translocaticn across the membrane and binding to
the outside, Therefore, a mare detailed investigation of
thc Na*t gradicnt-dependent transport system in the
intestinal apical side will be needed.

At a pH of 7.5, we found that there was remarkable
accumuiation of spermine into the membrane vesicle,
and that the uptake of spermine was sensitive to the
osmolarity of the incubation medium (Fig. 3). The
spermine binding to the membrane, which was esti-
mated by extrapolation to infinite medium osmolarity,
was markedly higher at pH 7.5 than that at pH 6.5. The
intravesicular space, calculated to be 0.9-1.5 ul/mg
protein on the basis of the equilibrium uptake of
p-glucose (Fig. 1), can accommodate, in the presence
of 50 M of spermine, no more than about 70 pmol/mg
protein of this polyamine at equilibrium. However, as
shown in Fig. 2, it was found that a very large amount
of uptake was observed at 30 min (2318.2 + 34.1
pmol /mg protein at pH of 7.5 in Fig. 2). McCormack
and Johnson [19] reported that putrescine accumulated
to a concentration gradient of 300-fold during 1 h at
pH 7.4, and that uptake could be inhibited 50% by 7.5
#M unlabeled putrescine and was not dependent on
Na‘* using a human colon adenocarcinoma cell line
(LoVo). On the other hand, in the present study,
spermine accumulated to a concentration gradient of
about 40-fold during 30 min at pH 7.5. It was also
found that the initial uptake rate was significantly
stimulated in the absence of K* inside the vesicles at
the earlier time (Fig. 6). This result suggests that the
uptake of spermine might be accelerated when the
inhibitory components are absence inside the mem-
brane vesicles or when some binding components such
as various organellae are presence inside the mem-
brane vesicles like intact cells. It is reasonable to
consider, therefore, that much larger amounts of sper-
mine might be accumulated in the case of the intact
enterocyte.

As a possible interpretation for the high accumula-
tion of spermine to the membrane vesicles, it scems
that the binding to the intravesicular membrane com-
ponent might be related, and that the binding of this
cation could be dependent upon the physiological pH
and the ionic environment inside the cells because it is
known that polyamines such as spermine and spermi-
dine bound to the negatively charged phospholipid
fayer [20]. Since the acidic phospholipids, including
phosphatidylinositol and phosphatidylserine were local-
ized in the inner layer of the plasma membrane, it is
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likely that binding of spermine to the inner layer of the
membrane might contribute to the high uptake of
spermine. De Smedt et al. [5] have mentioned that the
parameter of the saturable component in Na*-inde-
pendent transport of putrescine was 29.8 £3.5 uM
using LLC-PK, renal epithelial cell line, Furthermore;
it was found by Kumagai et al. [7,8] that kinetic analysis
of the uptake of spermidine and putrescine resulted in
K, =125 uM and 12.3 uM, respectively, by the iso-
lated rat enterocytes. Our experimental result obtained
from kinetic analysis of Lineweaver-Burk plot of sper-
mine uptake (K ;=242 uM, Fig. 7) approximately
agreed with those reports, although the preparations
used for estimation were different from each other.

In summary, we have indicated that the spermine
was taken up with the saturable process by the rat
intestinal brush-border membrane vesicles. In addition,
this polyamine is associated witl: intestinal apical mem-
brane by binding. The interaction of spermine with
membrane may be relevant to the accumulation of the
polyamine by contributing to the intestinal transmem-
brane transport system. Further investigation for the
transport characteristics related to the interaction be-
tween polyamines and membrane components are un-
der examination.
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