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Abstract

This study was aimed at determining the driving force for spermine transport in rat renal
proximal tubular brush-border membrane.

The uptake of spermine and trientine, a spermine-like drug used for treating Wilson’s
disease, into rat renal brush-border membrane vesicles was significantly stimulated by an
outwardly directed Na™ gradient. The Na™-dependent uptake was temperature dependent
and saturable. A kinetic analysis of the initial uptake of spermine with an Na™ gradient
gave a K., value of 1-44 uM and a V. value of 6-31 pmol (mg protein) ~'/30s. The Na™*-
dependent uptake of [*H]spermine was inhibited by spermine, trientine and tetraethylene-
pentamine. Substrates of the H" /organic cation transporter (cimetidine and tetraethyl-
ammonium), physiological polyamines (putrescine and spermidine) with 2 or 3 amino
groups and aminoglycosides (amikacin and tobramicin) with 4 or 5 cationic amines did not
affect the uptake of spermine in the presence of an outwardly directed Na* gradient.

These results suggest that the renal tubular secretion of spermine is mediated by an
Na*/spermine antiport system which is specific for a straight-chain polyamine compound

with more than 4 amino groups.

Spermine, a polyamine compound, plays an
important role in the proliferation and growth of
cells (Tabor & Tabor 1976; Pegg & McCann 1982).
It is well known that physiological polyamines are
taken up by various mammalian cells via specific
carrier systems (Seiler & Dezeure 1990; Seiler et al
1996). The energy of many of these systems is
provided by an inwardly directed Na* gradient
(Gawel-Thompson & Greene 1988; Kameji et al
1989; Van den Bosch et al 1990; Khan et al 1991).
We have also reported on the presence of Nat/
spermine and Na™ /putrescine co-transporters in the
rat intestinal brush-border (Iseki et al 1991) and
basolateral membranes (Kobayashi et al 1995),
respectively.

In our recent study (Kobayashi et al 1997), we
found a specific transporter that recognizes sper-
mine and trientine, a spermine-like drug used for
treating Wilson’s disease (Figure 1), in the rat renal
brush-border membrane. In-vivo clearance studies
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(Kobayashi et al 1997) indicated that this trans-
porter contributes to the active secretion of sper-
mine and trientine into the luminal side of the renal
proximal tubule. However, this system was not an
Na*/spermine symporter, and moreover, the
H™ /organic cation antiporter, which secretes many
kinds of organic cations such as cimetidine (Takano
et al 1985) and tetraethylammonium (Takano et al
1984) into the renal tubule, does not recognize
these polyamines despite the fact that spermine and
trientine are polycationic compounds.

In the present study, we have investigated the
uptake behaviour of spermine and trientine in the
rat renal proximal brush-border membrane in order
to uncover the driving force and the characteristics
of this transport system.

Materials and Methods

Chemicals
[°H] Spermine tetrahydrochloride  (1-48 TBq
mmol ') was purchased from American Radio-
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Figure 1. Chemical structures of spermine, trientine, trien-
tine—copper complex.

labeled Chemicals (St Louis, MO). Trientine
dihydrochloride (trientine) was kindly donated by
Tsumura (Tokyo, Japan). Methylglyoxal bis(guanyl-
hydrazone) (MGBG) was purchased from Aldrich
Chemical (Milwaukee, WI). Amikacin, Tobrami-
cin, and N'-methylnicotinamide (NMN) were pur-
chased from Sigma (St Louis, MO). Other
chemicals were of the highest grade available and
were used without further purification.

Isolation of brush-border membrane vesicles from
the rat kidney cortex

Renal brush-border membrane vesicles were pre-
pared from the kidney cortex of white Wistar rats
(200-250 g, maintained on a normal diet with free
access to food and water) by the Mg*t/EGTA
precipitation method according to Biber et al
(1981) with several modifications as described in
our previous report (Kobayashi et al 1997). Cortex
slices were homogenized using a Waring blender
(Nihon Seiki, Japan) at 16 500 rev min ! for 4 min
in an appropriate volume of homogenizing buffer
composed of 300 mM D-mannitol, 12mM tris(hy-
droxymethyl) aminoethane (Tris)/HCI (pH 7.1)
and 5 mM EGTA. The homogenate was diluted with
distilled water (1:1) and MgCl, was added to a
final concentration of 10 mM. After 15 min, the
mixture was centrifuged at 19 000 g for 15 min. The
supernatant was then centrifuged at 27 000 g for 30
min. An appropriate volume of the homogenizing
buffer was diluted with distilled water (1:1) and
used to resuspend the resulting pellets. The pellet
suspension was homogenized in a Douce-type
homogenizer (10 strokes). Magnesium chloride was
added to a final concentration of 10 mM and the first
two steps of centrifugation repeated. The resulting
pellets (brush-border membrane vesicles) were
washed and resuspended in a pre-loading buffer
containing 100 mMD-mannitol and 100 mM NaCl

with 20mM N-2-hydroxymethylpiperazine-N'-2-
ethanesulphonic acid (HEPES)/Tris for pH 7-0 and
7-5, or with 20mM 2-morpholinoethanesulphonic
acid (MES) for pH 6-5. Membrane purification was
routinely checked by measuring alkaline phospha-
tase, which is increased more than 10-fold in the
final membrane suspension compared with the
concentration in the homogenated kidney cortex.

Uptake study

Uptake studies were performed at 37°C using a
rapid filtration technique reported previously
(Kobayashi et al 1997). The reaction was started by
mixing the membrane suspension (20 uL) with an
incubation medium (100 uL) containing substrates.
At the stated time intervals the reaction was ter-
minated by dilution with ice-cold stop buffer
(150 mm KCl, 10 mm HEPES /Tris, pH 7-5 or 7-0 or
MES/Tris, pH 6-5; 4mL), and the solution was
then filtered through a Millipore filter (HAWP,
0-45 ym, 2-5cm diameter). The filter was washed
once with 4mL of the ice-cold stop buffer. All
experiments represented in this paper were repeated
on three different preparations and were always
performed in triplicate.

Analytical methods

The detection of trientine in the brush-border
membrane vesicles trapped on the filter was per-
formed by HPLC (Hitachi L-6000; Hitachi, Tokyo)
with fluorimetric detection (820-FP, Jasco, Tokyo)
as described previously (Kobayashi et al 1997).
The [*H]-labelled spermine was measured by liquid
scintillation counting. Protein concentration was
determined by the method of Lowry et al (1951)
with bovine serum albumin as the standard. Sta-
tistical analysis was performed using Student’s
unpaired z-test, and P <0-05 was considered sig-
nificant.

Results

Effect of an outwardly directed Na* gradient on the
uptake of spermine by brush-border membrane
vesicles

Table 1 illustrates the effect of an outwardly
directed Na™ gradient on the uptake of spermine by
renal brush-border membrane vesicles. The initial
uptake of spermine was slightly, but significantly,
stimulated in the presence of an Na™ gradient.
Previously, we have found that spermine binds
strongly to the brush-border membrane at this pH
value (Kobayashi et al 1992, 1995). We have also
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reported that the amount of spermine bound to the
plasma membrane decreases as the medium pH
decreases (Kobayashi et al 1992). These findings
suggest that the carrier-mediated uptake of sper-
mine is masked by the large amount of binding to
the membrane. Therefore, to decrease the role of
binding in the uptake process, we investigated the
uptake of spermine at pH 7-0 and 6-5. As shown in
Figure 2, the initial uptake of spermine was sig-
nificantly stimulated at both levels of pH. The Na™-
dependent uptake (outward Na™* gradient uptake
minus non-ion gradient uptake) for each pH con-
dition at 30 seconds was 6-76£0-86 pmol
(mg protein) (pH 6-5), 6:94+£0-78 (pH 7-0) and
7-37£1-07 (pH7-5). These data were not statisti-
cally different; therefore, it can be considered that
the medium pH does not affect the spermine
transporter activity.

These data suggest that the energy of the trans-
porter for the uptake of spermine is an outwardly
directed Na™ gradient. It is thought, however, that
an inwardly directed K" gradient might also play a
role in the uptake process. To clarify this point, we
examined the uptake using brush-border membrane
vesicles prepared by an intra- or an extra-vesicular
medium containing LiCl instead of NaCl or KCI.
As shown in Table 2, an outwardly directed Na™
gradient (K*,,/Nat,, and Li*,,/Na®y,) stimu-
lated the uptake of spermine, and stimulation of the
uptake of spermine (K*,,/Na%t;,) decreased when
the intra-vesicular Na® ion was replaced by Li™
(K" ou/Litin). On the contrary, when the extra-
vesicular K ion was replaced by Li"
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Table 1. Effect of an outward Na™ gradient on the uptake of
spermine by rat renal brush-border membrane vesicles at pH
7-5.

Incubation time Spermine uptake

(pmol (mg protein) b

Na+out/Na+in K+out/Na+in
30s 1578+ 123 20-894+1.92
1 min 17-114+2-67 26-934+2.52%
30 min 31.77£0-99 33-41£2-39

Membrane vesicles (20 ul.) were suspended in 100 mM
NaCl, 100mM D-mannitol and 20 mM HEPES/Tris (pH 7-5).
Uptake study was performed by adding an incubation medium
(100 uL) containing 100 mM D-mannitol, 20 mM HEPES/Tris
(pH 7-5), 2-4 uM spermine (final concentration was 2 uM) and
either 100 mM NaCl or KCI as shown. Results are presented as
mean:l: s.e.m. of 3 preparations. *P <0-05 compared with
Na oul/ Na in-

(Li*yu/Na'ty,), stimulation of the uptake of sper-
mine was not changed.

It is well known that the activity of carrier pro-
teins is temperature dependent. As illustrated in the
left of Figure 2, the Na'*-dependent uptake of
spermine disappeared completely when the
experiment was carried out on ice, strongly sug-
gesting the presence of an Na™ /spermine antiporter
in the rat renal brush-border membrane.

Kinetic parameters of the Na* /spermine antiporter
The Na'-dependent uptake of spermine (after
subtracting the uptake value at K+, /K™, from the
uptake at K" ouw/Nat,) was saturable at a con-
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Figure 2. Effect of an outward Na™ gradient on the uptake of spermine by rat renal brush-border membrane vesicles at pH 7-0
(left) and pH 6-5 (right). Membrane vesicles (20 uL) were suspended in 100 mM NaCl, 100 mM D-mannitol and 20 mM HEPES/Tris
(pH 7-0) or MES/Tris (pH 6-5). Uptake study was performed by adding an incubation medium (100 uL) containing 100 mM D-
mannitol, 20 mM HEPES/Tris (pH 7-0) or MES/Tris (pH 6-5), 2-4 uM spermine (final concentration was 2 uM) and 100 mmM NaCl
(open symbols) or KCI (closed symbols). Medium temperature was 37°C (squares and c1rcles) or 4°C (triangles). Each point
represents the mean=s.e.m. of 3 preparations. *P < 0-05, **P < 0-01 compared with Na't,,/Na™,.
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Table 2. Effect of an inorganic ion gradient on the uptake of spermine by rat renal brush-border membrane vesicles.

Time (min) Uptake (pmol (mg protein) ~')*

Na+0ut/Na+in K+nut/Na+in Li+0ut/Na+in K+0ut/Li+in
0-5 13.924+1-32 2129+ 0-63** 20-12+ 1-06* 1693+ 1-50™
1 16-59+0-92 2176 £ 0-46%** 20-50 £ 1-18* 18-13+ 140"
2 18-114+0-46 22.82+0-65%* 22.58+1.76* 2120+ 1-62
30 22.68+ 1-41 2420+ 1-20 23.66+ 0-80 23.81+1-37

Membrane vesicles (20 uL) were suspended in 100 mM D-mannitol, 20 mM HEPES/Tris (pH 7-0) and 100 mM NaCl or LiCl.
“Uptake study was performed by adding an incubation medium (100 uL) containing 100 mM D-mannitol, 20 mM HEPES/Tris (pH
7-0), 2-4 uM spermine (final concentration was 2 uM) and 100 mM NaCl KCl or LiCl. Each value represents the mean=s.e.m. of 3

preparations. *P < 0-05, **P < 0-01 compared with Na®,/Na*;,,

TP <0-05 compared with Kt uw/Naty,.
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Figure 3. Lineweaver-Burk plot of the Na™-dependent initial
uptake (30s) of spermine by rat renal brush-border membrane
vesicles. Membrane vesicles (20 uL) were suspended in
100mM D-mannitol, 20mMm HEPES/Tris (pH 7-0) and
100 mM KClI or NaCl. Uptake study was performed by adding
an incubation medium (100 uL) containing 100 mM D-manni-
tol, 20 mM HEPES/Tris (pH 7-0), 0-24—-24 uM spermine (ﬁnal
concentration was 0-2—20 uM) and 100mM KCIl. The Na*-
dependent uptake was calculated by subtractlng the uptake
value at K, /K", from the uptake at K ,/Nat,,. The
regression line was calculated by the standard least-squares
program using a Macintosh computer The intercepts of the
line Wlth the x- and y-axes are: — (Kmfl 44 HM) and
Viax L (Vinax = 631 pmol (mg protem) (30sec) ™ 1). Each
point represents the mean=s.e.m. of 3 preparations.

centration of 0-2—20uM. The kinetic parameters
obtained from a Lineweaver-Burk plot (Figure 3)
were as follows: Km =144 uM and V,,,x =6-31p-
mol (mg protein) "(30s)"!. The K, value of this
transporter is in good agreement with the values
reported using cell lines derived from various
organs (Seiler & Dezeure 1990).

Characteristics of the Na* /spermine antiporter
In our previous study (Kobayashi et al 1997), tri-
entine, a therapeutic drug for Wilson’s disease, was

found to be recognized by the same transport sys-
tem as that for spermine in the rat renal brush-
border membrane vesicles, while trientine-copper
chelate complex was not. Therefore, it would be
interesting to test whether trientine behaves simi-
larly in the case of the Na*/spermine antiporter. As
shown in Table 3, the uptake of trientine was sti-
mulated by an outwardly directed Nat gradient,
whereas there was no effect of the Na™* gradient on
the uptake of trientine-copper complex. To clarify
the substrate specificity of this transporter, we
examined the inhibitory effect of various amine
compounds on the uptake of spermine. As shown in
Table 4, the passive diffusion of spermine (the
amount transported in the absence of an Na™ gra-
dient) was not inhibited by any of the amine
compounds. On the contrary, the Na*-dependent
transport of spermine was significantly inhibited by
spermine, trientine and tetracthylenepentamine,
which have 4 or 5 amino groups. Meanwhlle tetra-
ethylammonium, cimetidine and N'-methylnicotin-
amide (NMN), well-known substrates for the
H™ /organic cation antiporter; MGBG, a substrate
for the Na't/putrescine co-transporter in the rat

Table 3. Effect of an outward Na™ gradient on the uptake of
trientine and trientine-Cu complex by rat renal brush-border
membrane vesicles.

Time Uptake (pmol (mg protein) ™ ')

+ + + +
Na oul/I\Ia in K out/l\Ia in

Trientine 30s 171.0£21-8 27924+ 13.8%%*
60s 340-0£17-7 423.7£23-6*

Trientine+Cu®* 305 147-7£19-8 1583+11-0
60s 239-44+28-8 2240+ 586

Membrane vesicles (20 ul) were suspended in 100 mM
NaCl, 100mM D-mannitol and 20mM HEPES/Tris (pH 7-0).
“Uptake study was performed by adding an incubation medium
(100 uL) containing 100 mM D-mannitol, 20 mM HEPES/Tris
(pH 7-0), 1-2mM trientine (final concentration was 1 mMm),
100mM NaCl or KCl and with or without 1-2mM CuSO,.
Each value represents the mean=+s.e.m. of 3 preparatlons
*P < 0.05, ¥*P < 0-01 compared with Na*,,/Na™j,.
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Table 4. Inhibitory effect of various polyamines on the Na™-
independent and Na'-dependent initial uptake of spermine
(2 uM) by rat renal brush-border membrane vesicles.

Inhibitors (100 um) Uptake (pmol (mg protein) I)a

Na+0ut/Na+in K+out/Na+in
No additive 13-43+£0-21 17-83+£0-45
Putrescine 12.72+0-89 18:02+£0-21
Spermidine 13-65£0-65 17-934+0-31
Spermine 12.974+0-77 12:97 £ 0-32%*
Trientine 13-28+0-81 12.05 £ 0-80**
TEPA 13-53+£0-30 15-14£0-21*
TEPA (500 um) 12-15+0-15 12.54 £ 0-24%*
Amikacin 14.06 £ 0-22 17-16 £ 0-64
Tobramicin 13.44+0-35 17.58£0-14
TEA 13-294+0-44 17-:30+0-49
Cimetidine 13.43+£0-10 17-56 £ 0-44
NMN 14.20+£0-36 17-53£0-22
MGBG 13-23+£0-27 17-53£0-32

Membrane vesicles (20 uL) were suspended in 100 mM
NaCl, 100mM D-mannitol and 20mM HEPES/Tris (pH 7-0).
*Uptake study was performed by adding an incubation medium
(100 uL) containing 100 mM D-mannitol, 20 mM HEPES/Tris
(pH 7-0), 2-4 uM spermine (final concentration was 2 uM),
100mM NaCl or KCI and 120 uM of various amine com-
pounds. Each value represents the mean=+s.e.m. of 3 prepara-
tions. *P <0-05, **P <0-01 compared with no additive.
TEPA, tetraethylenepentamine; TEA, tetraethylammonium;
NMN, N'-methylnicotinamide; MGBG, methylglyoxal bis
(guanylhydrazone).

intestinal basolateral membrane (Kobayashi et al
1995); and amikacin and tobramicin, aminoglyco-
side antibiotics with 4 or 5 amino groups did not
inhibit the Na™-dependent transport of spermine.
Furthermore, the transport of spermine was not
inhibited by putrescine and spermidine, which are
physiological polyamines having 2 and 3 amino
groups in their molecules, respectively. These data
clearly suggest that the Nat/spermine antiporter
recognizes the straight-chain polyamine com-
pounds that have more than 4 amino groups.

Discussion

In the present study, we found that the Na'/
spermine antiporter is responsible for the active
secretion of spermine and trientine into the luminal
side of the rat renal proximal tubule. The inhibition
of [*H]spermine uptake induced by spermine, tri-
entine, TEPA, MGBG, substrates for the
H™ /organic cation antiporter, aminoglycosides,
and physiological polyamines other than spermine
indicates that the Nat/spermine antiport system is
engaged actively in the transport of straight-chain
polyamine compounds with more than 4 amino
groups. Furthermore, a chelate form of trientine
with copper abolished the ability of the Na™/
spermine antiporter to recognize trientine. The

change that occurred on the four cationic amines of
trientine after chelating with the copper ion might
be the reason for the lack of recognition by the
antiporter. Acetylpolyamines, metabolites of poly-
amines, were abundant in urine, especially in
tumour-bearing organisms (Abdel-Monem et al
1982; Takenoshita et al 1984; Kurihara et al 1993).
It has not been ascertained how these metabolites
are excreted from cells (Seiler et al 1996). In this
study, it was not clarified whether the Na%/
spermine antiporter recognizes acetylspermine. The
cationic charge of spermine is reduced by N-acetyl-
ation because acetylated nitrogen is not proton-
ated at physiological pH. Therefore, it was thought
that this transporter does not recognize acetylated
spermine.

Thus far, only inorganic ions such as H" (Murer
et al 1976) and Ca?* (Rowe et al 1991) have been
reported as substrates for Na' antiporters. There
have only been a few reports describing polyamine
transporters that are responsible for the efflux of
polyamines to the extra-cellular space, an ornithi-
ne/putrescine antiport system in Escherichia coli
(Kashiwagi et al 1997), and putrescine (Fukumoto
& Byus 1997) and spermidine (Sha et al 1996)
efflux systems in Xenopus oocytes. For mammalian
cells, Fukumoto & Byus (1996) reported the pre-
sence of a putrescine and spermidine export system
in the human erythrocyte. In all of the above stu-
dies, however, the driving force and the char-
acteristics of the export process of polyamines from
cells have not been identified. To our knowledge,
the Na*/spermine antiporter in this study is an
unprecedented system for the transport of poly-
amines in mammalian cells.

The polyamines, spermidine and spermine, and
their precursor, putrescine, are ubiquitous and
found in all cells of higher eukaryotes (Pegg &
McCann 1982). The exact function of polyamines
at the molecular level is still obscure, but their
concentrations appear to be highly regulated.
Recent studies (Pegg 1986; Seiler 1987, 1990) have
shown that the regulation of intracellular poly-
amine concentration is mainly based on biosynth-
esis and transport (uptake and release). More
recently, we have reported on the presence of an
Na™ /putrescine co-transport system in the baso-
lateral membrane of rat small intestinal epithelial
cells (Kobayashi et al 1995). This co-transporter
contributes to the uptake of putrescine, but not
spermidine and spermine, from the serosal side into
the epithelial cells. On the other hand, in the renal
brush-border membrane, only spermine was found
to be recognized by the Na'/spermine antiporter
and was actively excreted into the lumen. It is well
known that the binding of spermine to endogenous
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acidic compounds such as phosphatidylserine
(Yung & Green 1986) and nucleic acid (Feuerstein
et al 1990) is the strongest among the physiological
polyamines. Therefore, the interaction of spermine
with the bio-membrane and DNA is more active
than that of spermidine and putrescine. It is con-
sidered that the Na't/spermine antiporter, which
works to decrease the concentration of the finally
synthesized and the most active polyamine, sper-
mine, in cells, might play an important role in the
regulation of all intracellular physiological poly-
amines.

In summary, it was found that there is an
Na™/spermine antiporter in the rat renal brush-
border membrane. This transporter recognizes
straight-chain polyamine compounds that have
more than 4 amino groups. This antiporter secretes
intracellular spermine and regulates the intracel-
lular spermine concentration. Furthermore, it plays
an important role in the renal excretion of trientine.
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