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Results of > P-NMR studies and transport experiments using the radioactive tracer technique are presented.
They point to the conclusion that ATP is taken up into isolated renal brush-border membrane vesicles,

possibly by a carrier-mediated mechanism.

Early studies on the metabolism of **P-labelled
nucleotides in the whole mammalian animal [1] or
in tissue slices and in cell suspension [2] suggested
that dephosphorylation had to precede uptake.
Such evidence led to the generalization that plasma
membranes have very low permeability to nucleo-
tides. However, some studies on fibroblasts [3],
perfused kidneys [4] and kidney slices [5] indicated
that, added exogenously, nucleotides accumulated
in the cells. Most of these studies were conducted
in vivo or 1n isolated, perfused organs. In such
systems the observed results were necessarily a
combination of processes occurring in the plasma
membrane and in the cytoplasmic compartment.
To avoid the complications inherent in such sys-
tems, the present study was initiated to investigate
whether the 1solated renal brush-border membrane
was permeable to ATP.

Brush-border membrane vesicles from the prox-
imal tubule of rabbit kidneys were prepared as
described previously [6,7]. The quality of the mem-
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brane preparations, evaluated by specific activities
of enzyme markers, was the same as reported
earlier [6]. In particular, the effect of inhibitors on
Mg?*-ATPase activity was tested. Ouabain (1.5
mM) had no significant inhibitory effect on the
ATPase activity at pH 7.5 or pH 9.2, indicating
that no significant contamination by basolateral
membrane (Na* + K*)-ATPase was found in our
membrane preparations. Oligomycin (20 pM) had
no effect at pH 9.2 and a maximal inhibitory
effect of 20% at pH 7.5. At similar concentrations,
the renal-cortex mitochondrial ATPase is inhibited
over 95% [8]. Moreover, in our preparation, the
specific ATPase activity was 100-200 nmol/min
per mg protein. Therefore, the maximum 20% of
this activity which was oligomycin inhibitable and
may have been due to mitochondrial contamina-
tion was 20-40 nmol/min per mg protein. How-
ever, crude preparations of mitochondna, such as
may be expected to contaminate the brush-border
membrane preparation have been shown to have a
specific ATPase activity of about 1000 nmol/ min
per mg protein [16]. Therefore, the 20-40 nmol/
min per mg protein of oligomycin-inhibitable ac-
tivity in our preparation may represent not more
than 20-40 pg mitochondrial protein out of each
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mg of total brush-border membrane protem.
Accordingly, not more than 2-4% of the intraves-
icular volume 1n this preparation may have been of
mitochondrial nature.

ATP uptake by brush-border membrane vesicles
was measured by a Millipore filtration technique,
using 0.45 pm filters, as described previously [7,9].
The temperature of the uptake medium was 37°C.
The composition of extravesicular medium varied
depending on the objective of the experiment and
1s given in detail with the results. [**P]JATP and
[*HJATP were purchased from New England
Nuclear.

Protein was determined by the procedure of
Lowry et al. [10] using bovine serum albumin as
standard.

Samples of fresh brush-border membrane
vesicles were prepared for *’P-NMR experiments.
Isoosmotic conditions were kept in all experi-
ments. Spectra were recorded in the FT mode, at
80.9 MHz, on a Bruker CXP 200,/300 spectrome-
ter of the UAB Cancer Center NMR Core Facility
(supported by NIH grant CA-13148). A repetition
time of 3 s was used to avoid signal suppression.
Differentiation between the intravesicular and ex-
travesicular resonances of each phosphate was
achieved by using a paramagnetic relaxation rea-
gent. The reagent used in these experiments was
Gd(EDTA) [11]. It has already been shown [12]
that membranes are not permeable to this metal
chelate. Therefore, due to the formation of short-
lived, weak complexes of Gd(EDTA) with the
extravesicular ATP and inorganic phosphate, but
not with their intravesicular counterparts, this
paramagentic chelate was expected to have a
broadening effect on the extravesicular phosphate
species only. Sharp peaks of the intravesicular
phosphate species should remain unaffected.

A typical time-course of [*HJATP uptake into
the brush-border membrane vesicles is given in
Fig. 1. It was important to resolve the question
whether ATP taken up by the brush-border mem-
brane preparations represented binding to the
membrane or ATP transport across the membrane
nto an intravesicular space. Two lines of evidence
suggested that the latter was the case. The intraves-
icular space was varied by altering the osmolarity
of the medium with sucrose, a relatively imper-
meable solute that is not degraded in the kidney
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Fig 1. ATP transport 1n renal brush-border membrane vesicles
The membrane vesicles were loaded with 300 mM sucrose, 50
mM Tns-HCl (pH 7 5) ATP uptake was measured under the
following conditions 300 mM sucrose, 50 mM Tris-HCI (pH
75),05 mM CDTA, 05 mM EGTA, 0.1 mM ATP, [*HJATP

[13]. With a given concentration of substrate, the
amount taken up at equilibrium should be depen-
dent on the relative intravesicular space. and this
volume should be inversely proportional to the
osmolarity of the medium. As shown n Fig. 2, the
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Fig. 2. The effect of medium osmolarity on ATP uptake nto
renal brush-border membrane vesicles Membrane vesicles were
loaded with 300 mM sucrose, 50 mM Trs-HCl (pH 75)
Uptake of ATP (60 mun, 37°C) was measured under the
following conditions 0.5 mM CDTA, 0 5 mM EGTA, 100 mM
NaCl, 50 mM Tns-HCI (pH 7 5) and various concentrations of
sucrose (100, 200, 300, 400, 500, 600, 700, 800 mM) (A) ATP
uptake without subtraction of ‘zero uptake’ values (for details
see results) (B) ATP transport with ‘zero uptake’ values sub-
tracted



uptake was indeed proportional to the inverse
osmolarity and, thus, to the intravesicular space.
The extent of the binding to the membrane was
obtaned by extrapolating to infinite medium
osmolarity (zero intravesicular space) and repre-
sented about 50% of the total ‘uptake’ at 300
mosM. An estimate for the membrane-bound com-
ponent was also found by the ‘zero-time uptake’.
The latter was the amount of membrane-associ-
ated ATP measured at time zero of the uptake
kinetics before any transport across the membrane
could have taken place. This method assumes that
the binding is a process much faster than cross-
membrane transport. In Fig. 2b such a ‘zero-time
uptake’, performed for each value of the intraves-
icular space was subtracted from the correspond-
ing ATP uptake measured at 60 min. As shown
(Fig. 2b), in this case extrapolation to infinite
medium osmolarity (zero space) indeed resulted in
zero uptake. For the rest of the study such ‘zero-
time uptake’ measurements, which represent bind-
ing to the membrane vesicle and the filter, accom-
panied each experiment. The bound component
was obtained in this manner, then subtracted from
the total uptake measurement.

Although the above results seemed to indicate
the presence of transport across the brush-border
membrane, the radioactive-label technique was af-
fected by several practical drawbacks and the
interpretation of the results involved certain as-
sumptions. Moreover, using solely this technique it
would have been impossible to conclude whether
ATP, ADP, AMP or adenosine were accumulating
in the vesicles. Even *?P-label on the phosphate
moiety could not answer this question since the
hydrolysis-generated inorganic phosphate was
quickly transported through the brush-border
membrane. To solve this problem we utilized *'P-
NMR. The advantage of this method was the
simultaneous monitoring of intravesicular and ex-
travesicular phosphate compounds. Therefore, no
physical separation of the vesicles from the medium
was needed. The NMR measurements were done
noninvasively. They did not perturb the system in
equilibrium and there was no destruction of the
membranes. In summary, the 3'P-NMR results
were not plagued by any of the drawbacks of the
radioactive technique. However, since ATP con-
centrations higher than the physiological levels
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Fig. 3. Observation of intravesicular ATP 1n renal brush-border
membrane vesicles using 3'P-NMR Membranes were loaded
with 575 mM sucrose, 50 mM Tns-HCI (pH 7 5) The ATP-up-
take was carried out under the following conditions. 150 mM
disodium ATP, 0.5 mM CDTA, 0.5 mM EGTA, Tnizma base
to bring pH to 7.5 (A) The 3 P-NMR spectrum of the brush-
border membrane vesicles after reaching equilibrium with the
uptake medium (60 muin). (B) The 'P-NMR spectrum of the
ATP-uptake buffer to which 27 mM Gd(EDTA) had been
added (C) The 3'P-NMR spectrum of the brush-border mem-
brane sample in (A) to which 27 mM Gd(EDTA) had been
added. (Note' the approximately 3 ppm shift of the broad, Gd
affected signals 1s due to the bulk suscepubility effect in the
extravesicular medium) (D) The *'P-NMR convolution dif-
ference spectrum denved from (C) Linebroadening parameters
of 5 Hz and 100 Hz were used. Note the improved resolution of
the expected splitting pattern of the a and y doublets and the 8
triplet of the ATP.

had to be used in order to have detectable in-
travesicular resonances, the NMR study was car-
ried out only to establish the chemical identity of



598

the uptaken substrates. Once this was established,
quantitative kinetics at physiological concentra-
tions of ATP were done, using radioactive tech-
niques.

For *’P-NMR measurements a 2 ml sample of
renal brush border membrane vesicles (15 mg pro-
tein) was equilibrated for about 1 h (30°C) with a
buffer containing 150 mM ATP, 0.5 mM CDTA,
0.5 mM EGTA, Tris (pH 7.5) and then it was
placed in the probe of the NMR spectrometer. The
spectrum 1s shown in Fig. 3A. Large peaks of the
a-, B- and y-phosphates of ATP and a neglgibly
small peak of orthophosphate were observed. In
order to separate the otherwise isochroneous reso-
nances of intravesicular and extravesicular ATP,
the aqueous relaxation reagent GA(EDTA) (27
mM) was added [11] and the sample was scanned
for several hours. The latter had a broadening
effect on the peaks of all three phosphates of the
extravesicular ATP (Fig. 3C). A separate set of
sharp phosphate resonances, evidently unaffected
by the extravesicular relaxation reagent, proved
the existence of an intravesicular pool of ATP and
P,. The larger P, peak in Fig. 3C as compared to
Fig 3A is the result of ATP hydrolysis which
occurs in these membranes at a slow rate as a
result of ATPase activity in the absence of Mg?*
(Elgavish and Elgavish, unpublished data). The
effect of GA(EDTA) on the a-, 8- and y-phosphate
peaks of ATP in the buffer used for membrane
preparations, but without the membranes, is given
as a control in Fig. 3B. As expected, only broad
peaks were observed. Fig. 3D depicts a ‘convolu-
tion difference spectrum’ obtained from the data
of Fig. 3C by once filtering the free-induction
decay with a small linebroadening parameter (ap-
prox. 5 Hz) and then filtering the original free-in-
duction decay with a large linebroadening parame-
ter (approx. 100 Hz) and Fourier Transform the
difference between the two. In this manner, the
broad signals are almost entirely removed. The
resulting spectrum is superior to Fig. 3C in em-
phasizing the narrow intravesicular resonances.
Based on the *'P-NMR spectra [14], the extraves-
icular and intravesicular pH values were found to
be 7.6, 1dentical to the pH of the solution in which
the membranes had been dispersed. The de-
termination of the intravesicular pH using *'P-
NMR is based on the pH dependence of the

chemical shift position of intravesicular ortho-
phosphate relative to an orthophosphoric acid ref-
erence external to the sample. Independently, the
chemucal shift difference between the 8-, and y-
phosphates of ATP is also pH sensitive [14]. This
difference gave the same result for the intravesicu-
lar and extravesicular pH, i.e. 7.6. Since no Mg?*
was present this result was not affected by Mg
binding to ATP.

The *'P-NMR study led to the conclusion that
after 60 min incubation with extravesicular ATP,
ATP was found in the intravesicular space. The
uptake cannot be explained by a fast opening-seal-
ing process of the vesicles in the presence of ATP.
Such an event would have caused rapid equilibra-
tion of the paramagnetic reagent as well, and
would have prevented the observed differentiation
between the intravesicular and extravesicular ATP
signals. Both the *'P-NMR studies and the studies
carried out with radioactively labeled ATP support
the idea that an ATP transport system is present
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Fig 4 The mitial ATP-uptake rate as a function of ATP
concentration n the uptake medium. The membrane vesicles
were loaded with 300 mM sucrose, 50 mM Tns-HCl (pH 7 5)
Inttial uptake rates were measured under the following condi-
tions® 100 mM sucrose, 100 mM NaCl, 0.5 mM CDTA, 05
mM EGTA, 50 mM Tns-HC! (pH 7 5), [*HJATP and various
concentrations of ATP (02,03,04;05, 1 mM)



in the renal membrane vesicles. The possibility
that the ATP transport occurs into a con-
taminating fraction of mitochondria was excluded
by the results of the *'P-NMR study. The ratio of
the total intravesicular to extravesicular volume as
evident in Fig. 1C is much higher than expected
had the intravesicular signal been due to intrami-
tochondrial ATP. Therefore, we conclude that an
ATP transport system is present in the renal mem-
brane vesicles. It is also possible that, like in many
other systems, in the isolated vesicles ATP was
dephoshorylated, internalized as adenosine and
subsequently phosphorylated back to ATP [15].
However, this 1s an unlikely possibility since the
transport experiments in our study were conducted
in the absence of Mg?* (0.5 mM CDTA, 0.5 mM
EGTA). The saturability of the uptake at high
extravesicular ATP concentration has indicated
that the uptake may have proceeded by a carrier
mediated process with an apparent K, of 0.3 mM
(Fig. 4).

Dr. George Sachs’ help throughout these studies
is gratefully acknowledged.
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