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L-Cystine transport by papain-treated rat renal brush-border membrane vesicles
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In papain-treated rat renal brush-border membrane vesicles, cystine uptake was enhanced under sodium
gradient conditions. This effect was not observed when sodium was equilibrated across the vesicle membrane
or when sodium was completely absent from the incubation medium. The increased rate of cystine uptake
occurred within the first two minutes of incubation and coincided with the period of increased flux of sodium
known to occur after papain treatment. Under sodium gradient conditions, the V. of cystine uptake by
treated vesicles was 65% greater while the K, was 25% lower than the value observed in untreated
membranes. The increased cystine uptake after papain treatment occurred when medium cystine was in the
electroneutral form. In the absence of a sodium gradient, cystine uptake by control membranes was
mnsensitive to changes in membrane potential and this was unaltered after papain treatment. Exposure of the
membranes to papain also resulted in a profound decrease in cystine binding which occurs in native
membranes incubated with cystine. The fact that cystine uptake is unchanged under sodium equilibration and
even enhanced under sodium gradient conditions suggests that the component of cystine binding is not

essential for cystine transport and may represent non-specific binding to membrane proteins.

Introduction

Proteases have been used widely to study the
relationship of the asymmetric properties of
brush-border membrane vesicles to specific trans-
port properties [1,2] Our own interest has focused
on whether agents that remove enzymes and pro-
temns from rat renal brush-border membranes alter
the ability of membrane vesicles to transport amino
acids and, if so, what 1s the underlying mecha-
msm Studies with trypsin and papain treatment
tndicate that removal of small amounts of protein
may have profound effects on sodium-dependent
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transport [3,4] A detailed study of prolne trans-
port changes associated with papain treatment
revealed that the ‘overshoot’ phenomena observed
with a sodium gradient was markedly blunted
with no imparrment of proline uptake under
sodium equilibrated conditions The renal brush-
border uptake of a number of amino acids and
sugars under sodium gradient conditions was also
decreased, consistent with a primary perturbation
of sodium 10n movement Indeed, this was shown
to be the case Papain treatment caused an en-
hancement of sodium fluxes so that equilibration
of the sodium gradient occurred five times more
rapidly We were led to conclude that papain
affects sodium gradient stimulated transport sec-
ondarily because of the accelerated dissipation of
sodium gradients by treated vesicles

Cystine uptake by rat renal brush-border mem-
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brane vesicles occurs by a process distinct from
most other amino acids Although 1t’s entry 1s
stimulated by sodium, there 1s no ‘overshoot’ ob-
served In addition, cystine uptake 1s characterized
by 60% of binding to the membrane under sodium
equilibrated condition, a phenomenon not ob-
served with other amino acids [7] Because of the
unique features of cystine transport by brush-
border membrane vesicles and the opportunity to
enhance our understanding of the complex process
of cystine entry, we have examined the effect of
papain treatment of rat renmal membranes on
cystine transport Our findings that cystine uptake
rate 15 stimulated 1 papain-treated vesicles and
that cystine binding to the brush-border 1s
markedly decreased form the basis of this report

Experimental

Preparation of rat renal brush-border membranes
and papain-treatment of the isolated renal
brush-border vesicle membranes Brush-border
membranes were 1solated from the kidney cortex
of adult male Sprague-Dawley rats weighing
250-300 g by using the MgCl, precipitating
method of Booth and Kenny [5] Papain treatment
of the membrane vesicles was carried out as de-
scribed previously [4] The final papain-treated
membrane preparation was suspended 1n buffer as
specified n the legend of figures and tables, and
equilibrated for at least 1 h at 22°C before under-
taking any experniment Control membrane vesicle
preparations were carried out by replacing aliquots
of papain solution with buffer used in the incuba-
tion All experiments consisted of both control
and papain treated preparations

Enzyme assays and protein concentration de-
termunation Papain treatment was monitored by
assessment of the removal of membrane enzymes
The five marker enzymes measured were alkaline
phosphatase, L-leucine aminopeptidase, gamma-
glutamyltranspeptidase, gamma-glutamylhy-
drolase and alpha-D-glucosidase according to the
procedures reported previously [4] Membrane
protein concentration was determined by the
method of Bradford [6] using the Bio-Rad protein
assay kit from Bio-Rad, Rockville Center, NY

Uptake of L-cystine The standard uptake in-

cubation consisted of 005 ml of brush-border
vesicles 1n buffer A (2 mM Tris-Hepes buffer (pH
7 4) containing 100 mM mannttol) or otherwise
specified, which was added to a disposable test
tube containing 50 pmoles of NaCl, 5 ul of un-
labelled L-cystine of the desired concentration in
05 M HCL, 02 to 08 pC1 of L-[*S]cystine, and /or
06 pC1 of L-[*H]glucose, 0 50 ml of buffer B (20
mM Trnis, 20 mM Hepes and 60 mM mannitol),
and water The final incubation was 88 5 mM with
respect to NaCl with 0075-0150 mg of mem-
brane protein 1n a final volume of 0 565 ml

The pH was checked after mixing of 5 ul of
L-cystine in 0 S M HCI, with buffer The ratio of
HC1 to buffer s 1 113 under base line conditions,
that 1s not sufficient to change the pH of the
buffer system For various L-cystine concentration
studies, the L-cystine was made from one single 10
mM L-cystine stock which was dissolved in 05 M
HCl Therefore 5 ul of 05 M HCl was contained
in each sample volume of 0565 ml while the
L-cystine concentration were varied

Uptake at 22°C was measured by rapid filtra-
tion on Sartorius filters (SM 113, 045 pm) as
described by McNamara et al [7] Total uptake
was measured as membrane-associated radioactiv-
ity present on the filter with appropnate back-
ground subtracted Where uptake 1n the absence
of Na*-gradient was to be studied, 005 ml of
membrane vesicles was preincubated with 88 5
mM NaCl and 050 ml of buffer B in a final
volume of 0 550 ml for at least 60 min before 15 pl
of 1-[¥S]cystine of desired concentration and/or
L-[*H]glucose was added

The extent of L-[**Sjcystine bound to mem-
brane vesicles was assessed according to the proce-
dure of McNamara et al [7] Trichloroacetic acid
was added to a final concentration of 10% (w/v)
to incubated samples at the designated times The
samples were placed in ice for at least 15 min
before being filtered through glass fiber filters
(No 934AH, Reeve Angel, Clifton, NJ, USA ) n
a Sartorius filter apparatus The filtered precipi-
tates were washed with 10 ml of 5% trichloroacetic
acid and then 10 ml of ethanol Filters were air
dried, placed 1n 4 ml of standard scintillation fluid
in glass muni-vials and measured for radiocactivity
Net uptake, the uptake of ‘free’ or unbound
cystine, was obtained by subtracting the amount



of L-[**S|cystine precipitated with trichloroacetic
acid from the total uptake

The effect of osmotic perturbation on vesicle
uptake of L-cystine and L-glucose was examined
by adding sucrose to buffer B in the standard
icubation muxture in order to vary the osmolality
of the medium The incubation medium contained
buffer B and was 0-280 mosM with respect to
sucrose Brush-border vesicles were allowed to
equilibrate for 30 min in the mmcubation media
before uptake of labelled substrate was measured

Materials The L-[**S]cystine used in these ex-
periments was obtained from Amersham (SJ-126
Batches 6,/82, 11 /82, 7/83, 2/84, 4/84) and New
England Nuclear Corp (NEG-020 Lot No 1622-
021) All of the L-[**S]cystine used 1n these studies
was checked for punty by thin-layer chromatogra-
phy according to the procedure described by States
and Segal [8] and /or high-voltage electrophoresis
using a Camag apparatus as reported by States et
al [9]

L-[*H]Glucose and D-['*C]glucose were
purchased from New England Corp Unlabelled
amimo acids, sugars and valinomycin were ob-
tamned from Sigma Hepes was from Calbiochem

Data analysis In studies of concentration de-
pendence of uptake of the substrates by renal
brush-border membrane vesicles, net uptake data
were plotted by the Lineweaver-Burk method and
the data fitted by the least-squares method The
apparent K, and V_,, values were determined for
each experiment

X

Results

Effect of papain on cystune uptake in response to
osmotic perturbation of membrane vesicles
McNamara et al [7] demonstrated that cystine
uptake was considerable when the brush-border
vesicle space was theoretically obliterated at in-
finitely high osmolality and concluded that ad-
sorption of cystine to the membrane contnbuted
greatly to the total uptake of cystine This was
corroborated by the precipitation of significant
amounts of cystine when membranes were treated
with trichloroacetic acid [7] The uptake of cystine
after osmotic perturbation was, therefore, ex-
amined to determine the extent of cystine entry
mto the intravesicular space and the apparent
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Fig 1 Effect of medium osmolality upon the uptake of L-cystine
and r-glucose by control and papain-treated vesicles Control
(O, ) and papain-treated (®, a) vesicles were obtained by
mcubation at 37°C for 10 min 1n the absence or presence of
0015 mg activated papain per ml of membrane preparation At
the end of incubation, the membrane fractions were centri-
fuged and washed as described 1n the text Membrane fractions
were suspended 1n 100 mM mannitol, 2 mM Trns-Hepes, pH
7 4 and equilibrated at room temperature for at least one hour
The uptake was determuned 1n vesicles equilibrated with 88 S
mM NaCl and increasing concentrations of sucrose in the
incubation medium for at least 30 min The tomicity of the
medium with respect to non-penetrating, non-electrolytes
(sucrose) was expressed as relative osmolality where 1=
1sosmolar = 300 mosM Values shown represent total uptake at
15 s measured after incubation with 013 mM L-[*S]cystine
(02 pCr) together with 06 pCi1 of L-[*H]glucose at 22°C, and
are the means+S E for four determinations The line was
drawn by the least-squares method Fig 1A shows the uptake
of 013 mM L-[**S|cystine and Fig 1B shows the uptake of
L-[*H]glucose n the presence of 0 13 mM L-cystine 1n response
to medium osmolality changes

binding of cystine after membrane exposure to
papain The expertmental design was similar to
that of McNamara et al [7] with variation n



82

medium sucrose to alter osmolality In these stud-
tes, 885 mM NaCl was equilibrated across the
membrane and was not included 1n calculation of
relative osmolality Fig 1A shows that the 15 s
uptake of 0 13 mM L-cystine by both control and
papain-treated membranes was 1nversely propor-
tional to the relative osmolality Extrapolation of
the line for control vesicles to an mfinitely high
osmolality (where 1t intersects the ordinate and
there 1s theoretically no intravesicular volume)
indicates that 60% of the total uptake of L-cystine
consisted of adsorption to the membranes under
sodium equilibrated conditions These results are
almost 1dentical to those reported earher [7,10]
For papain-treated vesicles extrapolation of the
line to the ordinate representing cystine uptake
shows an intercept very close to the origin and
indicates only about 8% of the total uptake was
due to binding to the membranes

Fig 1B illustrates that papain treated vesicles
are not altered 1n their osmotic reactivity The
uptake of tracer L-[*H]glucose by papain-treated
vesicles with increasing osmolality decreases along
the same line as that found in control vesicles
Extrapolation of the line to ongin 1s consistent
with the known properties of L-glucose entry into
vesicle space by diffusion and 1ts lack of any
membrane adsorptive component [11]

Effect of papain on the uptake of L-cystine

Papain treatment of membrane proteins was
carried out by incubating brush-borders at 37°C
for 10 min 1n buffer consisting of 0 25 M sucrose,
001 M triethanolamine hydrochloride (pH 7 6) as
previously described [4] Uptake by these vesicles
measured after spinning, washing and resuspen-
sion 1 buffer A 1s shown in Table I Under
sodium gradient conditions a marked increase 1n
total uptake (bound plus free) of cystine at 15 s 1s
observed with all of the papain concentrations
employed In the same membrane preparations
(Table 1) papain treatment caused the opposite
effect on uptake of proline, a diminution which
has been extensively studied 1n our earher report
[4] Since the latter work was performed with
0015 mg activated papain per ml of membranes
preparation, this concentration was selected as the
standard for further studies on cystine transport
Such treatment removed an nsignificant amount

TABLE 1

EFFECT OF PAPAIN CONCENTRATION UPON THE
UPTAKE OF L-CYSTINE AND L-PROLINE UNDER Na*-
GRADIENT CONDITIONS

The brush-border vesicles were incubated at 37°C for 10 mn
in the absence or presence of 0 005 mg, 0015 mg, 0045 mg
activated papain per ml of membrane preparation Control and
papain-treated vesicles were centrifuged and washed at the end
of incubation as described in the text Membrane fractions
were suspended in 100 mM manmtol, 2 mM Tns-Hepes (pH
74) and equlibrated at room temperature for at least one
hour The uptake of 003 mM L-[*S]cystine and 002 mM
L-{'Clproline was determuned 1n vesicles under an inwardly
directed 88 5 mM NaCl gradient For L-cystine uptake, 50 pi
of vesicle suspension was added to medium contaiming 15 ul of
[*’Sjcystine mix mn H,O (including 5 pl of 05 M HCI to
untially dissolve the stock L-cystine and 02 pCi of -
[*’S]cystine) and 05 ml of buffer (60 mM mannitol, 20 mM
Tris-Hepes, 100 mM NaCl (pH 76)) The pH of the final
incubation mixture was 74 For L-proline uptake, 50 pl of
vesicle suspension was added to medium containing 15 pl of
['*Clproline mix in H,O (including 02 pCi of [ Clprolme
tracer) and 0 5 mi of the same buffer used for vesicle suspen-
ston contaming 100 mM NaCl Total uptake was measured at
the end of 15 s incubation at 22°C Values represent the
mean+ S E of four determinations

Papain concn Total uptake (nmol /mg)

(mg,/ml) L[ **Slcystine L-[*CJprohne
0 006740003 0542+0020
0005 019410016 0191+0004
0015 0254 +0 066 0296+0013
0045 021040010 0212+0009

(about 2%) of total membrane protemn, 85% of
L-leucine aminopeptidase, 60% of gamma-giuta-
myltranspeptidase and 96% of alpha-D-glucosidase
but did not effect the fragihty of the vesicles nor
their osmotic responses [4]

The time-course of 013 mM cystine uptake
under sodium gradient conditions 1s shown 1n Fig
2 No ‘overshoot’ was observed with either control
vesicles as reported previously [7] or with
papain-treated vesicles Total uptake by
papain-treated vesicles was higher during the 1ni-
tial two munutes of incubation At the end of 10
min of incubation, however, the level of uptake
was the same in the control and papain-treated
vesicles The increase in uptake duning the first
two minutes appears to occur during the 2 min
mterval 1t takes sodium to equilibrate in papain
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Fig 2 Effect of papain on the time-course of
total uptake of L-cystine under a Na*-gradi-
ent Control and papain-treated vesicles were
obtained as described 1n the legend of Fig 1
The ume-course of uptake by control (O)
and papain-treated (®) vesicles was measured
under the condition of 885 mM inward
Na*-gradients at 22°C n the presence of
013 mM L{®*SJcystine (02 wC1) Values
shown are the mean+SE for four de-
termnations Data points without brackets

7/ indicate that the SE is included within the
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treated vesicles as compared to the 10 min nterval
it takes sodium to equilibrate in control mem-
branes {4]

Table II shows the data obtamned when the
uptake of 013 mM cystine was examined at 15 s
under both sodium gradient and sodmum equi-
Iibrated conditions No effect of papain treatment
1s observed when sodium 1s equilibrated across the
membrane

TABLE II

EFFECT OF PAPAIN ON CYSTINE UPTAKE UNDER
Na* GRADIENT VERSUS Na*-EQUILIBRATED CONDI-
TIONS

Brush-border vesicles were incubated at 37°C for 10 min 1n the
absence or presence of 0015 mg activated papain per ml of
membrane preparation Control and papain-treated vesicles
were obtained as described 1n the text The uptake of 0 13 mM
were determuned 1n vesicles under an inwardly directed 88 5
mM NaCl gradient and when 885 mM NaCl 1s equihibrated
across the membrane as described mn the legend for Table I
Total uptake were measured at the end of a 15 s incubation at
22°C The number of determunations are indicated in the
parentheses after the mean value+S E

Incubation L-[**S]cystine uptake (nmol/mg)

conditions

control vesicles  papain-treated vesicles

Na *-equilibrated 013340004 (13) 0143+0007 (12)
Na *-gradient 0162+0014 (8) 0320+0022 (8) *

* P <0001 for difference from uptake of control vesicles

30 point

Influence of monovalent 10ns and the species of
L-cystine

The study shown 1n Table III was performed to
examine whether there 1s a greater enhancement in
cystine uptake by papain-treated vesicles when
they are incubated 1n the absence of sodium and
whether the nature of the anion of the salt gradi-

TABLE III

EFFECT OF IONIC ALTERATION ON L-[**S|CYSTINE
UPTAKE

Membranes were prepared in 260 mM mannitol, 20 mM
Tris-Hepes (pH 74) The incubation medium contained (final
concentrate) 60 mM mannitol, 20 mM Trns-Hepes, 100 mM
monovalent cation salts as indicated n the table Values given
are mean+ S E for four determinations Net uptake value of
L-cystine by control vesicles under inwardly direct 100 mM
KCl gradient 1s 0033 nmol/mg per 15 s which 1s taken as
100%

Ion gradient % of 0 03 mM L-[**Scystine net uptake

(100 mM) control vesicles papain-treated vesicles
Choline chloride 101+6 96+15

NaCl 175+2* 388410 **

Sodium gluconate 194+ 8 ** 264+ 9*

* P <001 for difference from uptake of control vesicles
under 100 mM KCI gradient

** P <0001 for difference from uptake of control vesicles
under 100 mM KCl gradient
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ent 15 a factor in the uptake process [15] In this
experiment, the net uptake of cystine was de-
termuined. that 15 the free vesicular cystine present
after membrane precipitation with trichloroacetic
acid This was done to eliminate any differences 1n
cystine uptake that could be due to changes in the
binding component as a result of papamn treat-
ment although this component 1s not large at 15 s
under sodium gradient conditions [7] The data in
Table III show that there 1s no difference in
cystine uptake between control and papain-treated
vesicles when choline chloride forms the 10n gradi-
ent and these do not differ from uptake with a 100
mM KCl gradient In papain-treated vesicles, up-
take 1s stimulated 3-fold under Na*-gradient con-
ditions while 1n control vesicles uptake increases
by 75% These findings in the absence of sodium
are simular to those of Table 11, where the baseline
for comparison 1s the uptake when sodium 1s
equilibrated across the membrane Thus, 1t clearly
demonstrates that papain treatment stimulates
sodium-dependent cystine uptake, while 1t does
not affect the sodium-independent cystine uptake
Also. the data in Table III indicate that the exag-
gerated uptake in papain-treated vesicles 1s not
altered when chloride, a relatively fast diffusing
anion, 1s replaced by gluconate, a relatively tmper-
meant anion which suggested that cystine uptake
1s not altered by changes 1n membrane potential
Table 1V shows that similar effects of papain
upon L-cystine uptake were observed when

TABLE 1V

medium pH was 55 and 80 as that was seen in
medium pH 74 Bannai [14] has reported that at
pH 55. L-cystine 1s entirely 1n the electroneutral
form, and at pH 8 0, 55% of L-cystine 1s 1n anionic
forms together with 45% of electroneutral L-
cystine At medium pH 7 4, 30% of L-cystine 1s 1n
the anionic form while the remaining 70% of L-
cystine 1s 1n the electroneutral form Thus, the
stimulation of the sodium-gradient dependent L-
cystine uptake resulting from papain treatment
occurred when cystine 1n the pH 5 5 medium was
entirely 1n the electroneutral form

Effect of papain on membrane potential sensitivity
of L-cystine transport

An effect of the membrane potential on the
L-cystine uptake by control and papain-treated
vesicles was tested 1n the absence of a Na*-gradi-
ent by applying a potassium/valinomycin 1n-
duced membrane diffusion potential as described
by Jean et al [12] Vesicles were preloaded with
100 mM KCl, and L-cystine net uptake was studied
in the presence of 20 pM valinomycin, a potas-
stum specific 1onophore, whose addition results in
an inside negative membrane potential Fig 3
shows that neither L-cystine uptake by control
vesicles nor that by papain-treated vesicles was
sensitive to changes in membrane potential Also,
preloading with potassium did not stimulate L-
cystine uptake significantly compared with non-
preloaded controls (data not shown) Fig 3 also

EFFECT OF MEDIUM pH AND IONIC SPECIES ON L-CYSTINE UPTAKE

Membrane vesicles were washed, then pre-equilibrated for 1 h at 22°C 1n 200 mM mannitol buffered with 50 mM Hepes-Tns (pH
8 3) Total uptake of L-[3°S]cystine and trichloroacetic acid-percipitable membrane-bound L-[**S]cystine were measured at the end of
15 s incubation by adding vesicle suspension to medium containing (final concentration) 0 03 mM L-{33§]cystine, 100 mM NaCl, and
50 mM Hepes-Tris (pH 8 0), or 50 mM Mes-Tris, (pH 55) Net uptake values were obtamned by subtracting trichloroacetic acid
precipitable L{**S]cystine measurements from that of total uptake values Values represent mean+S E of four determinations

Medium Cystine 10nic species * Uptake of L-{**S]cystine
pH (nmol/mg protein per 15 s)
Control papain-treated
vesicles vesicles
80 (T O0C),R(NH7 ), 45% 0055+0013 008240008
(T OOC),R(NH,)NH7 45%
(~ OOC),R(NH,), 10%
55 (" 00C),R(NH7 ), 100% 0107 +0 006 019240002

? From Bannai, S [14]
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i o) Fig 3 Effect of the membrane potential in
AN I 18° § the uptake of L-cystine by control and papain
§ s treated vesicles Control and papain treated
N 0186 k § vesicles were obtained as described 1n legend
3 I —~ A5 & of Fig 1 Net uptake of L-cystine (O, ®) and
> - 3 p-glucose (4, ) by control vesicles (O, a)
3 § % /// } 3 and papain-treated vesicles (@, a) Vesicles
§ " ‘_é/ o g were preloaded with 100 mM mannitol, 20
) 3 (] - 92 { K] mM Hepes-Tns (pH 74) 100 mM KCl and
‘E 008t P /% - 10 mM NaCl Uptake were measured after 15
N -~ s s In an mcubation medium contaiming 100
g /2’/ 105 % mM mannitol, 20 mM Hepes-Tnis (pH 7 4),
2 g x 3 10 mM NaCl, 003 mM L{*Sleysune or 04
N q mM p-['*C)glucose, 20 pM valinomycin and
~ KCl to get the indicated ratio [K*], /[K "],
° 05 [K],I ° Choline chloride was added to the incubation

“9 %0 medium to keep the osmolality constant

shows as a control the response of 0 4 mM D-
["*Clglucose uptake to the change in membrane
potential The data which show glucose uptake by
brushborder membrane to be membrane potenttal
dependent 15 1n full agreement with the observa-
tions of Jean et al [12] Papain treatment did not
alter this dependence

10 20 30 40
17083

Fig 4 Lineweaver-Burk analysis of L-cystine uptake by brush-
border vesicles Membrane fractions were obtained and de-
scribed in the legend of Fig 1 Membrane fractions were
suspended 1n 260 mM mannitol, 20 mM Hepe-Tns (pH 7 4)
Uptake of control (O) and papain-treated (®) vesicles after 15
s of incubation at 22°C with a 100 mM NaCl- mward gradient
contaiming 60 mM manmtol and 20 mM Hepes-Tns, was
measured over a range of 0024 mM to 0075 mM L-cystine
The velocity of net uptake, V, was measured as nmol/mg
protein per 15 s, and [S] 1s the cystine concentration in the
incubation medium The hines represent the best fit for the data
by using hinear regression analysts Each datum point repre-
sents the mean for eight determinations

-20

Effect of papain upon the kinetic parameters of
L-cystine transport systems

The kinetics of L-cystine uptake have been
measured from 0024 mM to 0075 mM 1n the
presence of 100 mM NaCl inwardly directed
gradient The net or free cystine uptake value at
15 s in each medium concentration studied was
plotted according to Lineweaver-Burk method as
shown in Fig 4 In the concentration range studied,
only one transport system 1s predominant for both
control vesicles and papain-treated vesicles 1 e the
low K. high affinity system shared by dibasic
amino acids as reported by Segal et al [13] with a
K, of 0065 mM and V. of 0254 nmol/mg per
15 s for control vesicles For papain-treated
vesicles, K, of 0049 mM and V,,, of 0414
nmol/mg per 15 s were obtained by Lineweaver-
Burk analysis The data suggest that papain treat-
ment may decrease the K, but the predominant
effect appears to be an increase n the V. for
cystine uptake If the ratio V, , /K, 1s calculated
as a measure of the efficiency of the process, the
value of 4 for the control vesicles increases to 9 for
papain-treated membranes

Discussion

In contrast to the diminished sodium gradient
stimulated entry of proline and other amino acids
into rat renal brush-border membrane vesicles ex-
posed to papain [4] the rate of cystine uptake 1s



86

enhanced This difference between the response of
the cystine transport system and that for prohne
to treatment of the membrane with papain adds to
others already known, the fact that cystine uptake
1s stimulated by a sodium gradient without an
‘overshoot’ and that cystine binds to the vesicle
membrane as the incubation time increases Both
of these phenomena are influenced by membrane
papain treatment

In response to the removal of major marker
enzyme activities but of only 2% or less of protein
from the membrane by papain there 1s no change
in the behavior of the vesicles to increasing
osmolality Therefore, an alteration i unspecific
permeability does not account for enhanced cystine
uptake The mechanism of the papam effect 1s
clearly related to the movement of sodium 1on
There 1s no enhanced vesicular cystine uptake
after papain treatment when sodum 15 equi-
librated across the membrane, only when a sodium
gradient 1s imposed (Table II) The lack of a
difference 1n uptake under sodium equilibrated
conditions 1mplies also that there 1s no effect of
papain on the ‘carrier’ mechamism 1tself The 1m-
portance of sodium 1on 1n the papain effect 1s also
emphasized by the data in Table III which shows
that there 1s no enhancement of uptake when the
mncubation medium contains only choline chlo-
ride Thus, any sodium-independent cystine trans-
port 1s unaffected by papain

Our previous observations that papain treat-
ment decreased the sodium gradient stimulated
‘overshoot’ of proline and the uptake of several
other amino acids led to experiments which showed
that the entry of sodium into papain-exposed
vesicles was five times faster than that to native
vesicles For those amino acids where the energy
for the overshoot 1s dertved from the sodium
gradient, a more rapid dissipation of the gradient
1s consistent with a decrease 1n the overshoot
Since cystine entry in control vesicles under a
sodium gradient does not occur with an overshoot
but with a more rapid achievement of equilibrium
than 1n the absence of a sodium gradient, the
mechanism of the sodium gradient stimulated up-
take could be assumed to be different from pro-
line and other amino acids [16,17] The data of the
present experiments suggest that this 1s the case
and that cystine uptake 1s more closely coupled to

the movement of sodium into the vesicle rather
than to the energy denved from the gradient This
assumption 1s supported by the fact that the in-
crease 1n cystine uptake by papain-treated vesicles
lasts about two minutes which 1s the time that
Na™ takes to equilibrate across the treated mem-
brane The faster influx of cystine with the rapid
entry of sodium 1s reflected by the 65% increase n
the V,,, of cystne entry whereas the V_, for
proline uptake which 1s gradient dependent 1s
decreased

We have explored the possibihity that cystine
uptake was electrogenic 1n nature and that papain
could affect this property of cystine transport The
data indicate cystine transport not to be electro-
genic and that papain does not alter this char-
acteristic (Fig 3) Our conclusion regarding the
electrogenic nature of cystine entry differs from
that of Biber et al [10] who used the EGTA/
magnesium precipitation method to 1solate the
membrane vesicles [18] On the basis of their data.
1t was concluded that cystine transport 1s electro-
genic The difference in the results may be ex-
plammed by the different methods of isolating
vesicles Murer et al [19] have observed an n-
crease of transport rate for Na®™-H™ exchange by
membrane vesicles 1solated by the EGTA/
magnesium precipitation method when compared
to that of magnesium precipitation method alone
It may be explained also by the difference in the
incubation systems which the two laboratories used
to study the effect of potassium-valinomycin n-
duced diffusion potential on L-cystine uptake Bi-
ber et al [10], in addition to the potassium-
valinomyun induced potential difference on the
two sides of the vesicular membranes, employed a
100 mM sodwm gluconate mwardly directed
gradient However, we did not impose a Na®-
gradient while measuring the effect of membrane
potential upon the L-cystine uptake

Bannai [14] has emphasized that cystine can
exist as several i1onic species depending on pH
Previous studies of cystine transport by renal
brush-border membranes [7,10,13] as well as the
observations of the effect of papain treatment
were made at a physiological pH where cystine
exists 70% 1n the electroneutral form and 30% with
a negative charge [14] Whether a specific 10nic
species participates 1n the papain effect was ex-



amined by using medium pH of 55 where cystine
exists entirely 1n an electroneutral form and at pH
8 0 where 55% exists as negative 1onic species The
enhanced sodium gradient stimulated entry ob-
served after papain treatment of the membrane
seen at pH 55 was of the same order of magni-
tude as that seen at pH 74 (Tables 1I-1V) since
the papain effect 1s observed when cystine 1s in the
electroneutral form 1t appears clear that 1t 1s not
the anionic form of cystine which follows the
faster Na™ movement Whether an effect on the
anionic forms occurs 1s not clear due to the con-
tinued presence of electroneutral cystine at pH
8 0, the highest pH we employed

Treatment of the membranes with papain causes
a decrease 1n cystine binding to membranes and
tends to make cystine behave like other amino
acids which are present 1n the intra-vesicular space
and not membrane bound [4] This binding which
was described previously [7] and 1s relatively small
under sodium-gradient conditions at 15 s of n-
cubation increased with time The bound cystine
could be freed by exposure to sulfhydryl reagents
but the release was not immediate, suggesting the
cystine was not bound to the outer membrane
surface but associated with proteins in the interior
or intravesicular face of the membrane [17] Ap-
parently papain alters these cystine binding sites
and affects them while leaving the cystine trans-
porter interacting more efficiently with sodium
ions These findings give credence to the interpre-
tation that for the most part cystine binding 1s a
secondary phenomena not related to the cystine
transport process and probably occurs on the in-
ner membrane surface after cystine has trans-
versed the membrane The small amount of cystine
binding remaming after papain treatment may
reflect a more specific association with a cystine
transporting protein It may well be that the
elimination of the secondary binding may make
the carrier mechanism more efficient and thus
contribute to the enhanced uptake of free cystine
into the intravesicular space The ability of papain
to diminish binding may be important 1n future
attempts to 1solate specific cystine carrier proteins
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in the membranes 1f our assumption 1s correct that
treatment with papain appears to eliminate non-
specific cystine binding proteins Papain treated
membranes may be a better starting point for
punification and 1solation of the proteins involved
1n the transport process than native membranes
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