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ABSTRACT Sodium-alanine  cotransport  was investigated in single isolated prox- 
imal tubule cells from rabbit  kidney with the whole-cell current recording technique. 
Addit ion of  L-alanine at the extracellular side induced an inward-directed sodium 
current and a cell depolarization. The sodium-alanine cotransport  current was 
stereospecific and sodium dependent .  Competi t ion experiments  suggested a com- 
mon cotransport  system for L-alanine and L-phenylalanine. Sodium-alanine 
cotransport  current followed simple Michaelis-Menten kinetics, with an apparen t  K m 
of  6.6 mM alanine and 11.6 mM sodium and a maximal cotransport  current of  0.98 
pA/pF at - 6 0  mV clamp potential.  Hill plots of cotransport  current suggested a 
potent ia l - independent  coupling ratio of one sodium and one alanine. The  apparent  
K m for sodium and the maximal cotransport  current were potential  dependent ,  
whereas the apparent  K m for L-alanine was not affected by t ransmembrane potential.  
The  increase in K m for alanine with decreasing inward-directed sodium gradients 
suggested a simultaneous transport  mechanism. These results are consistent with a 
cotransport  model  with potent ia l -dependent  binding or unbinding of sodium 
(high-field access channel) and a potent ia l -dependent  translocation step. 

I N T R O D U C T I O N  

In the renal  p rox ima l  convolu ted  tubule  a major  fraction o f  the g lomerular ly  f i l tered 
solutes are  reabsorbed .  Similar  to numerous  solutes like glucose, lactate,  and  
phospha te ,  the  up take  of  neu t ra l  amino  acids f rom the tubule  lumen  into the  cell is 
m e d i a t e d  by sodium-subs t ra te  co t ranspor t  systems (for review see Ullrich, 1979; 
Schafer  and  Williams, 1985; Silbernagl ,  1988). These  secondary  active t r anspor t  
processes  are  energ ized  by the e lec t rochemical  sod ium gradient ,  which is gene ra t ed  
by the (Na ÷ + K ÷)-ATPase loca ted  in the con t ra lumina l  p l a sma  membrane .  

T h e  sodium d e p e n d e n c e  o f  amino  acid t r anspor t  was shown by Fox et  al. (1964) in 
renal  cortical  slices, as well as by L ingard  et al. (1973) and  Ullrich et  al. (1974, 1976) 
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with in vivo microperfusion experiments. Studies using vesicles prepared from 
epithelial brush-border membranes (Sigrist-Nelson et al., 1975; Evers et al., 1976; 
Fass et al., 1977) also demonstrated the sodium dependence and electrogenicity of 
amino acid cotransport systems. Furthermore, the effect of membrane diffusion 
potentials on amino acid uptake (Evers et al., 1976; Burckhardt et al., 1980) and of 
sodium gradients on transport kinetics (Fass et al., 1977) were investigated, as well as 
the specificity of amino acid cotransport systems (Mircheff et al., 1982; Lynch and 
McGivan, 1987). 

Several groups applying electrophysiological techniques in the proximal tubule 
(Burg et al., 1976; Hoshi, 1976; Samarzija and Fr6mter, 1975, 1982; Fr6mter, 1982) 
or in a kidney cell line (Schwegler et al., 1989) described the general characteristics 
and demonstrated the electrogenic character of cotransport. Fr6mter and co-workers 
have studied the sodium-coupled amino acid transport in proximal tubules with the 
in vivo micropuncture technique (Fr6mter, 1981, 1982; Samarzija and Fr6mter, 
1982). These authors identified at least five distinct amino acid cotransport systems in 
the rat proximal tubule. Moreover, they analyzed cotransport kinetics and defined 
the driving forces acting on the cotransport mechanism: i.e., cell membrane poten- 
tial, Na + ion gradient, and the substrate concentration gradient. 

Though kinetic data on the sodium-coupled uptake of amino acids into the 
proximal tubule cells have been provided (Evers et al., 1976; Ullrich et al., 1976; Fass 
et al., 1977; Samarzija and Fr6mter, 1982; Lynch and McGivan, 1987), little is known 
about the mechanism of the cotransport and the effect of the transmembrane 
potential on cotransport kinetics and transport mechanism. 

In the present study the cotransport of Na ÷ ions and L-alanine in isolated proximal 
tubule cells was investigated with the tight-seal, whole-cell recording method as 
described by Marty and Neher (1983), measuring the whole-cell current induced by 
the cotransport. This technique allows one to control all three driving forces acting 
on the cotransport, (a) by clamping the cell to any distinct membrane potential and 
(b) by perfusing the cell with the pipette solution and therefore controlling the 
substrate gradients. Jauch et al. (1986) applied the tight-seal whole-cell current 
recording technique especially to investigate the effects of membrane potentials on 
sodium-alanine cotransport in pancreatic acinar cells. They characterized kinetic 
properties of the cotransport system and performed a theoretical treatment, yielding 
a model with a simultaneous transport mechanism (L~iuger and Jauch, 1986). 

In this study, after some basic characterization of the sodium-alanine cotransport 
in the isolated proximal tubule cells, we investigated the cotransport kinetics and its 
dependence on transmembrane potential. The kinetic analysis yielded information 
on the transport mechanism and the influence of the cell potential on the cotransport 
properties. 

Parts of this study were presented at the 75th conference of the Deutsche 
Gesellschaft far Biologische Chemie (1989. Biol. Chem. Hoppe-Seyler. 370:623). 

METHODS 

Cell Isolation 

The cell isolation procedure was adopted from methods described by Heidrich and Dew (1977) 
and Poujeol and Vandewalle (1985), avoiding the use of chelating agents or proteolytic 
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treatment. Proximal tubule cells were isolated from kidneys from New Zealand White rabbits. 
Rabbits weighing 800-1,200 g were killed by cervical dislocation and exsanguinated. The 
kidneys were rapidly excised and placed in ice-cold isolation buffer containing (in mM): 150 
K-cylamate, 10 HEPES, 1 Cacl~, and 1 MgCI 2, pH 7.4. The following steps were performed on 
ice: After decapsulation superficial cortical slices ~ 0.5 mm thick were dissected and minced 
with a scalpel. The tissue was homogenized in a Dounce homogenizer by three strokes with a 
loose-fitting pestle. The homogenate was then poured through graded sieves (250, 75, and 40 
ixm) to obtain a population of single cells. Cells were stored on ice until use. This isolation 
procedure yielded single proximal tubule cells within < 30 rain. Since the predominant tubule 
section of the cortex cortices of the rabbit kidney is the pars convoluta of the proximal tubule 
(Kaissling and Kriz, 1979) it can be concluded that the majority of the isolated cells in the cell 
suspension were of proximal tubule origin. By light microscopy cells were identified by long 
microvilli distributed over the entire cell surface and could easily be discriminated from 
remaining erythrocytes, cell detritus, and tubulus fragments under the microscope. Cell 
viability was verified by Trypan blue exclusion. 

Electrical Measurements 

For patch clamp experiments cells were transferred into a measuring chamber mounted on the 
stage of an inverted microscope (magnification x 400, IM 35; Zeiss, Oberkochen, Germany). 
Most experiments were performed at room temperature. 

Patch clamp data recording and analysis were in general similar to those described in 
previous reports (Hamill et al., 1981; Grgelein and Greger, 1987). Patch pipettes were 
manufactured from borosilicate glass capillaries (Science Product Trading, Frankfurt a.M., 
Germany) of 0.3 mm wall thickness and firepolished as described by Hamill et al. (1981). 
Pipettes routinely had resistances of 3-6 MI'~ measured in 140 mM NaCl solution. Whole-cell 
currents were recorded with a patch clamp amplifier (I_/M EPC 7; List Electronic, Darmstadt, 
Germany), which was connected to a remote control unit (Rohlicek et al., 1989). Current and 
voltage signals were stored on VHS videotape with a conventional video recorder (VT-315; 
Blaupunkt, Hildesheim, Germany) after being digitized with a pulse-code modulator (PCM 
501; Sony, Krln, Germany). As described by Bezanilla (1985), the bandwidth of the PCM 501 
was extended to direct current and low-pass filters with Butterworth characteristics were 
replaced by filters with Bessel characteristics (4-pole, 9-kHz bandwidth; our own workshop). 

The data were analyzed off-line with a computer system (LSI 11/23; Digital Equipment 
Corp., Marlboro, MA). After low-pass filtering with a 4-pole Bessel filter ( - 3  dB at 0.4 kHz), 
data were sampled with a sample time of 1 ms. The patch clamp preamplifier was mounted on 
a micromanipulator (our own workshop) consisting of micrometer plates driven by remote- 
controlled electrical motors (for fast positioning of the patch pipette) in combination with piezo 
elements (for fine movements of a few micrometers). After the pipette was gently pushed 
against the cell membrane, a gigaseal was established by applying slight suction on the pipette 
interior. The whole-cell configuration was established by breaking the membrane patch under 
the patch pipette with short pulses of suction. Immediately afterward the cell potential was 
measured in the current-clamp mode (CC) of the EPC 7 amplifier. The cell capacity was 
determined with the slow capacitance cancellation network of the EPC 7 amplifier. In some 
experiments cell capacity (C) and series resistance (R~) were also determined from amplitude 
(~I) and time constant (r) of the transient current, induced by a voltage step command of 
amplitude ~V, according to R~ = ~V/bI and C = "r/R s. For this purpose whole-cell current signals 
had to be filtered with 20-30 kHz and were displayed on a digital oscilloscope. Cell capacities 
calculated with this method correlated well with the values determined by the EPC-7 
cancellation network. 

Measurement of the current-voltage relationship was usually performed within a clamp 
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potential range from -80  to +80 mV, measuring whole-cell currents induced by short voltage 
pulses (300 ms) in 20-mV steps of alternating polarity. 

After the whole-cell configuration had been established, the pipette together with the cell 
could cautiously be lifted from the bottom of the bath without disturbing electrical properties. 
To perform solution exchanges on the extracellular side, a pipette system consisting of up to 
eight glass pipettes (0.1 mmi. d., arranged in parallel) was placed in the bath. Each pipette was 
prefilled with a test solution. For solution exchange the cell was moved into the respective 
pipette (~ 100-200 ~m). A modified perfusor (Perfusor ED 2; Braun, Melsungen, Germany), 
pumping the test solutions with a flow rate of 15-20 p.l/min, guaranteed that the cell was always 
completely surrounded with the respective pipette solution. This set-up allowed the exchange 
of the extracellular solution within seconds without destroying the tight-seal between patch 
pipette and cell membrane. Unless indicated otherwise, the pipette solution contained (in mM): 
140 Na-cyclamate, 40 D-mannitol, 10 HEPES, 1 MgC12, 1 EGTA, and 0.73 CaCI~, yielding a free 
calcium concentration of 10 -7 M, pH 7.2. The bath solution contained (in mM): 140 
Na-cyclamate, 10 HEPES, 1.3 CaCI v 1 MgCl 2, pH 7.4, and 0-40 L-alanine; osmolarity was 
balanced with D-mannitol. Therefore, standard experiments were performed with symmetrical 
ion concentrations, vanishing intracellular amino acid concentration, and in the absence or 
presence of extracellular amino acids. In some experiments the intracellular solution contained 
Tris instead of sodium. In the latter cases, whole-cell current data were corrected for the 
resulting voltage offset. 

Tile sign of the clamp potential refers to the cell interior with respect to the extracellular or 
bath side. Whole-cell currents carried by cations moving from the bath into the cell are 
depicted as negative currents. The reference electrode consisted of a chloridized silver wire 
connected via an agar bridge (50 g/liter agar in 140 mM NaCI) to the bath solution. An Ag/AgCI 
electrode was also used in the patch pipette. Therefore, only the lower part of the patch pipette 
was filled with cyclamate solutions (see above), while the upper part, surrounding the 
chloridized silver wire, was filled with a 140 mM NaCI solution. 

The subscript i denotes the intracellular or pipette solution, respectively, and the subscript o 
denotes the extracellular or bath solution, respectively. The whole-cell current could be 
measured with an accuracy of ~ 0.2 pA. All values are given as means _+ SEM. All chemkals 
were of analytical grade. 

R E S U L T S  

Basic Observations 

Electrical parameters  of the whole-cell current  recordings are shown in Table  I. The  
series resistance was in the order  of two magni tudes  smaller than the m e m b r a n e  
resistance, thus having a negligible impact on current  measurements .  Cell capacity is 
a good measure for the cell membrane  area (A), assuming a specific m e m b r a n e  
capacity of CJA = 1 ~F/cm 2. In our  exper iments  cell capacity correlated well with the 
alanine-driven sodium current  (data not  shown). Therefore,  cell capacity was used for 
s tandardizat ion of whole-cell currents from different experiments .  From 17 experi- 
ments  a mean  cell capacity of 8.0 + 1.1 pF for single cells was calculated. 

Immediately after the whole-cell configurat ion was established, large fluctuating 
positive currents,  presumably represent ing  an efflux of positive ions (potassium) from 
the cell, and  negative cell potentials in the range o f -  15 to - 7 0  mV were observed. 
Both positive currents  and negative cell potentials diminished to 0 + 0.5 pA and  0 -+ 
5 mV, respectively, within 15-30 s, indicat ing an efficient dialysis of cells with the 
pipette solution. 
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L-Alanine-Driven Whole-Cell Current 

An or iginal  r eco rd ing  of  whole-cell  currents  and  c lamp potent ia ls  in the  absence 
(control) and  presence  o f  20 mM L-alanine is shown in Fig. 1 A. U n d e r  symmetr ical  
sod ium concent ra t ions  ([Na+]~ = [Na+]o = 140 mM) the whole-cell  cur ren t  at 0 mV 
c lamp poten t ia l  was ~ 0 pA. T h e  add i t ion  of  20 mM L-alanine to the  ba th  at 0 mV 
clamp po ten t ia l  resul ted  in a negat ive whole-cell  cur ren t  r ep re sen t ing  an influx of  
positively cha rged  sodium ions dr iven by L-alanine. 

When  expe r imen t s  were p e r f o r m e d  in single cells, the a lanine-dr iven  sodium 
cur ren t  could be susta ined for several minutes  at the  initial cur ren t  level, 
y ie ld ing  2.5 + 0.5 pA at 0 mV and  20 mM L-alanine (n = 16). In  contrast ,  the  
a lanine-dr iven  sodium cur ren t  dec l ined  with t ime, when measu remen t s  were per-  
fo rmed  in cell clusters (four to six cells), indica t ing  a de layed or  ineffective dialysis of  
coup led  cells. The re fo re  we p re fe r r ed  to e x p e r i m e n t  with single cells. T h e  effect of  
L-alanine was reversible and  could  be r e p e a t e d  several t imes within one expe r imen t .  

TABLE 1 

Whole-CeU Recording Parameters 

Pipette resistance 3-8 MI) 
Series resistance 20-40 MI-I 
Seal resistance 10-80 GI) 
Membrane resistance 2-25 G~ 
Membrane capacity 3-40 pF 

Tight-seal, whole-cell recording parameters. Pipette resistance was measured before touching the cell in 
symmetrical pipette and bath solutions: 140 mM NaCI, 10 mM HEPES, 1.3 mM CaCl 2, 1 mM MgCl 2, pH 
7.4. Series resistance was measured after seal formation in the cell-attached mode and before membrane 
rupture. Membrane resistance was measured after breaking membrane patch under patch pipette under 
control conditions. Membrane capacity was determined with the slow capacitance cancellation network of a 
List EPC-7 patch clamp amplifier. Values of membrane capacity are from experiments with single cells or 
small cell clusters of two or three cells. 

T h e  whole-cell  cur ren t  traces r eco rded  in response  to different  c lamp potent ia ls  
are  i l lustrated with an  e x t e n d e d  t ime scale in Fig. 1 B. T h e  effect of  L-alanine on the 
whole-cell  cur ren t  is more  p r o n o u n c e d  at negat ive c lamp potent ia ls  and  diminishes  
with increas ing posit ive c lamp potent ia ls .  

In  Fig. 1 C the co r r e spond in g  I-V curves are shown. U n d e r  control  condi t ions  the 
I-V curve was l inear  in the poten t ia l  r ange  of  -+60 mV and  symmetr ical  to 0 mV. After  
add i t ion  of  L-alanine to the bath,  the cur ren t  was shifted to more  negat ive values. T h e  
a lanine-dr iven,  inward-d i rec ted  sodium cur ren t  is ob ta ined  by the difference be tween 
bo th  curves. T h e  two curves could be  a p p r o x i m a t e d  by l inear  regression.  In  the  
presence  of  20 mM L-alanine the in te rcept  o f  the  curve with the x axis was shifted to 
a posit ive poten t ia l  of  + 19.5 mV (+22.4  -+ 1.9 mV; n = 14). This  po ten t ia l  resembles  
cell depo la r iza t ion  induced  by the s o d i u m - a l a n i n e  co t ranspor t  into the cell, as 
observed  by microe lec t rode  analysis (Samarzija and  F r r m t e r ,  1975, 1982; Hoshi ,  
1976). 10 mM L-alanine induced  a depo la r iza t ion  o f  +13 .2  -+ 1.1 mV (n = 4) and  
with h igh  L-alanine concent ra t ions  (40 mM) cells were depo la r i zed  by about  +30  mV. 



1078 

Current 

18 pA t s  

THE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 97 • 1991  

Control 20 mM L-alanine 
A 

Voltage 

] 50 mV 

15 pA 

OpA, 

-15 pA 

Control 
15pA 

40 mV 

0mY 0pA 
-20mY 

. . . . _ , ~ - ~ , - ~ - ' - ~ - ~  -40 mV 

-60mV 

F . . . . . . .  

100 ms 
-1SPA 

B 
20 mM L-alanine 

40 mV 

0 mV 

-20 mV 

-40 mV 

~ , , ~ , ~ , , ~ - ~  - 6 0  mV 

I00 ms 

i (pA) 

- I t t i /  
1 

- 6 0  -30 

15 

7 . 5  

/ 30 60 

- 7 . 5  

- 1 5  

C 

FIGURE 1. Alanine-driven inward-directed sodium current recorded in single proximal tubule 
cells under voltage clamp conditions. (A) Original recording trace of  whole-cell current (upper 
trace) and clamp potential (lower trace) in the absence (control) and presence of 20 mM L-alanine. 
Under  control conditions both the pipette and external solutions were alanine-free. Pipette 
solution: 140 mM Na-cyclamate, 0.73 mM CaCI 2, 1 mM EGTA, 40 mM o-mannitol, pH 7.2. 
External solution: 140 mM Na-cyclamate, 1.3 mM CaCI 2, 40 o-mannitol, pH 7.4). Arrow 
indicates addition of 20 mM L-alanine to the bath solution. Under  control conditions as well as 
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FIGURE 2. Current-voltage 
relation in the absence (+) and 
presence of 40 mM of either 
the L- (~) or o-isomer (I7) of 
alanine. Pipette solution: 140 
mM Na-cyclamate, 0.73 mM 
CaCI 2, 1 mM EGTA, 40 mM 
D-mannitol, pH 7.2. External 
solution: 140 mM Na-cycla- 
mate, 1.3 mM CaC12, 0 or 40 D- 
or L-alanine, 0 or 40 O-manni- 
tol, pH 7.4. Cell capacity was 
8.5 pF. Experiment was per- 
formed at room temperature. 

General Properties of Sodium-Alanine Coi~ransport 

In this section we descr ibe  expe r imen t s  concern ing  the sterospecificity and  sodium 

and  t e m p e r a t u r e  dependence .  Fig. 2 demons t ra t e s  that  the natural ly  occurr ing  
L-isomer o f  a lanine  induced  a five to six t imes g rea te r  inward-di rec ted  whole-cell  

cur ren t  than  the same concent ra t ion  of  t)-alanine. This  sterospecificity was p roven  in 
four  separa te  exper iments .  In  expe r imen t s  where  extraceUular  sod ium was rep laced  

by po tass ium or  Tris  (data  not  shown), no effect of  L-alanine on  the whole-cell  cur ren t  

was detectable ,  i l lustrat ing the  r equ i r emen t  of  this co t ranspor t  system for sodium in 

p rox ima l  tubule  cells. 

Because o f  the  fragility o f  the isolated cells at t empera tu re s  > 25°C, expe r imen t s  in 

genera l  were p e r f o r m e d  at r o o m  tempera tu re .  Only in a few expe r imen t s  was it 

possible  to measure  the a lan ine-dr iven  sodium cur ren t  as a function of  t empera tu re .  
This  cur ren t  s trongly increased with t e m p e r a t u r e  and  a Ql0 value of  2.95 (-+0.29; 

n = 3) could  be calculated.  F rom the Arrhen ius  equa t ion  (dlnl/d[1/T] = -Ef lR)  an 

activation energy of  E a = 83 J /mol  was de te rmined .  

after addition of L-alanine, whole-cell currents were recorded in response to short voltage 
pulses (300 ms), alternating into positive and negative voltage direction. (B) Whole-cell 
currents recorded in response to different clamp potentials under control and after addition of 
L-alanine are superimposed and presented at an extended time scale. (C) Current-voltage 
relation under control conditions (+) and after addition of 20 mM L-alanine (rT) to the external 
solution. Difference between the two curves reflects the alanine-driven inward-directed sodium 
current. The shift of the x axis intercept to a positive potential reflects the depolarization of the 
cell by the sodium-alanine cotransport. Cell capacity was 6.0 pF. Experiment was performed at 
room temperature. 
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Kinetic Analysis of Sodium-L-Alanine Cotransport System 

Varying alanine gradient, no sodium gradient. In Fig. 3 A an original current  trace 
measured at 0 mV clamp potential and varying alanine concentrat ions on the 
extracellular side is displayed. This figure and the I-V curves of  the same exper iment  
(Fig. 3 B) show that the cotransport  is concentrat ion dependen t  at low substrate 
concentrations and saturates at high [alanine]o. The  shape of  the respective cu r ren t -  
concentrat ion curves at 0 and - 6 0  mV in the Michaelis-Menten plot (Fig. 3 C) is a 
hyperbole indicative o f  a Michaelis-Menten kinetic behavior of  the sodium-alanine 
cotransport.  

Fig. 4 A illustrates results from six experiments  where the whole-cell current  was 
recorded as a function o f  extracellular L-alanine concentration. The  experiments  
were performed in the presence of  increasing L-alanine gradients and in the absence 
of  a sodium gradient  ([Na+]i = [Na+]o = 140 mM). For kinetic analysis the data 
points are displayed in Hanes plots (Fig. 4 B). An apparen t  K m (intercept with the x 
axis) of  19.5 + 4.1 mM L-alanine at 0 mV and an apparen t  maximum current 
(l/slope) l~,,x = 0.54 -+- 0.08 pA/pF at 0 mV were obtained. In experiments  performed 
at a clamp potential of  - 6 0  mV, similar to membrane  potentials measured in 
micropuncture  experiments  in intact rabbit proximal tubules (Biagi et al., 1981; 
Lapointe et al., 1984), the apparent  Km was nearly unaltered (19.8 + 6.2 mM) and 
the apparent  I .... increased to 0.94 +-- 0.11 pA/pF. 

Varying alanine gradient, fixed sodium gradients. Measurements were per formed 
where Tris replaced sodium in the pipette solution, so that an inward-directed 
sodium gradient  was present, in addition to the inward-directed alanine gradient. 
The  results from seven experiments  are illustrated in Fig. 5 A. The  corresponding 
Hanes plot (Fig. 5 B) yielded an apparent  Km of  7.8 --- 0.8 mM for L-alanine and an 
apparent /max of  0.57 + 0.04 pA/pF at 0 mV clamp potential. At a potential of  - 6 0  
mV Km decreased slightly to 7.1 _+ 0.6 mM L-alanine, whereas Ima~ increased to 0.99 + 
0.06 pA/pF. Compared  with the experiments  performed with symmetrical sodium 
concentrations (Fig. 4) the inward-directed Na ÷ gradient increased the apparent  
affinity for alanine from 19.5 to 7.8 mM without having an impact on the apparent  
maximum current o f  the cotransporter.  

Fig. 6A illustrates the results from experiments  (n = 4), where the alanine-driven 
sodium current  was measured as a function of  extracellular alanine and with [Na+]o = 
30 mM and [Na+]~ = 0 mM. Fig. 6, B and C, illustrate the change of  the apparent  K m 
for alanine from 37.6 + 3.0 to 22.5 -+ 5.3 mM and of  the apparen t  I .... from 0.48 + 
0.08 to 0.73 + 0.11 pA/pF, respectively, induced by cell hyperpolarization from 0 to 
- 6 0  inV. 

Varying sodium gradient, fixed alanine gradient. Whole-cell currents were also 
measured as a function of  the sodium gradient. These experiments  (n = 4) were 
per formed with increasing inward-directed sodium gradients and an L-alanine 
gradient  of  [L-alanine]o = 60 mM versus [L-alanine]~ = 0 raM. The  concentrat ion 
dependence  of  the cotransport  current  again indicated Michaelis-Menten behavior 
(Fig. 7A).  The  corresponding Hanes plot (Fig. 7 B) revealed an apparen t  Km of  
14.3 --+ 2.6 mM for sodium and an apparent  I .... of  0.62 -+ 0.05 pA/pF at 0 mV. Cell 
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FIGURE 3. (A) Original current trace of  a single PCT cell at V c = 0 mV and increasing 
extracellular L-alanine concentrations. Pipette solution: 140 mM Na-cyclamate, 0.73 mM CaCI 2, 
1 mM EGTA, 60 mM D-mannitol, pH 7.2. External solution: 140 mM Na-cyclamate, 1.3 mM 
CaCI~, 0-60 mM D-mannitol, 0-60 mM L-alanine, pH 7.4. Cell capacity was 7.8 pF. The  dashed 
line marks the current at 0 mM L-alanine (control). In B the respective I-V curves are shown at 
L-alanine concentrations of  2 (r-q), 5 (@), 10 (x), 40 (A), and 60 mM (~7). C demonstrates the 
dependence of the whole-cell current on the L-alanine concentration at clamp potentials of  0 
and - 6 0  mV. 
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FIGURE 4. Dependence  of L-alanine-driven,  inward-directed sodium current  on extracellular 
L-alanine concentra t ion and  t r ansmembrane  potent ial  in the absence of a sodium gradient.  (A) 
L-alanine-driven sodium current  as a function of extracellular L-alanine concentrat ion.  Results 
from six exper iments  were s tandardized to the respective cell capacity and  mean  values +_ SEM 
are presented.  Curves were fitted by eye. Pipette solution: 140 mM Na-Cyclamate, 0.73 mM 
CaCI~, 1 mM EGTA, 60 mM D-mannitol, pH 7.2. External  solution: 140 mM Na-cyclamate, 1.3 
mM CaCI 2, 0 -60  mM D-mannitol, 0--60 mM L-alanine, pH 7.4. Cell capacity ranged  from 3.6 to 
12.6 pF. Currents  measured  at 0 and - 6 0  mV are displayed. (B) In Hanes  plots the data were 
fitted in l inear form yielding the indicated kinetic parameters ,  appa ren t  K,, (-K,n = x axis 
intercept),  and  appa ren t  I ..... (1/slope). 
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hyperpo la r i za t ion  to - 6 0  mV decreased  the Km value for sod ium to 7.2 --- 2.1 mM 

and  increased  the lm~x to 1.09 -- 0.08 pA/pF.  

Coupling Stoichiometry 

T o  obta in  informat ion  on  the s toichiometry of  the co t ranspor t ,  the  e xpe r ime n t a l  
results  from Fig. 7 were f i t ted to the  Hill  equat ion  and  a c o r r e spond ing  Hill  p lot  is 
shown in Fig. 8. T h e  resul t ing Hill  coefficients are  close to unity. Also, the 
co t ranspor t  cur ren t  da ta  measu red  as a function o f  extraceUular  L-alanine concent ra-  
t ion (from Fig. 5) yield Hill  coefficients close to unity, n = 1.11 at 0 mV and  n = 1.03 
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F I G U R E  5 .  Dependence o f  L o 

alanine-driven, inward-directed 
sodium current on extracellular 
L-alanine concentration and 
transmembrane potential in the 
presence of a large sodium gra- 
dient. (A) L-alanine-driven so- 
dium current as a function of 
extracellular L-alanine concen- 
tration. Results from four ex- 
periments were standardized to 
the respective cell capacity and 
mean values - SEM are pre- 
sented. Curves were fitted by 
eye. Pipette solution: 140 mM 
Tris-cyclamate, 0.73 mM CaC12, 
1 mM EGTA, 40 mM b-manni- 
tol, pH 7.2. External solution: 
140 mM Na-cyclamate, 1.3 mM 
CaCI 2, 0--40 mM D-mannitol, 
0--40 mM L-alanine, pH 7.4. 
Cell capacity ranged from 3.1 
to 10.1 pF. Currents measured 
at 0 and - 6 0  mV are displayed. 
(B) The L-alanine-sodium 
cotransport current data mea- 
sured at 0 and - 6 0  mV are 
rearranged in Hanes plots. 

at - 6 0  mV. These  Hill coefficients suggest  a sodium: L-alanine coupl ing  stoichiome- 
try of  1:1. T h e  Hill  coefficients were u n c h a n g e d  by cell hyperpola r iza t ion .  

Phenylalanine-driven Sodium Current 

The  neut ra l  amino  acid pheny la lan ine  had  an effect on the whole-cell  cur ren t  similar 
to that  o f  L-alanine. In  Fig. 9 A a typical e x p e r i m e n t  with increas ing ext racel lu lar  
concent ra t ions  of  e -phenyla lan ine  is shown. T h e  figure i l lustrates the  concent ra t ion  
d e p e n d e n c e  of  the phenyla lan ine-dr iven  sodium cur ren t  and  also the sa tura t ion  of  
the co t r anspor t e r  cur ren t  at h igh substrate  concentra t ions .  T h e  da ta  of  four exper i -  
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FIGURE 6. Dependence  of k- 
alanine-driven, inward-directed 
sodium current  on extracellular 
L-alanine concentrat ion and 
t r ansmembrane  potent ial  in the 
presence of a small sodium gra- 
dient.  (A) L-alanine-driven so- 

5'O dium current  as a function of 
extracellular L-alanine concen- 
tration. Results from four ex- 

B per iments  were s tandardized to 
the respective cell capacity and  
mean  values _+ SEM are pre- 
sented. Curves were fitted by 
eye. Pipette solution: 140 mM 
Tris-cyclamate, 0.73 mM CaCle, 
1 traM EGTA, 40 mM D-manni- 
tol, pH 7.2. External solution: 
30 mM Na-cyclamate, 110 mM 
Tris-cyclamate, 1.3 mM CaCI 2, 
0--40 mM D-mannitol, 0--40 
mM L-alanine, pH 7.4. Cell ca- 
pacity ranged from 4.8 to 6.5 
pF. CmTents measured  at 0 
and  - 6 0  mV are displayed. (B) 

C Effect of t r ansmembrane  po- 
tential on K,n for alanine. Mean 
values: 37.6 --- 3.0 mM at 0 mV 
and 24.5 - 5.3 mM at - 6 0  mV 
clamp potential.  (C) Effect of 
t r ansmembrane  potent ial  on 
Ima ~. Mean values: 0.48 + 0.08 
pA/pF at 0 mV and 0.73 -+ 0.11 
pA/pF at - 6 0  mV clamp poten-  
tial. 

0.0 
-86 o mv 
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FIGURE 7. Dependence of  L-alanine-driven, inward-directed sodium current on extracellular 
sodium concentration and transmembrane potential. (A) L-Alanine-driven sodium current as a 
function of  extracellular sodium concentration. Results from four experiments were standard- 
ized to the respective cell capacity and mean values ± SEM are presented. Curves were fitted by 
eye. Pipette solution: 140 mM Tris-cyclamate, 0.73 mM CaCI~, 1 mM EGTA, 60 mM D-man- 
nitol, pH 7.2. External solution: 0-140 mM Na-cyclamate, 0-140 mM Tris-cyclamate, 1.3 mM 
CaCI2, 60 mM D-mannitol, or 60 mM L-alanine, pH 7.4. Cell capacity ranged from 6,0 to 11.4 
pF. Currents measured at 0 and - 6 0  mV are displayed. (B) The data from A are illustrated as 
Hanes plots. 
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FIGURE 8. Hill plots of so- 
dium-alanine cotransporter cur- 
rent data. Hill plots of data 
measured under  z e ro - t rans  con- 
ditions and as a function of 
extracellular sodium concentra- 
tion (shown in Fig. 7) reveal 
Hill coefficients close to 1 
(n = 1.11 at 0 m V a n d n  = 1.03 
at - 6 0  mV). Data points were 
fitted by linear regression. 
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FIGURE 9. Phenylalanine-driv- 
en, inward-directed sodium 
current. (A) A typical experi- 
ment  with varying extracellular 
phenylalanine concentrations: 
0 (+), 5 (O), 7.5 (£>), 10 (x), 
and 20 mM (A). Pipette solu- 
tion: 140 mM Na-cyclamate, 20 
mM D-mannitol, 0.73 mM 
CaCI z, 1 mM EGTA, pH 7.2. 
External solution: 140 mM Na- 
cyclamate, 1.3 mM CaCI 2, 0-20 
mM D-mannitol, 0-20 mM 
L-phenylalanine, pH 7.4. Cell 
capacity was 5.7 pF. (B) The 
sodium-phenylalanine cotrans- 
port data from four experi- 
ments are presented in Hanes 
plots. Cell capacities ranged 
from 3.7 to 10.4 pF. 
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ments  were standardized to cell capacity and mean  current  values are used in Hanes 
plots shown in Fig. 9 B. The  kinetic parameters,  calculated from the plot, revealed 
apparen t  maximal  t ransport  rates of/max = 0.58 and 1.08 pA/pF for 0 mV and - 6 0  
mV clamp potential,  respectively, and apparent  K,~ values of  10.8 and 9.2 mM 
L-phenylalanine, respectively. 
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Crow 
, f t 

- 4  
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B 

FIGURE 10. S imul taneous  co- 

transport of L-alanine and 
L-phenylalanine. The figure 
shows data on the inward-di- 
rected sodium currents induced 
by L-alanine and L-phenylala- 
nine alone or applied together. 
The symbols in A denote con- 
trol (+), 5 mM L-alanine (Z3), 5 
mM L-phenylalanine (©), and 5 
mM L-alanine + 5 mM L-phe- 
nylalanine (×). In B, higher 
substrate concentrations were 
used: control (+), 30 mM L-ala- 
nine (I-q), 30 mM L-phenylala- 
nine (O), and 30 mM L-ala- 
nine + 30 mM L-phenylalanine 
(x). 

Furthermore,  exper iments  were per formed concerning a possible competi t ion of  
L-alanine and L-phenylalanine for the cotransporter.  Small concentrations of  L- 
phenylalanine induced a similar sodium current  as the same concentrat ion of  
L-alanine. When the two amino acids were applied simultaneously, their effects were 
additive (Fig. 10A).  At higher  amino acid concentrat ions (30 mM) there was no 
distinct additivity of  the currents (Fig. 10 B). This suggests that the two amino acids 
compete  for the same cotransport  system. 
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D I S C U S S I O N  

Whole-cell measurements of  the alanine-driven sodium current into isolated single 
cells does not distinguish between transport currents occuring across the apical or the 
basolateral cell membrane.  Since the transport of  L-alanine at the peritubular side 
has been shown to be independent of  sodium and not electrogenic (Samarzija and 
Fr6mter, 1982; Silbernagl, 1988), it can be concluded that the sodium-alanine 
cotransport currents described in this study result from cotransport systems of the 
luminal cell membrane.  

General Properties 

Some basic characteristics of  the electrogenic transport of neutral amino acids across 
the luminal membrane  of proximal tubule cells like sodium dependence (Fox et al., 
1964; Ullrich et al., 1974, 1976; Fass et al., 1977), stereospecificity (Fass et al., 1977; 
Silbernagl and V61kl, 1977), or saturation at high substrate concentrations (Ullrich et 
al., 1974, 1976; Evers et al., 1976; Fass et al., 1977) have been reproduced by us with 
the whole-cell recording technique. Also, in agreement with Samarzija and Fr6mter 
(1982), it was shown that L-alanine and L-phenylalanine are transported by the same 
cotransport system. 

Coupling Stoichiometry 

The experimental data on the cotransport current measured under zero-trans 
conditions suggest a sodium:alanine coupling stoichiometry of 1:1 (Fig. 8). However, 
from these data the existence two sodium binding sites with low cooperativity can not 
be excluded (Segel, 1975). The coupling stoichiometry was not affected by transmem- 
brane potential. Studies with BBMV from rabbit proximal convoluted tubule (Kragh- 
Hansen et al., 1984) provided a coupling stoichiometry of 1:1 for the sodium- 
phenylalanine cotransport. A coupling stoichiometry of 1:1 was also derived for the 
A-system sodium-alanine cotransporter of pancreatic acinar cells (Jauch et al., 1986). 

Transport Capacity 

In the proximal convoluted tubule L-alanine is reabsorbed almost completely. In vivo 
micropuncture studies in rat proximal convoluted tubules showed that within the f rs t  
2 mm of the proximal tubule > 90% of the filtered L-alanine is extracted from the 
tubule lumen (Silbernagl, 1981). The question arises whether the alanine-driven 
sodium current, recorded in the present study in single proximal tubule cells, can 
account for the alanine resorption observed in situ. Such an estimation requires us to 
make several assumptions. The number  of cells in a proximal convoluted tubule 2 
mm in length can be estimated to be ~ 2,000, assuming a cell diameter of ~ 10 ~m 
(Kaissling and Kriz, 1979) and 10 cells surrounding the tubule lumen. In rabbits the 
plasma concentration of L-alanine and thus the concentration of the ultrafiltrate is 
~ 500 ~M (Block and Hubbard, 1962). The flow rate in the nephron is ~ 20 nl/min 
(Sonnenberg and Deetjen, 1964) or 0.33 nl/s. For a 90% resorption within the first 2 
mm of the proximal convoluted tubule ~ 450 ~M must be reabsorbed. Thus it can be 
estimated that on average each cell must reabsorb 7.43-10 -~7 mol e-alanine/s, 
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corresponding to a current of 7.17 pA per cell at a sodium-alanine coupling ratio of 
1:1. 

From the Hanes plot in Fig. 5 B, derived from measurements at - 6 0  mV cell 
potential and at room temperature (22-24°C), a current of 0.068 pA/pF is calculated 
for an extracellular alanine concentration of 500 ~M. As the Q~0 value was shown in 
this study to be 2.95 -+ 0.29, the cotransporter current yields 0.29 pA/pF at 37°C. 
From the average capacity of 8.0 -+ 1.1 pF per cell a mean current of 2.30 pA/cell 
results. This is about one-third of the current per cell derived from the above 
estimation. However, it must be taken into account that in isolated cells part of the 
brush border will be lost during the isolation procedure. In conclusion, the alanine- 
driven sodium current in single proximal tubule cells described in this study is in the 
same order of magnitude as that estimated for in situ conditions. Thus, the 
investigated cotransport system has the capacity to account for the resorption of the 
glomerularly filtered L-alanine in the proximal tubule. 

The sodium-alanine cotransporter was previously investigated with the whole-cell 
recording technique in pancreatic acinar cells (Jauch and I_~uger, 1986). An 
apparent Im~ of 33 mA/m 2 cell membrane area was calculated. The correction of our 
data for 37°C and adjusted to m 2 membrane area, assuming that a specific membrane 
capacity of 1 ixF/cm 2 yields for the apparent/max a comparable value of 41.2 rnA/m ~. 
Thus, the sodium-alanine cotransport systems in convoluted proximal tubule and 
pancreas acinus cells have similar transport capacities. 

Kinetic Analysis 

Kinetic data on sodium-alanine cotransport have been reported in studies using 
rabbit renal BBMV (Fass et al., 1977; Jorgenson and Sheikh, 1987; Lynch and 
McGivan, 1987). In these investigations the initial fluxes of radiolabeled alanine were 
usually measured in the absence of a membrane potential and after preincubation of 
vesicles in substrate-free medium, thus assuming zero-tram conditions for initial 
fluxes. Km values for L-alanine of 400 wM (Fass et al., 1977) and 2.1 mM (Jorgenson 
and Sheikh, 1987) were calculated. A study using BBMV isolated from pig kidney 
revealed a Km of 2.5 mM L-alanine (Lynch and McGivan, 1987). Therefore, the 
kinetic data concerning cotransporter affinity for alanine originating from BBMV 
studies vary over almost one order of magnitude. In vivo micropuncture studies in 
intact proximal convoluted tubules of rat kidney measuring the cell depolarization 
induced by the sodium-alanine cotransport revealed an apparent Km of 6.6 mM 
L-alanine and a Vr~x of +32.4 mV (Samarzija and Fr6mter, 1982). Our experimental 
data, measured at a clamp potential of - 6 0  mV and with an inward-directed sodium 
gradient, yielded an apparent Km of 7.1 mM L-alanine (Fig. 5 B). Moreover, high 
substrate concentrations depolarized the cells by about +30 mV, measured under 
current clamp conditions. Therefore, our data are in good agreement with those 
reported from in vivo micropuncture experiments in rat kidney. The Michaelis- 
Menten kinetics of the cotransport current indicates that it originates from one 
cotransport system. However, this fact does not rule out the existence of several 
cotransport systems for alanine. The latter possibility seems unlikely since different 
cotransporters would then have the very same apparent affinity and potential 
dependence of the apparent K m. 
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Fig. 7 shows that cotransport current depends on the driving force by the sodium 
gradient. Also, the effect of  the sodium gradient on the transport kinetics can be 
deduced from Figs. 5 and 7. Whereas the apparent  Im, x was negligibly affected by the 
size of the sodium gradient at 0 mV, the apparent  K m for L-alanine was markedly 
increased by lowering the sodium gradient. This is in accordance with previous 
observations with renal BBMV, where a sodium gradient-dependent  K., and gradi- 
ent-independent Vma ~ for L-alanine (Fass et al., 1977) or L-phenylalanine were found 
(Evers et al., 1976). 

Potential Dependence of Cotransport 

In studies with BBMV it was shown that the cotransport of neutral amino acids and 
sodium depends on the t ransmembrane potential. The uptake of L-alanine Sigrist- 
Nelson, 1975; Fass et al., 1977) or L-phenylalanine (Evers et al., 1976) increased 
when the intravesicular space was rendered electrically negative by imposition of a K ÷ 
diffusion potential in the presence of valinomycin. 

The whole-cell recording technique allowed us to establish I-V curves, revealing an 
increase of the inward-directed cotransport currents with cell hyperpolarization, and 
a decrease of cotransport currents with depolarization. Especially at negative poten- 
tials, the I-V curves displayed no distinct deviation from linearity, whereas at 
increasing positive potentials the cotransport current diminished. This is in accor- 
dance with observations on the sodium-alanine cotransport system in pancreatic 
acinar cells (Jauch et al,, 1986). For this system it was further shown, that the 
apparent  K~. for sodium was influenced by the membrane potential (Jauch et al., 
1986). 

Before discussing the potential dependence of the cotransport in more detail, it is 
helpful to consider the transport mechanism by which the sodium-alanine cotrans- 
port occurs. 

Simultaneous Transport Mechanism 

The cotransport of sodium and alanine could occur by a simultaneous or consecutive 
(ping-pong) transport mechanism. A discrimination between these two possibilities is 
provided by the relationship between the Km for alanine and the extracellular sodium 
concentration (Jauch and L~iuger, 1986) as well as by the quotient of KJVma X (Segel, 
1975; Kessler and Semenza, 1983). With a consecutive or ping-pong mechanism the 
Km for alanine should decrease with decreasing extracellular sodium concentration 
and the quotient of K~/I.,~ should be left unaltered. The comparison of results from 
experiments performed with different extracellular sodium concentration (Figs. 5 
and 7) reveals an inverse relationship between the Km for alanine and extracellular 
sodium concentration, as well as an increasing quotient K Jim,x, excluding a consecu- 
tive transport mechanism and making a simultaneous transport mechanism likely 
(Segel, 1975; Kessler and Semenza, 1983;Jauch and Lfiuger, 1986 ). 

The potential dependence of cotransporter kinetics can be explained by potential 
effects on the translocation step as well as on potential-dependent binding or 
unbinding of the sodium ion to or from the carrier complex (Hopfer and Groseclose, 
1980; Restrepo and Kimmich, 1985; Sanders et al., 1984; Jauch and Lfiuger, 1985; 
Geck and Heinz, 1989). 
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Potential Dependence of Substrate Binding 

A voltage-dependent binding or unbinding of sodium to or from the carrier complex 
can be explained by a model of an "ion-well' (Hopfer and Groseclose, 1980; Sanders 
et al., 1984) or a narrow access channel (so-called high-field access channel), through 
which sodium ions have to move in order to reach or leave the binding site (Jauch 
and L~iuger, 1986; L~iuger, 1987). Inside the access channel, part of the transmem- 
brane potential will be sensed by the sodium ion, rendering its binding or unbinding 
potential dependent.  

The potential dependence of the apparent Km for sodium, observed in this study 
(Fig. 7 B) is an "obvious manifestation of a high-field access channel concept" as 
defined by L~iuger and Jauch (1986). Indications for an ion-well (high-field access 
channel) concept have also been found for the sodium-sugar cotransporter (Hopfer 
and Groseclose, 1980; Restrepo and Kimmich, 1985; Kimmich and Randles, 1988) or 
for the A-system sodium-alanine cotransporter in pancreatic acinar cells (Jauch and 
L~iuger, 1986). 

The binding or unbinding of the electrically neutral substrate L-alanine can be 
assumed to be unaffected by the transmembrane potential (L/iuger and Jauch, 1986). 
This is in agreement with our observation, where the apparent K m for L-alanine was 
independent of the clamp potential (Fig. 5 B) at high extracellular sodium concen- 
tration (140 mM). Experiments performed with [Na + ]o = 30 mM revealed a potential 
dependence of the apparent Km for alanine (Fig. 6). However, this sodium concentra- 
tion is close to the K m of the cotransporter for sodium, which is affected by the 
transmembrane potential (Fig. 7). Thus, the potential dependence of the Km for 
alanine at low [Na+]o can be explained by a potential-dependent binding or 
unbinding of sodium. 

Potential Dependence of Translocation 

Furthermore, the results of the present study revealed a potential dependence of the 
apparent/max, measured as a function of extracellular sodium as well as of extracel- 
lular alanine. A potential-dependent sodium binding or unbinding can hardly be 
responsible for the potential dependence of/max when the current was measured as a 
function of alanine, because in these experiments sodium was present in a concentra- 
tion (140 mM) far above its apparent K m (Fig. 7 B). This suggests that changes in Ima x 
result from a voltage effect on the translocation step. A potential-dependent Vma x was 
reported for the sodium-sugar cotransporter (Barbarat and Podevin, 1989). The 
existence of a potential effect on the maximal transport rate of cotransport systems 
has also been postulated in several theoretical treatments (Geck and Heinz, 1976; 
Turner, 1981 ; Sanders et al., 1984). 

Conclusion 

The kinetic analysis of the whole-cell current data obtained from the sodium-alanine 
cotransporter located in the BBM of proximal tubule cells (S1 segment) revealed 
mixed effects of transmembrane potential. First, we showed that transmembrane 
potential affects the binding or unbinding of sodium at the cotransporter binding 
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