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Summary. U p t a k e  studies employ ing  renal  b rush  
bo rde r  m e m b r a n e s  were used to  examine  the s t ructur-  
al specifici ty o f  the T C A  cycle in te rmedia te  t r a n s p o r t  
system. The  kinet ics  o f  rec iproca l  inh ib i t ion  be tween 
succinate  and  ci t ra te  revealed  these c o m p o u n d s  to  
be t r a n s p o r t e d  by  a c o m m o n  mechanism.  The  Mi-  
chaelis  cons tan t  for  succinate  (0.11 mM) was signifi- 
cant ly  lower  than  tha t  o f  c i t ra te  (0.28 mM), ind ica t ing  
tha t  the system has  a higher  aff ini ty  for succinate  
than  for  ci trate.  The  specif ici ty of  the  t r a n s p o r t  system 
was de t e rmined  f rom the relat ive inh ib i to ry  cons tan ts  
o f  40 organic  acids  on the t r a n s p o r t  o f  succinate.  
The  results  es tabl i shed  tha t  the  system is h ighly  specif- 
ic for  4-carbon ,  t e rmina l  d ica rboxy l ic  acids  in the 
t r a n s - c o n f i g u r a t i o n ,  inc luding  the m a j o r  in te rmedi -  
ates o f  the  T C A  cycle. The  system is compara t i ve ly  
insensi t ive to monoca rboxy l a t e s .  Subs t i tu t ion  of  one 
of  several  polar ,  noncha rged  residues on the e - ca rbon  
of  succinate  pe rmi t t ed  in te rac t ion  of  the  subs t ra te  
wi th  the  t r a n s p o r t  system, but  subs t i tu t ions  on bo th  
the e a n d / % c a r b o n s  d id  not.  The  s t ruc tura l  specifici ty 
of  the system is f undamen ta l l y  different  f rom tha t  
of  the d i ca rboxy la t e  and  t r i ca rboxy la t e  exchange sys- 
tems of  m i tochondr i a .  The  role o f  this t r a n s p o r t  sys- 
tem in the  r e a b s o r p t i o n  o f  T C A  cycle in te rmedia tes  
f rom the p r o x i m a l  tubu le  is discussed.  

I t  has been d e m o n s t r a t e d  tha t  the  r abb i t  rena l  b rush  
b o r d e r  possesses a N a §  t r a n s p o r t  system 
for c i t ra te  and  e -ke tog lu t a r a t e  ( K i p p e n  et al., 1979 a). 
The  t r a n s p o r t  of  these c o m p o u n d s  is re la t ively  in- 
sensitive to the  presence of  glucose and  a lanine  and  
a n u m b e r  of  o ther  c o m p o u n d s ,  bu t  is m a r k e d l y  inhi-  
b i ted  by  the presence o f  in te rmedia tes  o f  the T C A  
cycle, leading  to  the suggest ion tha t  the system is 
specific for  the  t r a n s p o r t  o f  T C A  cycle in te rmedia tes .  
The present  r epor t  examines  the  s t ruc tura l  specif ici ty 

of  this t r a n s p o r t  system. The  f indings conf i rm tha t  
the  system is highly specific, wi th  in te rac t ions  between 
subs t ra te  and  the t r anspo r t  recep tor  l imi ted  to succin- 
ate and  several  s t ruc tura l  analogs ,  inc luding  the m a j o r  
in te rmedia tes  o f  the the  T C A  cycle. 

Materials and Methods 

Purified brush border membrane vesicles were prepared using a 
modification of our previously described procedure (Kippen et al., 
1979b), which employs a calcium precipitation step similar to that 
developed by Schmitz et al. (1973). Briefly, New Zealand White 
rabbits (2 3 kg) were sacrificed with sodium pentobarbitol (50 mg/ 
kg). The kidneys were perfused in situ with a 37 ~ solution of 
320 mN sorbitol, buffered to pH 7.5 with 1 mM Tris/Hepes 1. The 
cortices were then dissected free of medulla with a razor blade 
and passed through a tissue press of 1.5 mm pore size. All subse- 
quent steps were carried out at 0-4 ~ The minced cortical tissue 
was homogenized in 320 mM buffered sorbitol (1 g tissue/8 ml 
buffer) using a Brinkmann Polytron homogenizer equipped with 
the PT-10 probe. Homogenization was for 20 sec at maximim 
power. To this initial homogenate was added enough 
100 mM CaC12, 1 mM Tris/Hepes, pH 7.5, to produce a final con- 
centration of Ca + § of 10 mN. The solution was stirred for 15 min 
and then centrifuged at 1,500 x g for 5 min. The supernatant was 
collected and brush border membranes were pelleted by centrifuga- 
tion at 50,000 x g for 30 min. This membrane preparation, while 
developed independently, is very similar to methods developed 
recently by other groups (Kessler et al., 1978; Hilden & Sacktor, 
1979; Malathi etal., 1979). Membranes were resuspended in 
320 mM sorbitol-Tris/Hepes using a glass-Teflon homogenizer. In 
those experiments that required the pre-equilibration of the purified 
membranes in a solution of osmotic concentration other than 
320 mOsm, the final membrane pellet was washed in the new solu- 
tion, repelleted at 50,000 x g for 30 min, and resuspended in the 
new buffer to a final concentration of 4 8 mg protein/ml and stored 
at 0M ~ until use. Transport studies were performed on the day 
that the membranes were prepared. 

Purity of the renal brush border membranes was routinely 
determined by assay of trehalase, a marker for brush border mem- 
branes, (Na + - K  +)ATPase, a marker for basal-lateral membranes, 

1 Abbreviations: Tris, Tris(hydroxymethyl)aminomethane; 
Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid. 

0022-2631/80/0057-0073 $02.00 
�9 1980 Spr inger -Ver lag  New Y o r k  Inc. 



74 S.H. Wright et al. : Transport of Organic Acids 

and succinate dehydrogenase, a marker for mitochondria (Kippen 
et al., 1979b). Protein was determined by the BioRad protein assay 
(BioRad Laboratories). Brush border membranes were consistently 
enriched 10-fold and were essentially free of basal-lateral and mito- 
chondrial enzyme markers. 

Measurement of uptake of 14C-labeled substrates was per- 
formed using a Millipore filtration procedure. Uptake was initiated 
by addition of 50 gt of the brush border membrane suspension 
to 100 gl of uptake buffer. The uptake buffer used in experiments 
examining the time course of uptake or the kinetics of transport 
consisted of 150 mM NaC1 (resulting in a final extravesicular Na + 
concentration of 100 mM), 1 mM Tris/Hepes, pH 7.5, 20 mM sorbi- 
tol, 0.125 or 0.25 gCi/ml of 14C-labeled substrate, and sufficient unla- 
beled substrate to produce the desired final concentration. Uptake 
was terminated by addition of 850 gl of ice-cold stop buffer con- 
sisting of 320 mM sorbitol, 1 mM Tris/Hepes, pH 7.5. The suspen- 
sion was then filtered through a 0.45 I~m HAWP Millipore filter 
and washed with 4 ml of ice-cold stop buffer. The filter was placed 
in 10 ml of scintillation cocktail (Formula 963; New England Nu- 
clear, Boston, Mass.) and radioactivity determined with a liquid 
scintillation counter. The stopping, filtering, and washing proce- 
dure took less than 10 sec. A correction for nonspecific binding 
of radioactive label to the membranes and filter was made by 
subtracting from all samples the level of radioactivity measured 
in blank samples to which 850 gl of ice-cold stop buffer was added 
to the uptake buffer immediately prior to addition of membranes. 
In those studies examining the inhibitory effect of various organic 
acids on succinate transport, uptake buffer consisted of  
150 mM NaC1, 0.125 ~tCi/ml 14C-succinate, 57 mM Tris (the concen- 
tration required to buffer the highest concentration of organic 
acid used in the study), a concentration of Hepes required to 
achieve pH 7.5, and sufficient sorbitol to produce a final osmotic 
concentration of 460 mOsm. The stop buffer consisted of 459 mM 
sorbitol and 1 m• Tris/Hepes, pH 7.5. All uptake experiments were 
carried out at 22 ~ 

All l~C-labeled substrates were obtained from New England 
Nuclear (Boston, Mass.). All other chemicals were of the highest 
commercial grade available. 

Results and Discussion 

Kinetics of Transport of  Citrate and Succinate 

The time course of uptake of succinic acid and citric 
acid under conditions of an inwardly directed Na § 
gradient (Fig. 1) displayed the "ove r shoo t "  phenome- 
non typically associated with Na+-dependent trans- 
port processes for a number of organic substrates 
in membrane vesicular preparations (Sacktor, 1977). 
Accumulation of radioactivity was a linear function 
of time for at least 15 sec, reached a maximum value 
at 2 min, and then gradually declined toward an 
"equi l ibr ium" value within 120 min. 2 In the absence 

2 The differences in the i20 min uptakes indicate either that 
true equilibria of intra- and extravesicular solute concentrations 
were not achieved in 120 min, or that over that time course changes 
in vesicular volume occurred. With respect to the first possibility, 
our experiments have indicated that solute uptake in the absence 
of salt (particularly NaC1) occurs exceedingly slowly and under 
some circumstances reaching equilibrium requires 24 hr or more. 
With respect to the second possibility, detailed theoretical analysis 

2.5 

-~ 2.o 

CL 
O~ 

1.5 
03 
O) 

o 
E r 

1.0 

LIJ 
5s 
< 
F- 
D.. 0.5 

mM Na 

I '  '~"" o ..../ 

/ ' " -  e ......7" 

/ 0 

o Na + " -" 
, , 

I 2 3 4 15 120 
T I M E  ( r a i n )  

Fig. l.  Time course of uptake of succinate (solid circles) and citrate 
(open circles) into brush border vesicles in the presence and absence 
of an inwardly directed 100 mM NaC1 gradient. In the condition 
of 0 Na +, NaC1 was replaced with sorbitol. Data are for a single 
typical experiment done in triplicate, at a substrate concentration 
of 0.1 mM 

of extravesicular Na § (replaced isosmotically with 
sorbitol), uptake at 15 sec of both substrates was 
reduced 40-fold and no overshoot was observed. In 
all subsequent experiments, 15-sec incubations under 
conditions of a 100 mM inwardly directed Na + gra- 
dient were used to estimate the initial rate of unidirec- 
tional influx ( f )  of substrate. 

Influxes of succinate and citrate were saturable, 
reaching a maximum value at high extravesicular sub- 
strate concentrations (Fig. 2). The kinetics of trans- 
port  could be described by the Michaelis-Menten 
equation. Fitting data to a linear transformation of 
the Michaelis-Menten equation ([S] vs. [N/a/) permit- 
ted calculation of values for the maximal influx (a/max) 
and Michaelis constant (K,) (Table 1). 

Kinetics of Inhibition 

Succinate and citrate were found to affect the trans- 
port of one another in a competitive manner (Fig. 3). 

of volume changes requires information not yet available (such 
as reflection coefficients for each of the solutes.) However, experi- 
ments in our laboratory in which vesicular size changes were in- 
duced by creating osmotic gradients across the vesicles indicate 
that the time course of such changes is slow (with a half-time 
of many minutes). Such phenomena have little relevance to the 
data presented in this study. 
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T a b l e  1. Kinetic constants  for succinate, citrate and c~-ketoglutarate 
transport  in renal brush border membrane  vesicles 

Compound  n fmax Kt 
(nmol /mg protein-min) (mM) 

Snccinate 10 l 3.9 _+ 1.0 0.11 -+ 0.02 
Citrate 4 19.0_+I.5 0.28_+0.10 
Citrate b 3 17.1 +2.3 0.18 +_ 0.0I 
c~-Ketoglutarate b 3 16.6+_2.5 1.00_+0.05 

" Initial rates of  influx were estimated from 15-sec incubations, 
under  conditions of a 100-mM inwardly directed Na + gradient. 
Values are means_+ SEM. 
b Data  from Kippen et al. (1979a). 
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Fig. 2. Effect of  increasing concentration of  substrate on the influx 
of citrate and succinate into brush border vesicles. Initial rates 
of  influx f are expressed as nmol / (mg protein-rain) and substrate 
concentrations [S] as millimoles per liter. Results are expressed 
as the means  + 1 SEM of data f rom 2 paired experiments that  mea- 
sured uptake of substrate into vesicles from the same animals;  
at each point, n = 6 .  Curves were calculated from the Michaelis- 
Menten equation using kinetic constants  derived from a linear 
t ransformation of the Michaelis-Menten equation ([S]/fvs. [S]). 
In these experiments, the mean values for J~max and Kt, respectively, 
were: citrate, 18.12 nmoi / (mg protein-min), and 0.338 mM; succin- 
ate, I2.94 nmol/(mg-min),  and 0.105 mM 

In four experiments, 0.2 mM succinate increased (P < 
0.05) the Michaelis constant for citrate transport from 
0.28_+0.05 (SEM) mM to 0.67_+0.11 mM. The values 
for J~m,x under these conditions were not significantly 
different: 19.0_+ 1.5 nmol/(mg protein-min) in the ab- 
sence of succinate vs. 20.1 + 3.2 nmol/(mg-min) in the 
presence of 0.2 mM succinate. Three reciprocal experi- 
ments with succinate gave similar results: the values 
for J~m=x and K~ in the absence of citrate were 11.7 + 
2.0 nmol/(mg-min) and 0.12 _+ 0.03 mM, respectively; 
in the presence of 0.2 mM citrate, the a~max (11.7+ 
2.8 nmol/(mg-min) was not changed significantly, but 
the apparent Michaelis constant (Ka) (0.32 + 0.02 mM) 
was significantly increased (P < 0.05). The inhibitory 
constant (Ki) for citrate as an inhibitor of succinate 
transport was calculated from the K, for succinate 

and the Ka for succinate in the presence of citrate 
of concentration [i], according to the following equa- 
tion (Neame & Richards, 1972): 

Ki- K,[0 
Ka- K," 

For the experiments described above, the Ki for citrate 
was 0.15 +0.05 mM. The K~ for succinate as an inhibi- 
tor of citrate transport was 0.22 + 0.10 raM. In neither 
case were these values significantly different from the 
respective K,'s of these substrates, consistent with the 
hypothesis that succinate and citrate compete for the 
same transport pathway. 

The transport system shared by citrate and succin- 
ate also accommodates c~-ketoglutarate. It has been 
shown (Kippen et al., 1979a) that renal brush border 
membrane vesicles accumulate c~-ketoglutarate via a 
sodium dependent pathway. This transport was inhib- 
ited by >90% by both succinate and citrate. More- 
over, the transport of succinate (Table 2) and citrate 
(Kippen et al., 1979a) can be inhibited by ,-ketoglu- 
tarate. Table 1 presents a summary of the kinetic data 
for succinate, citrate, and ,-ketoglutarate. The maxi- 
mal rates of uptake of these substrates are similar, 
consistent with their transport via a common path- 
way. It should be noted, however, that the 30% differ- 
ence in Jima x for succinate and citrate found in the 
present study is real, and was consistently observed 
in paired experiments on vesicles prepared from the 
same animal (P< 0.05). This difference in J/max does 
not imply that these compounds are transported by 
different pathways. Rather, the difference is probably 
due to the different net charges of the substrates at 
pH 7.5 (succinate, - 2 ;  citrate, - 3), which would be 
expected to result in different mobility characteristics 
of the loaded transport mechanism. Of greater rele- 
vance to the present study are the values of K, 
for the substrates. They vary 10-fold, falling in the 
order: succinate (0.1 mM) < citrate (0.2 mM) < c~-keto- 
glutarate(1 mM). Michaelis constants provide a rough 
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Fig. 3. Effect of succJnate on the influx of citrate (a), and the effect of citrate on the influx of succinate (b), into brush border membrane 
vesicles. In these plots, the slope of the lines is proportional to 1/J~a ~ or 1/J~', the maximal rates of influx in the absence or presence 
of inhibitor, respectively. The x-intercepts are equal to -K~ or -K~, the Michaelis constants in the absence or presence of inhibitor, 
respectively. (a): J~m~x for citrate was 5.37 nmol/(mg-15 see), and K, was 0.265 m•; the fm~( was 5.17 nmol/(mg-15 see), the K, was 
0.538 mM; the inhibitory constant, K~, for citrate was 0.194 mM. (b): The J~,, for succinate was 2.34 nmol/(mg-15 see), the Kt was 
0.163 mM; the f ~ (  was 2.21 nmol/(mg-15 see), the K, was 0.327 mM; the inhibitory constant, K~, for citrate was 0.199 mM. Each point 
is the mean +SEM from one experiment done in triplicate. In those cases where vertical bars are absent, the standard errors were 
smaller than the graphical representation of the mean. Lines were fit using a least-squares analysis 

Table 2. Apparent inhibitory constants (Ki*) for a series of inhibitors of succinate transport in brush border membrane vesicles, a 

Compound mol Structure pK.1 pKa2 K* r Compound mol Structure pK.1 pKa2 K* r 
wt (mM) wt (mM) 

Succinic acid 118.1 H2C--COO- 4.21 5.64 0.05 0.93 ~-Ketoglutaric 146.1 O=C--COO _b 0,33 0.99 
L 0.99 acid I 

-OOC--CH 2 CH 2 I 
D,L-Malic acid 134.1 H 3.40 5.13 0.07 0.98 -OOC--CH 2 I 

HO--C--COO D,L-Mercapto 150.2 H _b _ 0.34 0.96 
I succinic acid ] 

-OOC--CH 2 HS--C--CO0- l 
Oxaloacetic acid i32.1 O=C--COO- 2.55 4.37 0.16 0.99 -OOC--CH z 

I 
- OOC--CH z Glutaric acid 132.1 C--COO 4.34 5.41 0.55 0.99 

I 
D,L-Methyl 132.I H 4.21 5.63 0.16 0.99 CH 2 
succinic acid ] [ 

H3C--C--COO- -OOC--CH2 I 
-OOC--CH2 Tricarballylic 176.1 CHzCO2 _b _ 0.77 0.99 

acid [ 
H--C--COO- 

Mesaconic acid 1 3 0 . 1  H3C--C--COO 3.09 4.75 0.18 0.96 [ 
11 -OOC--CH2 

-OOC--CH 
Tereph~haIIic 166. I COO- 3.54 4.46 0.63 0.99 

L-Malic acid 134.1 H 3.40 5.13 0.20 0.95 acid 

HO --C--COO - l 
- O O C - - C H  2 

Citric acid 192.1 CH2CO 2 3.13 4.76 0,21 0.99 I COO- 
HO--C--COO 

] Adipic acid 146.2 C--COO 4.43 5.41 1.87 0.98 
-OOC--CH z [ 

CH2 

Fumaric acid 116.1 HC--COO- 3.02 4.38 0.22 0.99 CH2 
II I 

-OOC--CH -OOC--CHz 



Tab le  2 ( con t inued )  

C o m p o u n d  m o l  S t r u c t u r e  pK~I  p K a 2  K* r C o m p o u n d  tool  S t r u c t u r e  pKQa pKo2  K *  r 
w t  (mM) w t  (mM) 

L-Aspar t ic  acid 133.1 H 1.99 3 .90 2 .35 0 .99 Acet ic  acid 60.1 C O 0  4.76 - 17 0 .96 
I I 

+H3N--C--COO CH 3 [ 
-OOC--CH2 n-Butyr ic  acid 88.1 C O 0  4.82 - 20 0.53 t 

e,fl-Dimethyl 146.1 H 3.77 5 .94 2 .35 0 .98 CH 2 
succinic acid ] ! 

H3C--C--COO[ - ~H 2 
OOC--C- -CH3 CH 3 

I 
H 7-Ketovaler ic  116.1 C O O -  4 .64 - 20  0.71 

acid ] 
1 ,2 ,4-Benzene 210.1  C O O -  2 .52 3 .84  2.41 0 .99 (~1~ 2 

tricarboxylic acid ~ C O O  O=~cu3 Tll~u 2 

C O O -  1,2 ,3-Benzene-  210 .1  COO 2.80 4 .20 2I 0.78 
mono-Methyl 132.1 COO _b  _ 3 .17 0 .99 t r icarboxyl ic  1 

acid C O O -  succinic acid ] H2 

H2 COO- 
CO2CH3 

Oxalic  acid 90.1 C O O -  1.27 4 .29 24 0 .96  
trans-Aconitic 174.1 OzCH2C-C- COO 2.80  4 .46  4 .60 0.99 ] 
acid 1[ COO 

- O O C  CH 
n-Valeric  acid 102.1 C O 0  4 .84  - 26 0 .67 L-Alanine  89.1 H 2.35 - 8.0 0 .99  

I I 
+H3N--~- -COO ~ H2 

CH 3 ~ H2 
Maleic acid 116.1 H C - - C O O -  1 . 9 7  6 .24 11 0.97 I CH2 

II CH 3 ! 
H C - - C O O -  

Ci t raconic  acid 130.1 H3C--C--COO 3.77 6.17 1i  0 .92 y -Hydroxybu ty r i c  i04 .1  C O 0  _ b  _ 30 0 .94  
II acid [ 

HC- -COO - CH 2 I 
n-Prop ion ic  acid 74.8  C O 0 -  4 .87 12 0 .78 CH2 

L I ~ H2 HO--CH 2 
CH3 

Phthal l ic  acid 166.1 COO 2.95 5.41 36 0 .90 
D L-Isoci tr ic  acid 192.1 H O C H C O  2 3.29 4.71 12 0 .89 / 

I ~ c o o  
H--C--CO0- 

1 
-OOC--CH 2 

L-Tar tar ic  acid 150.1 H 2.89 4 .16 13 0 .99 
! f l -Hydroxybutyr ic  104.1 COO 4.41 - 38 0 .68 

H O - - C - - C O O  acid [ 
I 

O O C - - C - - O H  
I HO--CH 

H I 
CH3 

a,f l -Dimercapto 182.2  H b _ 13 0 .88 
succinic acid [ D-Aspart ic  acid 133 . i  NH + 1.99 3 .90 60 0 .66  

HS- -C- -COO ! 
I H - - C - - C O O -  

OOC-C-SH I 
I -OOC--CH2 

H 
D-Glucose 180.2  CHO - 60 0.81 

Isophthal l ic  acid 166.1 COO 3.62 4 .60 13 0 .97 [ 
H C O H  I 

HOCH I 
C O O -  HCOH I 

HCOH cis-Aconitic acid 174.I O2CHzC-C-COO b _ 14 0.98 [ 
[1 CHzOH 

H C - C O O -  

Malonic  acid 104.1 C O O -  2.85 5 .70 15 0 .94  Formic  acid 46 .0  H C O O -  3.75 - 93 0.61 

CH2 I 
c o o  

" KF ' s  were  d e t e r m i n e d  u s i n g  the  m e t h o d  desc r ibed  in the  text  a n d  Fig .  4. Va lues  o f  K,~ less t h a n  1 mM were  c a l c u l a t e d  f r o m  t r ip l i ca te  
s amples  a t  i nh ib i t o r  c o n c e n t r a t i o n s  o f  0.1,  0.5, a n d  1.0 mM; K~*'s g r e a t e r  t h a n  1 m N  ut i l ized a f o u r t h  i nh ib i t o r  c o n c e n t r a t i o n  o f  10 raM. 
Va lues  fo r  r r ep re sen t  c o r r e l a t i o n  coeff ic ients  fo r  l ea s t - squa res  r eg re s s ion  lines f i t ted  to  the  da t a .  Va lues  fo r  p K , ' s  f r o m  K o r t f i m ,  
Voge l  a n d  A n d r u s s o w  (1961). 
b V a l u e  unava i l ab l e .  



78 S.H. Wright et al. : Transport of Organic Acids 

a .  

IOO 
.A 
0 
02 

Z 
O 8O 
O 

i , l  
,~ 60 
< 

EL 
D 

a 40 
I-I 
O 
< 

O 
H 20 
Z 
H 
(O 
O 

O9 

• 
ISOCITRIC ACID 

~ C C I N I C  ACID 

~  

I I I / } v 
O.t 05 1.0 t0.0 

ELI 

b, 
300 

200 

I00 

I 

S . . . . . . . . .  
13 

' i ' o.1 o 5 I.o 

[L] 
Fig. 4. Effect of increasing concentration of inhibitor on succinate transport in brush border vesicles. (a) : Influx of succinate is expressed 
as the percentage of influx in the absence of inhibitor. Units of the abscissa are in millimoles of inhibitor per liter. Concentration 
of ~4C-succinate was kept constant at 0.001 mg. Each point is a mean_+SEM from one experiment done in triplicate. (b): Dixon plot 
of the data in 4a; symbols are as defined in 4a. Units of f are picomolesx 10-3/(mg-15 sec). The horizontal dashed line indicates 
the value of 1/J ~ that represents 50% inhibition of succinate influx; intercepts of the dashed line by the calculated regression lines 
for each inhibitor signify the apparent inhibitory constants or K~, of each inhibitor: succinate, K~ = 0.051 mM, regression coefficient = 0.99; 
citrate, 0.21 mg, 0.99; tricarballylate, 0.77 mM, 0.99; isocitrate, 12 raN, 0.89 

estimate of the relative affinity of substrates for a 
transport system. Thus this ordering of  K/s suggests 
that, of the three substrates, succinate most closely 
approximates the " ideal"  structure for recognition 
by the transport receptor site. 

Structural Specificity of the Transport System 

Further examination of the structural specificity of 
this transport system was accomplished in the follow- 
ing manner. Succinate was chosen as a model sub- 
strate against which the inhibitory effects of a wide 
variety of suspected inhibitors were compared. The 
experimental protocol utilized a fixed concentration 
of 14C-succinic acid (1 gM) in the presence of increas- 
ing concentrations of inhibitor. Shown in Fig. 4a are 
the results of a typical experiment, comparing the 
inhibitory effects of three tricarboxylic acids and suc- 
cinate on succinic acid transport. We assumed that 
any observed inhibition was strictly competitive in 
nature and utilized a reciprocal transformation of the 

Michaelis-Menten equation to estimate the concentra- 
tion of inhibitor producing 50% inhibition of  succinic 
acid transport (i50) (Fig. 4 b). Because the concentration 
of 14C-succinic acid used was much lower than the 
Kt for succinate transport, the is0 is a reasonable 
estimate of the Ki for inhibitor (Neame & Richards, 
1972). It should be noted that it is only for citric 
acid that the adequacy of the assumption of a strictly 
competitive interaction between inhibitor and succin- 
ate has been experimentally established. Thus it is 
appropriate to label these values "apparent  Ki's" or 
K/~, and emphasize that calculation of K? serves only 
as a means for comparing the relative inhibitory ef- 
fects of the compounds examined. For  the three tri- 
carboxylates presented in Fig. 4, the K~*'s were: ci- 
trate, 0.21 mM; tricarballylate, 0.77 mM; isocitrate, 
12 raM. The value for succinate was 0.053 mM. Table 2 
contains a list of the 40 compounds examined for 
inhibition of succinate transport, presented in order 
of increasing K g. Each of the K~*'s presented in Ta- 
ble 2 represents the results of single experiments, each 
of which examined the inhibitory effects of 5 to 7 
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Table 3. Inhibitory constants for an homologous series of terminal 
dicarboxytic acids 

Compound Structure K/~ 
(raM) 

Oxalic acid COO- 24 
I 

COO- 

Malonic acid COO- 15 
I 

CH2 [ 
CO0- 

Succinic acid H2C--COO 0.05 
/ 

OOC--CH 2 

Glutaric acid H~C--COO- 0.55 
! ~H2 

OOC--CH2 

Adipic acid H2C--COO- 1.87 
/ 

CH, I -  
OOC--CH2 

compounds on succinate transport. Each experiment 
tested succinate as an inhibitor, effectively serving 
as an internal control. The resulting K~*'s for succinate 
were very repeatable: in eight experiments the mean 
K~* was 0.052+0.010 raM, with a range of 0.029 to 
0.103 raM. These values for K* correspond quite well 
with the measured K~ for succinate transport, deter- 
mined in separate experiments (0.12+0.03 raM). The 
K/~ for citrate (0.21 raM) was also quite close to the 
value of Kt for citrate transport (0.28 _+ 0.05). Finally, 
in the course of the study several compounds were 
tested two or more times (succinate, citrate, L-malate, 
fumurate and L-aspartate). The resulting K!"s corre- 
sponded within an acceptable margin of experimental 
error (e.g., L-aspartate, 2.23 vs .  2.46 mM). Consider- 
ing the range of K/~'s for the different compounds 
studied, 0.05 to 100 raM, the observed variation did 
not affect our interpretation of the results. 

The compounds examined as potential inhibitors 
of succinate transport fell into several structural cate- 
gories, each of which provided information concern- 
ing the requirements for recognition by the succinate- 
citrate transport system. Table 3 presents inhibitory 
constants of a homologous series of terminal dicar- 
boxylic acids. From the first to the second number 
of the series (oxalate to matonate, respectively), the 
K* decreased from 24 to 15 m~. The addition of an- 
other methylene group (i. e., succinate) drastically re- 
duced the K/* down to 0.05 mM. For the higher 
members of the series the K* increased with chain 
length. This latter effect must be due to steric factors 
rather than lipophilic interactions. A similar trend 
was observed for a homologous series of monocar- 
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Table 4. Inhibitory constants for an homologous series of monocar- 
boxylic acids a 

Compound Structure K f 
(raM) 

Formic acid HCOO 93 

Acetic acid COO 17 
I 

CH3 

n-Propionic acid COO- 12 
I 

CHz J 
CH3 

n-Butyric acid COO- 20 
I ~H2 
CHz I 
CH3 

Succinic acid H2C--COO- 0.05 
! 

-OOC--CH2 

mono-Methyl succinic acid COO- 3.17 
I 

~H2 
CO2CH3 

),-Ketovaleric acid CO0- 20 
I 

CH2 l 
CH2 
I 

O=C 
I 

CH3 

7-Hydroxybutyric acid CO0- 30 

CH2 
I 

HO--CH 2 

fl-Hydroxybutyric acid COO- 38 l ~H2 
HO--CH I 

CH3 

n-Valeric acid COO- 26 
1 ~H2 
~H2 
~H2 
CH3 

The K* for succinate is presented for purposes of comparison. 

boxylic acids (Table 4). However, a striking difference 
is noted between the K~'s of the 4-carbon monocar- 
boxylate, butyrate, and the 4-carbon dicarboxylate 
succinate: butyrate has a K~* 400 times higher than 
succinate. Thus it appears that the key constitutive 
elements for the binding of succinate to the transport 
site are its two terminal carboxyl groups. The require- 
ment for the charged carboxyl group at the fi-carbon, 
as in the case of succinate at pH 7.5, is demonstrated 
by the comparatively poor inhibitory effectiveness of 



8O 

Table 5. Effect of cis-trans configuration on inhibition of succinate 
transport 

Compound Structure K* 
(mM) 

Succinic acid H2C--COO- 0.05 
! 

-OOC--CH 2 

Fumaric acid HC--COO 0.22 
il 

OOC--CH 

Maleic acid HC--COO 11 
II 

HC--COO 

Mesaconic acid H3C--C--COO- 0.18 
11 

-OOC--CH 

Citraconic acid H3C--C--COO- l 1 II 
HC--COO 

trans-Aconitic acid -OzCHaC--C--COO 4.6 

-OOC--CH 

cis-Aconitic a c i d  O2CH2C--C--COO- 14 
II 

HC--COO- 

4-carbon monocarboxylates having polar but non- 
charged substitutions at the 7-carbon (Table 4). Mono-  
methyl-succinate, 7-ketovalerate, and 7-hydroxybu- 
trate had K*'s of 3.2, 20, and 30 raM, respectively. 

Recognition of potential substrates is given prefer- 
entially to 4 carbon dicarboxylic acids in the trans- 
configuration. As indicated in Table 5, the K~* for 
fumaric acid (0.22 mM) is 50 times lower than that 
for maleic acid (11 raM). The disparity between the 
inhibitory effectiveness of the trans- and cis-isomers,  
mesaconic acid and citraconic acid is equally clear 
(0.18 vs. 11 raM, respectively). In the trans-configura- 
tion, succinate presents two identical faces to the re- 
ceptor site. Substitution on the e-carbon, but not both 

and fl, still leaves one "succinate-like" face, and 
as such might be expected to result in compounds 
retaining a good inhibitory potential. As presented 
in Table 6, c~-substitution of - OH, - CH3, or - SH 
moieties results in effective inhibitors, while substitu- 
tion on both the a and fi-carbons precludes effective 
inhibition of succinate transport. For example, the 
K* for methyl succinate is 0.16 mM, while the di- 
substituted a, fi-dimethyl succinate has a K* of 2.4 mM 
(Table 6). The e-residues that are compatible with 
binding are all neutral. When a positively charged 
residue such as the amino group of D- or L-aspartate 
is substituted at the e-carbon, inhibitory effectiveness 
is reduced 10 to 100 times. This suggests that the 
receptor site contains protonated amino residues near 
the binding site for the e-carbon of succinate. Thus 
aspartate would not be expected to bind effectively 
due to electrostatic repulsion between the charged 
amino groups. The differences in K* between D- and 
L-aspartate (60 vs. 2.35 mM, Table 6) probably reflect 
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Table 6. Effect of e or ~, fl substitution on inhibition of succinate 
transport 

Compound Structure K y 

(ram 

Succinic acid HzC--COO- 0.05 

OOC--CH2 

Methyl succinic acid H 0.16 
I 

H3C--C--COO 

-OOC--C~ H2 

~,fl-Dimethyl succinic acid H 2.35 
I 

H3C--C--COO- 

OOC--C--CH 3 I 
H 

Mercapto succinic acid H 0.34 
I 

HS--C--COO- 
I 

OOC--CH2 

~,fl-Dimercapto succinic acid H 13 l 
HS--C--COO- 

OOC--C--SH 
I 
H 

D,L-Malic acid H 0.07 
I 

HO--C--COO- 
I 

-OOC--CH2 

L-Tartaric acid H 13 I 
HO--C--COO 

l 
-00C--C--OH 

H 

L-Aspartic acid H 2.35 
l 

+H3N--C--COO 

OOC--CH~ 

D-Aspartic acid NH{ 60 

H--C--COO- 
l 

OOC--CH 2 

differences in the position of charged residues at the 
receptor site. 

The differences in K*'s between the tricarboxylates 
tested (Table 7) suggest that polar residues at the 
e-carbon can actually stabilize" binding of substrate 
to the transport site. Citrate, tricarballylate, trans- 
aconitate and isocitrate all have comparatively large 
residues substituted at the c~-carbon : the former three 
have acetate residues at the e-carbon, the latter a 
glycolate residue. The high Kg's of tricarballylate, 
trans-aconitate, and isocitrate (0.77, 4.6, and 12 mu, 
respectively) suggest that such large substituents pro- 
duce a sufficient degree of steric hindrance with the 
receptor that binding is severely limited. Citrate, how- 
ever, has a rather low K~ (0.21 raM). This is probably 
due to the c~-OH of citrate (Table 7) which could 
interact electrostatically with positively charged 
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Table 7. K~'s of tricarboxylic acids on succinate transport 

Compound Structure K,~ 
(mM) 

Succinic acid HzC--COO- 0.05 
! 

-OOC--CH 2 

Citric acid CH2CO~ 0.21 
! 

HO--C--CO0- 
I 

-OOC--CH 2 
Tricarballylic acid CH2CO ~ 0.77 

J 
H--C--CO0 

- O O C - - C H  2 

trans.Aconitic acid tCH~COf 4.6 
/ 

C-C00- 
If 

-OOC--CH 
D,L-Isocitric acid HOCHCO~- 12 

I H--~--COO- 
-OOC--CH2 

amino residues in the receptor, the presence of which 
was discussed above, thereby stabilizing its binding. 
If the binding of citrate is sensitive to the presence 
of charged amino residues in the receptor, then bind- 
ing should be sensitive to pH. At pH 7.5 amino resi- 
dues are positively charged. At higher pH's dissocia- 
tion of protons will make those amino groups neutral, 
reducing the effectiveness of electrostatic interactions 
with an e-OH. In fact, it has been observed that 
the initial rate of transport of 0.1 mM citrate into 
renal brush borders is 2.5 times higher at pH 7.5 than 
at pH 9.5 (Kippen et al. 3). Other neutral residues at 
the e-carbon should also be effective at stabilizing 
substrate binding. In particular, it would be of interest 
to examine the effect of a negatively charged residue 
at the e-carbon, such as a sulfonyl group. We expect 
that a compound like e-sulfonyl succinic acid would 
be a particularly good inhibitor of succinate trans- 
port. 

It is of interest to note that glucose and alanine 
were capable of a limited degree of inhibition of suc- 
cinate transport (K~'s of 60 and 8 raM, respectively, 
Table 2). These effects recall similar observations of 
interactions between the transport systems for sugars 
and amino acids which have been explained by com- 
petition of the various substrates for energy supplied 
by the sodium gradient (Murer, Sigrist-Nelson & 
Hopfer, 1975). However, further work is necessary 
to clarify the cause of the interactions between these 
disparate substrates. 

3 Kippen, L, Wright, S.H., Hirayama, B., Klinenberg, J.R., 
Wright, E.M. The sodium gradient-dependent transport of citrate 
in membrane vesicles from renal brush border. (Submitted) 
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Comparison with Mitochondrial Transport Systems 

We are aware of only one other system that handles 
TCA cycle intermediates: the inner membrane of mi- 
tochondria. There are, however, three striking dissim- 
ilarities between the mitochondrial and brush border 
membrane transport systems. (i) The brush border 
system is Na § and capable of uphill, con- 
centrative transport; the inner mitochondrial mem- 
brane has a multiplicity of systems for diearboxylates 
and tricarboxylates that are capable of only an elec- 
troneutral exchange of substrates (LaNoue & School- 
werth, 1979). (ii) The tricarboxylate system of mito- 
chondria transports isocitrate and cis-aconitate, as 
well as citrate, and is markedly inhibited by 1,2,3- 
benzentricarboxylic acid (LaNoue & Schoolwerth, 
1979); the brush border system transports citrate but 
not these three other substrates (Table 2). (iii) The 
dicarboxylate systems of mitochondria have a greater 
affinity for malonate than for succinate (LaNoue & 
Schoolwerth, 1979); in the brush border, the system 
has its greatest apparent affinity for succinate, and 
the high K~* for malonate (15 m~; Table 3) suggests 
that it would be transported marginally at best. These 
differences in the transport systems of the brush 
border and mitochondria also serve as further evi- 
dence that the preparation of purified brush border 
used in the present study is free of mitochondrial 
contamination (Kippen et al., 1979b). 

Conclusions 

The results presented demonstrate that the rabbit kid- 
ney brush border membrane transports succinic acid, 
citric acid, and e-ketoglutaric acid by a Na+-depen - 
dent process. The kinetic experiments suggest that 
these compounds are transported by a common sys- 
tem. A detailed examination of the structural specific- 
ity of this transport system demonstrated that it is 
highly specific for a well-defined class of structural 
analogs of succinic acid. 

The schematic molecular structure presented in 
Fig. 5 summarizes the information on structural spec- 
ificity of binding to the succinate receptor. Substrates 
must contain a 4 carbon, nonbranched dicarboxylate 
backbone in the trans-configuration. The boxed por- 
tion of the molecule signifies the requirement for an 
intact acetate moiety for successful binding. Substitu- 
tion of certain groups at the e-carbon is compatible 
with binding: R1 may be - H  (as in the case of 
succinate), -CH3,  - OH, - SH, but not - N H 3  + ; 
R2 can be - H ,  or CH2OOH, but not CHOHCOOH. 
It should be emphasized that we have insufficient 
data to make a statement defining R 1 as the levorota- 
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R 2 % Ri.. C 

Fig. 5. Model of the basic structural elements required for binding 
of substrate to the receptor of the brush border succinate/citrate 
transport system. Bonds represented as solid lines lie in the plane 
of the page; the dotted line at the c~-carbon (R1) lies behind the 
page; the wedge (R2) lies above the page. See text for discussion 

tory position of the e-carbon. The difference in K/~ 
between D- and L-aspartate indicates that the receptor 
structure is sensitive to the stereoconfiguration of sub- 
strates. However, the fact that I.-malate and DL-ma- 
late had similar K~*'s suggests that for certain 
R groups, R 1 and R z are interchangeable. Thus the 
drawing of D and L positions on the e-carbon in 
Fig. 5 serves only as a reminder that stereospecificity 
must be considered a potential factor in successful 
binding of substrate to the transport receptor. 

The strict structural requirements of this dicarbox- 
ylate transport system are effective in defining a trans- 
port process specific for TCA cycle intermediates. 
The succinate backbone with a-substitution allows 
the interaction of the transport receptor with succin- 
ate, fumarate, malate, oxaloacetate, citrate and, to 
a lesser extent, e-ketoglutarate. While the evidence 
presented here did not demonstrate that the effective 
inhibitors of succinate transport are themselves trans- 
ported, the data are consistent with such a hypothesis. 
The role of such a transport system in the kidney 
brush border membrane in sparing the loss of impor- 
tant biochemical intermediates is obvious. Emphasis 

in the past has been placed on the study of brush 
border transport processes for a limited number of 
organic compounds such as sugars and amino acids. 
The present study indicates that the brush border 
has separate systems for the transport of a wide vari- 
ety of biochemically important compounds. 

The authors thank Dr. Orville Chapman of the UCLA Department 
of Chemistry for helpful discussions. This work was supported 
in part by a fellowship from the Kidney Foundation of Southern 
California to SHW, and by grants from the National Institutes 
of Health, numbers AM25588, AM19567, and NS09666. 

References 

Hilden, S.A., Sacktor, B. 1979. D-glucose-dependent sodium trans- 
port in renal brush border membrane vesicles. J. Biol. Chem. 
254: 7090 

Kessler, M., Acuto, D., Storelli, C., Murer, H,, Mtiller, M., Semen- 
za, G. 1978. A modified procedure for the rapid preparation 
of efficiently transporting vesicles from small intestinal brush 
border membranes. Their use in investigating some properties 
of D-glucose and choline transport systems. Biochim. Biophys. 
Acta 506:136 

Kippen, I., Hirayama, B., Klinenberg, J.R., Wright, E.M. 1979a. 
Transport of tricarboxylic acid cycle intermediates by mem- 
brane vesicles from renal brush border. Proc. Nat. Acad. Sci. 
USA 76:3397 

Kippen, I., Hirayama, B., Klinenberg, LR., Wright, E.M. 1979b. 
Transport of p-aminohippuric acid, uric acid and glucose in 
highly purified rabbit renal brush border membranes. Biochim. 
Biophys. Acta 556:161 

Kortiim, G., Vogel, W., Andrussow, K. 1961. Dissociation Con- 
stants of Organic Acids in Aqueous Solutions. Butterworth, 
London 

LaNoue, K.F., Schoolwerth, A_C. 1979. Metabolite transport in 
mitochondria. Annu. Rev. Biochem. 48:871 

Malathi, P., Preiser, H., Fairclough, P., Mallett, P., Crane, R.K. 
1979. A rapid method for the isolation of kidney brush border 
membranes. Biochim. Biophys. Acta 554:259 

Murer, H., Sigrist-Nelson, K., Hopfer, U. 1975. On the mechanism 
of sugar and amino acid interaction in intestinal transport. 
Y. Biol. Chem. 250:7392 

Neame, K.D., Richards, T.G. 1972. Elementary Kinetics of Mem- 
brane Carrier Transport. pp. 56-79. John Wiley & Sons, New 
York 

Sacktor, B. 1977. Transport in membrane vesicles isolated from 
the mammalian kidney and intestine, ln: Current Topics in 
Bioenergetics. D.R. Sanadi, editor, p. 39. Academic Press, New 
York 

Schmitz, J., Preiser, H., Maestracci, D., Ghosh, B.K., Cerda, J.J., 
Crane, R.K. 1973. Purification of the human intestinal brush 
border membrane. Biochim. Biophys. Acta 323:98 

Received 21 March 1980; revised 21 May 1980 


