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Abstract--Uptake and conjugation of sulfate was studied in isolated kidney tubule fragments of rats: 
Sulfate is rapidly taken up, and maximal cellular concentrations are attained after 5-10 min; intracellular 
steady-state levels depend on the sulfate concentrations of the medium and attain a maximal value at 
2 mM. At 1 mM sulfate in the medium the ratio of intracellular/extracellular concentrations of the 
inorganic anion amount to about 0.25. 

Formation of 7-hydroxycoumarin sulfate increases almost linearly up to an extracellular sulfate 
concentration of 500 .uM. Thereafter, rates of sulfation increase more slowly and maximal sulfation rates 
are attained at 2 mM sulfate. 

The data indicate that sulfation of 7-hydroxycoumarin proceeds at almost maximal rates in kidney 
tubule fragments at physiological serum sulfate concentrations. 

Sulfate conjugation plays an important role in the 
detoxication of various endogenous and exogenous 
compounds [1, 2]. The sulfate ions which take part 
in the conjugation reaction after conversion to 
adenosine 3'-phosphate 5'-sulfatophosphate (PAPS) 
are supplied either via S-oxidation of cysteine [3, 4] 
or via dietary sulfate [4, 5]. In general the liver is the 
organ with the highest capacity to sulfate. However, 
extrahepatic organs such as the kidney also possess 
an appreciable activity to sulfate compounds [1, 6-9]. 
Drug metabolism in the kidney may become 
especially important when a compound enters the 
body via a route other than oral (e.g. intravenous, 
dermal) or in cases where the metabolic capacity of 
the liver is overwhelmed (e.g. high drug con- 
centrations, liver dysfunction). 

In the past several years the relationship between 
sulfate availability and sulfate conjugation of phenols 
has been studied intensively [4]. In rat serum, sulfate 
concentrations fluctuate between 0.6 and 0.9 mM 
according to the circadian rhythm [10], they may 
decrease due to a high dose of a drug that becomes 
sulfated [11] or increase due to orally administered 
sulfate [5]. 

Hepatic sulfation has been shown to depend on 
extracellular sulfate concentrations in isolated liver 
cells, in the isolated perfused liver and in the con- 
scious rat [11, 12-17]. However, using different phe- 
nolic substrates various apparent K m values for sul- 
fate have been found, ranging from 0.1 to 3 mM 
[12, 13, 15, 16]; the reason for this variation is not 
yet understood. 

In the gut recent data suggest that intestinal sul- 
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ration is restricted due to a limited availability of 
sulfate. Sulfation of orally administered tyramine 
or salicylamide was increased when the compounds 
were co-administered with sodium sulfate or L-cys- 
teine [18, 19]. Furthermore, sulfation of 1-naphthol 
in isolated mucosa cells of the jejunum was not yet 
saturated at the physiological serum sulfate con- 
centration [20]. 

Recently it has been shown that kidney tubule 
fragments are well suited to study sulfate conjugation 
of phenolic compounds [7, 21] and that sulfate is a 
precursor for sulfation in isolated kidney cells [9]. 
However, the effect of extracellular sulfate con- 
centrations on intracellular sulfate levels and on sul- 
fate conjugation is not known. We therefore studied 
the dependence of cellular sulfate uptake and sulf- 
ation of 7-hydroxycoumarin on different sulfate con- 
centrations in isolated kidney tubule fragments. 

MATERIALS AND METHODS 

Chemicals. The radiochemicals Na2 [35S] 04 
(542 mCi/mmole), [Carboxyl-14C] dextran, mol. wt. 
75000, 1.3 mCi/g and [3H]20 (250 ,uCi/ml) were from 
NEN Chemicals (Dreieich, FRG). 7-Hydroxy- 
coumarin was obtained from Sigma (Mtinchen, 
FRG), bovine liver fl-glucuronidase from Serva (Hei- 
delberg, FRG),  arylsulfatase (Helix pomatia) and 
collagenase from Boehringer (Mannheim, FRG). 
Silicon oils AR 20 and AR 200 for centrifugal filtr- 
ation were from Wacker Chemie (Mi~nchen, FRG). 
All other chemicals were commercially obtained, 
and of analytical grade. 

Preparation and incubation of kidney tubule frag- 
ments. Sprague-Dawley rats of about 180 g body 
weight (inbred strain, Neuherberg) served as kidney 
donors. Kidney tubules were prepared according 

1363 



1364 Q. Y. CHEN and L, R. SCHWARZ 

to Guder  [22] except  that MgSO4 in the Krebs-  
Henselei t  bicarbonate buffer (KHB) was replaced 
by MgCI2 in order  to obtain sulfate depleted tubules; 
Pfeifer and Guder  demonst ra ted  that their prep- 
arations consist to about  90% of proximal kidney 
tubule fragments [23]. Viability of the preparat ions 
was checked determining their gluconeogenic 
activity in unsupplemented  KHB.  Glucose pro- 
duction from pyruvate (10mM) was almost linear 
for 2 hr and amounted  to about 10 nmole /mg cellular 
prot. × rain when animals were fasted overnight.  
This value is in good agreement  with published data 
amount ing to 503-620/ ,mole/g prote in/hr  [22]. 
Tubule fragments were incubated in KHB,  con- 
taining varying amounts  of sulfate. The medium was 
enriched with the amino acids mixture of Leibowitz 
L-15 medium except that the S-containing amino 
acids methionine  and cysteine were omit ted and that 
the concentrat ion of L-glutamine was 5 mM. Incu- 
bations were per formed under  a gas phase of 95% 
0 2 / 5 %  CO2 at 37°C. 

Sulfate uptake. To study uptake of inorganic 
sulfate, tubule fragments (3 mg cellular prot. /ml) 
were incubated with various concentrat ions of sulfate 
and 4 uCi/ml Nan[3sS]O4. The reactions were ter- 
minated and tubule fragments were separated from 
the medium by centrifugal filtration [16]. Incubation 
medium adherent  to the tubule fragments was sep- 
arately est imated from the amount  of [14C[dextran 
(0.5 #Ci/ml) precipitat ing with the cells; it amounted  
to about 3.9 H1/mg cellular protein.  Intracellular con- 
centrations were est imated on the basis of an aqueous 
cellular volume of 4.7 ul/mg cellular protein. This 
value was obtained subtracting the [carboxylJ4C] 
dextran space of the cell pellet (i.e. fluid adherent  
to the cells) from the [~H]:O space (i.e. fluid adherent  
to the cells + aqueous  cellular volume).  To deter- 
mine the total aqueous  volume cells were incubated 
with 2.5 uCi [-~H]:O. 

Sulfittion of 7-hydroxycoumarin. To study sulf- 
ation of 7-hydroxycoumarin,  tubule fragments (3 mg 
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Fig. 1, Time coursc of sulfatc uptake into kidney tubule 
fragments. Sulfate-depleted tubules were incubated with 
500MM Na:SO4 and 4uCi Na:[~sS]O~ at 37 ° . At times 
indicated the reaction was stopped by centrifugal filtration. 
The open and closed circles show data of two independent 

experiments. 

cellular prot . /ml) were incubated with various con- 
centrations of sulfate for 15 min before 7-hydroxy- 
coumarin (100/xM) was added. After  30 min 0.9 ml 
samples were withdrawn and mixed with 3 ml of ice 
cold ether  and 1.5% isoamyl alcohol. 7-Hydroxy- 
coumarin conjugates were determined according to 
Dawson and Bridges [24] and Greenlee  and Pohmd 
[25]. Af te r  removal  of the parent compound by 
repeated extractions with the ether/'isoamyl alcohol 
mixture (3 × 3 ml), 0.2 ml of the aqueous layer ~as 
incubated with 0 .6ml  of citrate buffer (0.25 M, 
pH4 .8 ) ,  0.2 ml arylsulfatase (0.25 mg/'ml) or [4-glu- 
curonidase (10 mg/ml).  In case of the arvlsulfatase 
t reatment  5 mM saccharo-l,4-1acton was added to 
inhibit fl-glucuronidase activity which is an impurity 
of the enzyme.  The reaction was terminated with 
0.125 ml of ice-cold 15C4 trichloroacetic acid. After  
the addition of 2 ml chloroform, stirring and cen- 
trifugation, 1 ml of the chloroform phase was mixed 
with 1.5 ml of 0.(/1 M N a O H  and 1 M Na( ' l .  The 
fluorescence was determined in the aqueous laver at 
an excitation wavelength of 368 nm and an emission 
wavelength of 456 nm. 

Cellular protein was determined by the method of 
Lowry et al. [26]. The experiments  were performed 
with 5 different cell preparations.  

RESUI,TS 

The time course of the uptake of sulfate (500 HM) 
into sulfate-depleted kidney tubule fragments is 
shown in Fig. 1. Af te r  a short rapid phase of influx the 
curve attains a plateau bv about 10 min, indicating an 
equil ibrium between the transport of the inorganic 
anion into and out of the cells. In Fig. 2 the intra- 
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Fig. 2. Dependence of intracellular sulfate concentrations 
on the extracellular concentrations of the inorganic anion 
at steady-state conditions. Tubules were incubated with 
various concentrations of Na-S()~ and Na:[>SIO~ as 
described in Fig. 1. The curve represents the intraccllular 
sulfate concentrations after 15 min ~hcn intracellular sul- 
fate levels are constant. Intracellular concelllrations v~cre 
calculated on the basis of a cellular volume of 4.7 jHmg 
cellular protein. Data represent mean ± S.E. of experi- 

ments with 4 separate cell preparations 
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Fig. 3. Time course of 7-hydroxycoumarin sulfation in 
kidney tubule fragments. Tubules were incubated for 
15 min at 37 ° before the addition of 100 gM 7-hydroxy- 
coumarin. At times indicated the formation of 7-hydroxy- 
coumarin sulfate was determined. The medium contained 
no sulfate (O) or 1 mM sulfate (O). The data represent 
duplicate determinations of one out of two similar experi- 
ments. The duplicates as well as the two experiments dif- 

fered by not more than 10%. 

cellular steady-state concentrat ions of sulfate are 
plotted as a function of the extracellular sulfate con- 
centrations (0.025-2 mM);  at a sulfate concentrat ion 
of 1 m M  in the medium the curve bends markedly. 
The cellular steady state sulfate concentrat ions were 
calculated on the basis of a cellular water  space of 
4 .7ul /mg Protein; at 0.1 and 1 mM the ratios of 
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Fig. 4. Dependence of 7-hydroxycoumarin sulfation on 
extracellular sulfate concentrations. Tubules were incu- 
bated in medium containing various sulfate concentrations 
as described in Fig. 3. Rates of the formation of 7-hydroxy- 
coumarin sulfate were determined after 30 min incubation. 
Data represent mean - S.E. of experiments with 4 separate 

cell preparations. 
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intracellular/extracellular sulfate amount  to about 
0.5 and 0.25, respectively. 

Format ion  of 7-hydroxycoumarin sulfate by rat 
kidney tubule fragments proceeds linearly for two 
hours in the presence of 1 mM sulfate. In the absence 
of sulfate conjugat ion rates amount  only to about 
30% of the value obtained at 1 mM (Fig. 3). The 
dependence  of 7-hydroxycoumarin sulfation on the 
sulfate concentrat ions of the medium has been ana- 
lysed in detail (Fig. 4). Sulfate conjugation increases 
up to a concentrat ion of 2 mM extracellular sulfate: 
at higher levels of sulfate the conjugation rates begin 
to decrease.  In two experiments we also determined 
glucuronidation of 7-hydroxycoumarin by the tubule 
fragments which amounted  to about 110 pmoles/mg 
protein x min in sulfate free medium and which did 
not differ by more than 10% in the presence of 1 mM 
sulfate. 

To determine the apparent Km for intracellular 
sulfate in the overall sulfation of 7-hydroxycoumarin 
conjugation rates were plotted according to Hanes  
against the cellular concentrat ions of sulfate (Fig. 5). 
The apparent  Km can be directly determined from 
the intercept  on the abscissa and amounts  to about 
50 HM. 

DISCUSSION 

In the mammal ian  kidney inorganic sulfate is freely 
filtered and subsequently reabsorbed to a large 
extent by the renal tubule [27]. In the present inves- 
tigation we determined the steady-state distribution 
between intracellular and extracellular sulfate in 
tubule fragments.  The inorganic anion was not con- 
centrated in the cells and while intracellular sulfate 
levels were greatly affected up to an extracellular 
sulfate concentrat ion of 1 mM a further increase of 
the medium concentrat ion to 2 mM did only raise 
intracellular levels by 18%. As the intracellular con- 
centrations represent  the equil ibrium between influx 
and efflux of sulfate our data suggest that the systems 
catalysing the uptake are saturated prior to the sys- 
tems catalysing the efflux. An important  site for 
efflux may be the postulated carrier at the basolateral 
membrane  [28]. 

Rates of 7-hydroxycoumarin sulfation depend on 
the extracellular sulfate concentrat ion.  The curve 
which is obtained (Fig. 4) closely correlates with 
that for intracellular sulfate concentrat ions (Fig. 2). 
Interestingly, sulfation also occurs at considerable 
rates in sulfate-free medium which does not contain 
methionine or  cysteine (Figs. 3 and 4). Possibly there 
are still remnants  of the inorganic anion in the tubule 
fragments despite their preparat ion in the absence 
of sulfate or there is a continuous generat ion of 
sulfate from S-containing amino acids which are lib- 
erated by proteolysis. Despite a low sulfate con- 
centration under this condition,  the rate of formation 
of 7-hydroxycoumarin sulfate still amounts  to one 
third of the maximal rate obtained at 2 mM sulfate 
in the medium• This suggests a low apparent  Km 
value for intracellular sulfate in the sulfation 
reaction. Indeed,  an apparent  K~ for intracellular 
sulfate has been determined which amounts to only 
50 HM (Fig. 5). This value is significantly lower than 
the 500 uM which we recently determined in rat liver 
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Fig. 5. Hanes plot showing the dependence of 7-hydroxy- 
coumarin sulfation on intracellular sulfate levels. The rates 
of 7-hydroxycoumarin sulfation (v) are expressed as pmol- 
x min-~ x mg protein-1 and the intracellular sulfate con- 

centrations (S) as gM. The intercept on the abscissa gives 
an apparent K m value for the intracellular sulfate of about 
50 ~M. The data are derived from four experiments carried 

out with different cell preparations. 

cells using 1 -naph tho l  as subs t ra te  [16]. A t  p resen t  
it c anno t  be dec ided  w h e t h e r  the  a p p a r e n t  Michael is-  
M e n t e n  cons tan t  reflects the  a p p a r e n t  Km for sulfate 
in the  fo rma t ion  of P A P S  or  the  d e p e n d e n c e  of the  
pheno l su l fo t r ans fe rase  reac t ion  on  PAPS.  

The  p resen t  da ta  suggest  tha t  sulfat ion of phenol ic  
c o m p o u n d s  such as 7 -hydroxycoumar in  proceeds  at 
a lmost  maximal  ra tes  in the  k idney  at the  physio- 
logical se rum sulfate concen t r a t i on  of  abou t  0.8 raM. 
Thus ,  rais ing the  se rum and  ur inary  concen t ra t ions  
above  the  physiological  levels by means  of oral 
admin i s t r a t ion  of sulfate will have  only little effect 
on renal  sulfat ion rates.  
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