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The interaction of two renin inhibitors, S 86 2033 and S 86 3390, with the uptake system for fl-lactam antibiotics and 
small peptides in the brush border membrane of enterocytes from rabbit small intestine was investigated using brush 
border membrane vesicles. Both renin inhibitors inhibited the uptake of the orally active cephalosporin cephalexin into 
brush border membrane vesicles from rabbit small intestine in a concentration-dependent manner. 1.1 mM of S 86 3390 
and 2.5 mM of S 86 2033 led to a half-maximal inhibition of the H +-dependent uptake of cephalexin. Both renin 
inhibitors were stable against peptidases of the brush border membrane. The uptake of cephalexin into brush border 
membrane vesicles (1 min of incubation) was competitively inhibited by S 86 2033 and S 86 3390 suggesting a direct 
interaction of these compounds with the intestinal peptide uptake system. The renin inhibitors are transported across 
the brush border membrane into the intravesicular space as was shown by equilibrium uptake studies dependent upon 
the medium osmolarity. The uptake of S 86 3390 was stimulated by an inwardly directed H +-gradient and occurred with 
a transient accumulation against a concentration gradient (overshoot phenomenon). The renin inhibitors S 86 2033 and 
86 3390 also caused a concentration-dependent inhibition in the extent of photoaffinity labeling of the putative peptide 
transport protein of apparent M r 127000 in the brush border membrane of small intestinal enterocytes. In conclusion, 
these studies show that renin inhibitors specifically interact with the intestinal uptake system shared by small peptides 
and fl-lactam antibiotics. 

Introduction 

The aspartic proteinase renin (EC 3.4.23.15) is the 
first and rate-limiting enzyme in the renin-angiotensin 
cascade. The renin-angiotensin system is significantly 
involved in the regulation of blood pressure and fluid 
volume. Inhibitors of human renin as agents for the 
treatment of essential hypertension and congestive heart 
failure are extensively under research [1-7]. Renin in- 
hibitors have been reported to be active in vitro, but 
their therapeutic efficacy up to now was insufficient 
mainly due to a lack of oral activity or stability [8]. 
Therefore the search for orally active renin inhibitors 
remains a challenge. The most potent renin inhibitors 
are, as analogues of the natural substrate angiotensino- 
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gen, peptide derivatives where the Leu-Val bond in 
angiotensinogen was replaced. 

Small peptides are taken up in the small intestine by 
a carrier-mediated uptake process [9-12]. The uptake of 
small peptides is stimulated by an inwardly directed 
H+-gradient [13,14] which is generated by the combined 
action of a Na+/H+-exchanger  in the brush border 
membrane and a Na+/K+-ATPase  in the basolateral 
membrane [15]. This transport system for oligopeptides 
is shared by orally active a-amino-fl-lactam antibiotics 
[16-18]. The protein components of this physiologically 
and pharmacologically important transport system have 
been characterized recently in our laboratory by photo- 
affinity labeling techniques. With radioactively labeled 
photolabile derivatives of penicillins, cephalosporins and 
dipeptides an integral membrane protein with an ap- 
parent molecular weight of 127 000 was identified as (a 
component of) the peptide transporter in enterocytes 
from rabbit, rat and pig [19-22]. The peptide trans- 
porter specifically binds fl-lactam antibiotics and small 
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peptides and has no affinity for amino acids, bile acids 
or sugars. Since renin inhibitors are peptide-derived 
drugs, it seems possible that orally active renin inhibi- 
tors interact with the intestinal peptide transporter and 
are taken up from the intestinal lumen by this transport 
system. In order to evaluate the structure-activity rela- 
tionships of renin inhibitors for intestinal absorption we 
investigated in the present study whether the renin 
inhibitors S 86 2033 and S 86 3390 interact with the 
intestinal uptake system for small peptides and fl-lactam 
antibiotics. 

Materials and Methods 

Materials. Photoaffinity labeling was performed with 
[3H]benzylpenicillin (specific radioactivity of 8-18 
Ci /mmol ,  obtained from Amersham Buchler G m b H  
Braunschweig, F.R.G.). D-[UJ4C]Glucose (specific ra- 
dioactivity 258.5 mCi /mmol)  was from NEN (Du Pont 
de Nemours, Dreieich, F.R.G.). Cephalexin and molecu- 
lar weight markers for electrophoresis were from Sigma 
(Mtinchen, F.R.G.). Hepes, acrylamide and N,N'-  
methylenebisacrylamide were purchased from Serva 
(Heidelberg, F.R.G.), scintillator Quickszint 501 and 
solubilizer Biolute S were from Zinsser Analytik G m b H  
(Frankfurt, F.R.G.). Cellulose nitrate filters (type 
HAWP 0.45 /Lm, 25 mm) for the transport studies were 
from Millipore (Eschborn, F.R.G.). Solvents for HPLC 
and HPTLC thin-layer plates were from Merck 
(Darmstadt, F.R.G.). Solvents for HPLC and HPTLC 
thin-layer plates were from Merck (Darmstadt, F.R.G.). 
The renin inhibitors S 86 3390 and S 86 2033 (see Fig. 
1) were synthesized as described [23]. All other solvents 
were from the commercial sources and of analytical 
grade. 

Preparation of brush border membrane vesicles. Brush 
border membrane vesicles were prepared from the small 
intestine of male white rabbits (3-3.5 kg, Tierzucht 
Kastengrund, Hoechst Aktiengesellschaft, F.R.G.) 
maintained on standard diets and tap water ad libitum 
by the MgZ+-precipitation method as described previ- 
ously [18,21,22]. Protein was determined according to 
Bradford [24] using the Bio-Rad kit (Miinchen, F.R.G.). 

Uptake studies. Transport  studies were performed at 
30 °C  using the membrane filtration method [25,26] as 
described [18,21,22,27,28]. The determinat ion of 
cephalexin or S 86 3390 taken up by the vesicles was 
performed by reversed phase HPLC using a Bischoff 
250 x 4 mm column (Bischoff, Leonberg, F.R.G.) filled 
with LiChrosorb RP 18 (7 /Lm, Merck Darmstadt, 
F.R.G.) using acetonitri le/30 mM sodium phosphate 
buffer (pH 7.0) (16:84, v /v )  as eluent [18]. Retention 
time for cephalexin under these conditions was 4.16 min 
and 7.44 min for S 86 3390. For uptake studies in 
dependency on the osmolarity of the medium, brush 
border membrane vesicles equilibrated with 10 mM 

Tris-Hepes buffer (pH 7.4)/300 mM mannitol were 
incubated at 20 °C  for 60 rain with a 2 mM solution of 
the renin inhibitor in 20 mM citrate-Tris buffer (pH 
6.0)/140 mM KC1 containing appropriate concentra- 
tions of cellobiose. For uptake measurements with D- 
[U-14C]glucose the cellulose nitrate filters were dis- 
solved in 4 ml of scintillator Quickszint 361 (Zinsser 
Analytic GmbH, Frankfurt, F.R.G.) and radioactivity 
was measured by liquid scintillation counting. Each 
transport experiment was performed at least three times 
with different membrane preparations. Each measure- 
ment was performed in triplicate. All values are given as 
mean + S.D. 

MetaboBc stability of renin inhibitors against brush 
border membrane enzymes. In order to determine the 
stability of S 86 2033 and S 86 3390 against the action 
of brush border membrane bound peptidases, mem- 
brane vesicles (100/~g, 20 #1) were mixed with 180 #1 of 
a 2 mM solution of the corresponding renin inhibitor in 
10 mM Tris-Hepes buffer (pH 7.4)/300 mM mannitol. 
After 0, 5, 10, 20, 30, 60 and 120 min of incubation at 
20°C,  20-/L1 aliquots were removed and immediately 
mixed with 40 /~1 of dioxane to stop enzymatic reac- 
tions. After centrifugation the supernatants were ap- 
plied to HPTLC thin-layer plates (10 × 20 cm) and 
chromatograms were developed in n-butanol~water~ 
acetic acid (9 : 2 : 1, v / v / v )  as eluent [29]. After drying 
the individual tracks were scanned at 220 nm with a 
densitometer CD 50 (DESAGA, Heidelberg, F.R.G.). 

Photoaffinity labeling. For photoaffinity labeling with 
benzylpenicillin [22,27] brush border membrane vesicles 
(200 btg) loaded with 10 mM Tris-Hepes buffer (pH 
7.4)/300 mM mannitol were incubated with 3 #Ci 
[3H]benzylpenicillin in 200 /~1 of 10 mM citrate-Tris 
buffer (pH 6.0)/140 mM KCI either in the absence or 
in the presence of the indicated concentrations of renin 
inhibitors in the dark. Subsequently the vesicles were 
irradiated at 254 nm for 120 s in a Rayonet RPR 100 
photochemical reactor (The Southern Ultraviolet Com- 
pany, Hamden, CT) equipped with 16 RPR 2537 
lamps at a distance of 15 cm from the lamps. After 
dilution with 1.5 ml of ice-cold 10 mM Tris-Hepes 
buffer (pH 7.4) /300 mM manni to l /4  mM P M S F / 4  
mM E D T A / 4  mM iodoacetamide the membranes were 
collected by centrifugation at 48 000 X g for 30 rain. 
After resuspension in 200 #1 of water protein was 
precipitated according to Wessel and Fltigge [30]. 

Sodium dodecylsulfate polyacrylamide gel electrophore- 
sis. Membrane proteins were dissolved in 70 ptl of 62.5 
mM Tris-HC1 buffer (pH 6.8)/2% sodium dodecylsuf- 
late/5% 2-mercaptoethanol/0.005% Bromophenol blue. 
After centrifugation, the clear supernatants were ap- 
plied onto discontinuous vertical sodium dodecylsulfate 
slab gels (20 x 15 x 0.15 cm) with a total acrylamide 
concentration of 7.5% at a ratio of acrylamide/bisacryl-  
amide of 97.2 : 2.8. Fixing, staining, scanning and count- 



ing of radioactivity in the gels was performed as de- 
scribed previously [21,22,27,31]. 

Results and Discussion 

Interaction of the renin inhibitors S 86 2033 and S 86 
3390 with the intestinal peptide transport system 

I n  o r d e r  to  c h a r a c t e r i z e  p o s s i b l e  i n t e r a c t i o n s  o f  t he  

r e n i n  i n h i b i t o r s  S 86 2033 a n d  S 86 3390 (Fig .  1) w i t h  

t h e  i n t e s t i n a l  u p t a k e  s y s t e m  for  p e p t i d e s  a n d  f l - l a c t a m  

H - " %  

S 86 2033 

H _ ~ -  

l;I 0 ~ OH 

°',6o 
S 86 3390 

Fig. 1. Structural formulas of the renin inhibitors S 86 2033 and S 86 
3390. 
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Fig. 2. Concentration dependent inhibition of cephalexin uptake into 
brush border membrane vesicles by the renin inhibitors S 86 2033 and 
S 86 3390. Brush border membrane vesicles (100 #g, 10 /xl) from 
rabbit small intestine preloaded with 10 mM Tris-Hepes buffer (pH 
7.4)/300 mM mannitol were incubated with 90 #1 of 10 mM citrate- 
Tris buffer (pH 6.0)/140 mM KC1/3% DMSO containing 1 mM (o)  
or 2 mM (O) of cephalexin and 0, 0.4, 1, 2 or 3 mM of S 86 2033 or S 

86 3390. Initial uptake of cephalexin was measured for 1 rain. 
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Fig. 3. Kinetics of the inhibition of cephalexin uptake into brush 
border membrane vesicles by the renin inhibitors S 86 2033 and S 86 
3390. Brush border membrane vesicles (100 ttg, 10 /tl) from rabbit 
small intestine preloaded with 10 mM Tris-Hepes buffer (pH 7.4)/300 
mM mannitol were incubated with 90 FI of citrate-Tris buffer (pH 
6.0)/140 mM KCI/3% DMSO containing 2, 4, 6, 10, 15 or 25 mM 
cephalexin either in the absence (1) or in the presence of 3 mM of S 
86 2033 (o) or S 86 3390 (0). Initial uptake was measured for 1 min. 

O 

8 

< 

S 86 3390 

Start Front 

O' I 

5 

20' 

30' 

120' 

Fig. 4. Effect of intestinal brush border membrane vesicles on S 86 
3390. A 2 mM solution of S 86 3390 in 10 mM Tris-Hepes buffer (pH 
7.4)/300 mM mannitol was incubated with 100 /~g of brush border 
membrane protein at 20°C. After 0, 5, 10, 20, 30, 60 and 120 min of 
incubation aliquots were removed and protein was precipitated with 
dioxane. After centrifugation the clear supernatants were put on 
HPTLC plates. The chromatograms were developed in n-butanol/ 
water/acetic acid (9:2:1, v /v /v )  and S 86 3390 was detected by 

densitometry at 220 nm. 
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antibiotics, we investigated in a first series of experi- 
ments the influence of increasing concentrations of these 
derivatives on the H+-dependent uptake of the orally 
active a-aminocephalosporin cephalexin into brush 
border membrane vesicles. The H +-dependent uptake of 
cephalexin was measured in the presence of an inwardly 
directed H+-gradient (pHou t = 6.0, pHin = 7.4) reflect- 
ing the physiological situation with an acidic micro- 
climate at the surface of the intestinal absorptive cell 
[32]. Usually the uptake of cephalexin was measured for 
1 min, since under the conditions chosen cephalexin 
uptake into brush border membrane vesicles was nearly 
linear up to 1 min of incubation as described earlier 
[18]. The uptake rate of cephalexin was measured at 
cephalexin concentrations of 1 mM and 2 mM both in 
the absence and in the presence of the renin inhibitors S 
86 2033 and S 86 3390. Fig. 2 shows that both renin 
inhibitors led to a concentration-dependent inhibition 
of cephalexin uptake into rabbit small intestinal brush 
border membrane vesicles. A half-maximal inhibition of 
cephalexin uptake (ICs0) at a concentration of 2 mM 
cephalexin was achieved with 1.1 mM S 88 3390 and 2.5 
mM S 88 2033, respectively. These inhibition constants 
in the millimolar range are similar to the Kr~ value of 
cephalexin for the intestinal peptide uptake system [18] 
indicating affinities of the renin inhibitors to the trans- 
port system comparable to those of orally active a- 
amino-fl-lactam antibiotics. In a second series of experi- 
ments we determined the type of inhibition of cephale- 
xin uptake by the renin inhibitors. Fig. 3 shows that 

both, S 86 2033 and S 86 3390 led to a competitive 
inhibition of cephalexin uptake into the brush border 
membrane vesicles. This competitive inhibition indi- 
cates that both renin inhibitors compete with cephalexin 
for binding to the transport site of the intestinal peptide 
transport system. 

Since S 86 2033 and S 86 3390 are peptide deriva- 
tives, the possibility that the abovementioned competi- 
tive inhibition of cephalexin uptake by these com- 
pounds is caused by proteolytic smaller peptide frag- 
ments rather than by the intact renin inhibitor molecule 
had to be excluded. Therefore, we determined the stabil- 
ity of both compounds against peptide hydrolyzing en- 
zymes of the brush border membrane. Brush border 
membrane vesicles were incubated with solutions of the 
renin inhibitors and after definite times the composition 
of the medium was analyzed by thin-layer chromatog- 
raphy. Fig. 4 shows that S 86 3390 was completely 
resistant against hydrolysis by brush border membrane 
enzymes and remained unchanged up to an incubation 
period of 2 h. Similar results were found with S 86 2033 
(data not shown). 

From these studies it was clear that both renin in- 
hibitors interact in intact form with the intestinal peptide 
transport system. It can not concluded, however, from 
these studies that S 86 2033 and S 86 3390 can cross the 
brush border membrane and reach the intravesicular 
space. If the renin inhibitors are transported across the 
brush border membrane into the intravesicular space, 
the equilibrium uptake values should be inversely corre- 
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Fig. 5. Uptake of S 86 3390 into brush border membrane  vesicles from rabbit small intestine. (A) Time-dependent  uptake of S 86 3390 into 
membrane  vesicles. Intestinal brush border membrane  vesicles (100 ~g, 10 ~l) equihbrated with 10 m M  Tris-Hepes buffer (pH 7.4)/300 m M  
mannitol  were mixed at 3 0 ° C  with 90 #l of  10 m M  citrate-Tris buffer  (pH 6.0)/140 m M  KCl and uptake was measured. The inset shows the 
t ime-dependent uptake of S 86 3390 into brush border membrane  vesicles in the presence (e)  and in the absence (o )  of an  inwardly directed 
H +-gradient. (B) Effect of medium osmolarity on the uptake of S 86 3390 (I) and o-[14C]glucose (II) into membrane  vesicles. Brush border 
membrane  vesicles (100/~g, 10 ~l) equilibrated with 10 m M  Tris-Hepes buffer (pH 7.4)/300 m M  mannitol  were incubated at 30 o C for 60 min with 
90 tti 20 m M  citrate-Tris buffer (pH 6.0) containing either 2 m M  S 86 3390 (I) or 1/~Ci (40 ~M) of D-[U-14C]glucose (II) and varying amounts  of 

cellobiose to attain the desired medium osmolarity. 



la ted  with the osmola r i ty  of  the med ium.  W e  therefore  
measu red  the equi l ib r ium up t ake  of S 86 3390 into  
b rush  b o r d e r  m e m b r a n e  vesicles wi th  d i f ferent  con-  
cen t ra t ions  of  ce l lobiose  in the incuba t ion  med ium.  Fig. 
5BI shows tha t  the equ i l ib r ium up take  of  S 86 3390 was 
inversely  p r o p o r t i o n a l  to the m e d i u m  osmola r i ty  as for 
D-[14C]glucose (Fig.  5BII)  demons t r a t i ng  a t r anspor t  of  
S 86 3390 across  the  b rush  b o r d e r  membrane .  In  a next  
series of  exper iments  the t ime-dependen t  up t ake  of  S 86 
3390 was measured  in the presence of  an  inward ly-d i -  

rec ted  H+-g rad ien t  (pHou t = 6.0, pHin = 7.4). Fig. 5A 
shows that  the up take  of  S 86 3390 occur red  with a 
t rans ient  accumula t ion  c o m p a r e d  to the equ i l ib r ium 
up t ake  value  and  was s t imula ted  by  an inward ly  di-  
rec ted  H+-grad ien t .  These  studies c lear ly  ind ica te  tha t  
the pep t ide -de r ived  renin  inh ib i tors  S 86 2033 and  S 86 
3390 share the in tes t ina l  up take  sys tem for small  
pep t ides  and  ora l ly  active f l - lac tam ant ibiot ics .  
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Interaction of the renin inhibitors S 86 2033 and S 86 
3390 with the binding protein for small peptides and 
fl-lactam antibiotics of M r 127000 in brush border mem- 
brane vesicles from rabbit small intestine 

Consequent ly ,  fur ther  exper imen t s  were p e r f o r m e d  
to de te rmine  whether  the renin  inh ib i to rs  S 86 2033 and  
S 86 3390 b ind  to the pu ta t ive  t r anspor t  p ro te in  for 
pep t ides  and f l - lac tam an t ib io t ics  in the brush  b o r d e r  
m e m b r a n e  of  small  in tes t ina l  enterocytes .  Pho toa f f in i ty  

label ing s tudies  of  b rush  b o r d e r  m e m b r a n e  vesicles wi th  
pho to reac t ive  ana logues  of  penici l l ins ,  c epha lospo r in s  

and  d ipep t ides  have iden t i f i ed  an in tegra l  m e m b r a n e  
p ro te in  of  molecu la r  weight  127 000 as a c o m p o n e n t  of  
the in tes t ina l  pep t ide  t r anspor t  sys tem [19-22].  C o m p e -  
t i t ion  label ing exper imen t s  and  t r anspo r t  s tudies  dem-  
ons t r a t ed  a specif ic i ty  for di- and  t r ipep t ides  as well  as 
for f l - lac tam ant ib iot ics ,  whereas  a m i n o  acids,  hexoses  
or  bi le  acids  had  no af f in i ty  [19-22].  In  o rde r  to evalua te  
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Fig. 6. Effect of the renin inhibitors S 86 2033 and S 86 3390 on photoaffinity labeling of brush border membrane vesicles with [3H]benzylpenicil- 
lin. 200 ttg (10/d) of brush border membrane vesicles preloaded with 10 mM Tris-Hepes buffer (pH 7.4)/300 mM mannitol were incubated in the 
dark for 5 min without (A) or with S 86 3390 (0.5 mM (B), 1 mM (C), 2 mM (D), 3 mM (E)) or S 86 2033 (0.5 mM (F), 1 mM (G), 2 mM (H), 3 
mM (I)) in 100/.d of 10 mM citrate-Tris buffer (pH 6.0)/140 mM KCI/3% DMSO. After addition of 100 /tl of 10 mM citrate-Tris buffer (pH 
6.0)/140 mM KCI containing 3 /~Ci [3H]benzylpenicillin (final concentration 0.88 ~M) the vesicles were irradiated at 254 nm for 2 min. After 
washing the membrane proteins were precipitated and submitted to sodium dodecylsulfate polyacrylamide gel electrophoresis on 7.5% polyacryl- 
amide gels. (A-I) Distribution of radioactivity after slicing of the gels into 2 mm pieces. The drawn line shows the distribution of Serva Blue R 250 
stained polypeptides after densitometer scanning, whereas the dotted lines show the distribution of radioactivity. (J) Concentration-dependent 
inhibition of the labeling of the 127 kDa binding protein for oligopeptides and fl-lactam antibiotics by the renin inhibitors S 86 2033 (o) and S 
863390 (O). On the y-axis is given the radioactivity (in dpm) found in the 127 kDa band after sodium dodecylsulfate polyacrylamide gel 

electrophoresis. 
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a possible interaction of renin inhibitors with this puta- 
tive peptide transport protein, we performed competi- 
tion photoaffinity labeling experiments with S 86 2033 
and S 86 3390 using [3H]benzylpeniciilin as photoprobe. 
If S 86 2033 and S 86 3390 bind to the 127 kDa binding 
protein like fl-lactam antibiotics and oligopeptides, their 
presence during the photoaffinity labeling experiment 
should decrease the extent of incorporation of the ra- 
dioactive photoprobe into the 127 kDa protein. Fig. 6 
A-I  shows that increasing concentrations of S 86 2033 
and S 86 3390 led to a concentration-dependent de- 
crease in the extent of labehng of the 127 kDa binding 
protein for oligopeptides and fl-lactam antibiotics. In 
these competition labehng experiments S 86 2033 was 
more effective than S 86 3390; a half-maximal decrease 
in the extent of labeling of the 127 kDa protein was 
achieved with about 500 gM S 86 2033 whereas about 
800 #M of S 86 3390 were necessary for a half maximal 
inhibition (Fig. 6J). 

The present investigations demonstrate that the renin 
inhibitors S 86 2033 and S 86 3390 competitively bind 
to the putative transport protein for oligopeptides and 
~-lactam antibiotics of molecular weight 127 000 in the 
brush border membrane of enterocytes from rabbit small 
intestine and also inhibit the peptide transport system. 
A direct involvement of this binding protein in the 
transport of a-amino-fl-lactam antibiotics and di- 
peptides has been proven with antibodies against the 
purified protein [33-35]. Therefore, the specific interac- 
tion of the renin inhibitors S 86 2033 and S 86 3390 
with the intestinal peptide transport system suggests 
that an orally active renin inhibitor is taken up into the 
enterocyte by this uptake system. It seems probable that 
orally active renin inhibitors must fulfill the structural 
requirements of a substrate for the intestinal peptide 
transport system to be transported across the intestinal 
brush border membrane. 
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