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Abstrac t - -A  preparation of closed membrane vesicles derived from the longitudinal and circular smooth 
muscle of pig small intestine was enriched eight-fold in the activity of 5'-nucleotidase and six-fold in the 
activity of peptidyl dipeptidase A relative to the tissue homogenate. The membrane vesicles specifically 
bound pH]bradykinin and the concentration of bradykinin required to inhibit 50% binding was 
0.76 -+ 0.05 nM. This concentration was not significantly different from the corresponding concentration 
of lysyl-bradykinin (0.45 _+ 0.13 nM) but was less (P < 0.05) than the concentration of methionyMysyl- 
bradykinin (1.25 _+ 0.10 riM). The concentration of des-Arg ~ bradykinin (7.5 #M) required for 50% 
inhibition was >103 times less than bradykinin indicating the presence of a B2-type receptor. 
The membrane vesicles also degraded bradykinin and the principal metabolite was identified as brady- 
kininl 7. Des-Arg 1 bradykinin, des-Arg 9 bradykinin and bradykininw9 were also formed in low yield. 
Cleavage of the ProT-PhC bond was inhibited by phosphoramidon but not by enalapril or captopril 
indicating that proteolytic inactivation of bradykinin in the muscle layer of the intestine is mediated 
through endopeptidase 24.11 ("enkephalinase") but not through peptidyl dipeptidase A ("angiotensin- 
converting enzyme"). 

Although synthesis and storage of bradykinin in 
neurones or endocrine cells of the gastrointestinal 
tract has not yet been demonstrated, homogenates 
of intestinal tissue are associated with kinin-forming 
and destroying activities [1]. Bradykinin, and the 
biosynthetically related lysyl-bradykinin, are potent 
contractors of intestinal smooth muscle [2], stimulate 
chloride secretion in the guinea pig ileum [3] and rat 
colon [4], enhance valine transport across the rat 
small intestine [5] and regulate blood flow to the 
gut [6]. Both stimulatory and inhibitory effects of 
bradykinin on trans-epithelial transfer of sodium and 
water in the rat jejunum have been observed [7]. 
The availability of [3H]bradykinin of moderately high 
specific activity and of tyrosylated analogues of 
bradykinin labelled with [125I] at the N-terminus has 
enabled demonstration of receptors for bradykinin 
in a variety of tissues, including guinea pig small and 
large intestine [8], rat uterus [9], isolated nephron 
segments of the rabbit [10] and cultured human 
fibroblasts [11]. Specific binding of bradykinin to a 
tissue preparation, as well as leading to a biological 
response, may also represent interaction with an 
acceptor site linked to a system of proteolytic inac- 
tivation [12]. This study has used [3H]bradykinin to 
demonstrate the presence of specific binding sites for 
bradykinin and its analogues in a preparation of 
membrane vesicles derived from pig intestinal 
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smooth muscle. The vesicle preparation also hydro- 
lysed bradykinin and the mechanism of proteolytic 
inactivation has been elucidated. 

EXPERIMENTAL 

Materials. Synthetic peptides were supplied by 
Bachem Fine Chemicals. Bubendorf, Switzerland. 
Captopril (D-3-mercapto-2-methylpropanoyl-L-pro- 
line) was a gift from Sanol Schwarz GmbH, 
Monheim, F.R.G. and enalapril (N-[(S)-l-carboxy- 
3-phenylpropyl)]-L-alanyl-L-proline) was a gift from 
Merck, Sharp & Dohme, Mfinchen, F.R.G. Phos- 
phoramidon [N(oc-rhamnopyranosyloxyhydroxy- 
phosphinyl)-L-leucyl-L-tryptophan] and bestatin (3- 
amino-2-hydroxy-4-phenylbutanoyl-k-leucine) were 
from Sigma Chemie GmbH, Taufkirchen, F.R.G. 
[2,3-propyl-3.4-3H(N)]bradykinin (specific activity 
72 Ci/mmol) was supplied by New England Nuclear, 
Dreieich, F.R.G. and [phenyl-4(n)-3H]hippuryl- 
glycylglycine (specific activity 0.5 Ci/mmol) was sup- 
plied by Amersham Buchler GmbH, Braunschweig, 
F.R.G. 

Preparations of mentbranes. A section of porcine 
mid-jejunum (approximately 1 m long), removed 
from the animal as soon as possible after slaughter, 
was washed with isotonic saline. The gut was opened 
by longitudinal incision and the mucosa was removed 
by scraping with a glass slide. The circular and longi- 
tudinal smooth muscle layers were removed from 
the serosa using a glass slide. The muscle strips (40- 
50 g) were washed with ice-cold buffer A (20 mM 

3719 



3720 O. SCHAFER {'gal. 

Mops:- containing !1.25 M sucrose, pH 7.0) and mem- 
branes were prepared by a modification of the 
method of Grover et al. [131. Tissue was homog- 
enized at 4 ° in buffer A (10mUg) for 45 sec in a 
Waring blender followed by 7 passages at 1500 rpm 
in a loose-fitting Teflon-glass homogenizer. The 
homogenate was centrifuged at 10,000 g for 30 mint 
in a Beckman JA-20 rotor and the pellet discarded. 
The supernatant was centrifuged at 130,000g for 
30 rain in a Beckman Ti45 rotor and the resulting 
pellet was resuspended in buffer A (12ml). The 
suspension was layered onto a discontinuous gradient 
formed in six tubes from 40Q w/v sucrose (11 ml), 
28% w/v sucrose (7 ml), 22% w/v sucrose (7 ml) and 
15% w,,v sucrose (7 ml). The tubes were centrifuged 
at 4 ° at 100,000g for 120 rain in a Beckman SW-28 
rotor. Six membrane fractions (FI-F~) were collected 
from the gradient using a Pasteur pipette. Fractions 
F1, F) and F5 represented diffuse bands in the 15qk, 
22G and 28% w/v sucrose layers and F 2, F 4 and F~ 
were distinct bands at the interfaces between the 
15% and 22%, 22% and 28c~, and 28% and 40% 
w/v sucrose layers. The fractions were diluted with 
buffer B (20 mM Hepes containing 0.3 M mannitol, 
pH 7.47 and centrifuged at 130,000 g for 30 min. The 
pellets were resuspended in buffer B to give a protein 
concentration of 2-4 mg/ml and were stored in ali- 
quots at - 70  °. 

Characterization o f  the membrane fractions. Frac- 
tions F1-F~ were characterized by measurement of 
the activities of marker enzymes: plasma membrane, 
5'-nucleotidase (EC 3.1.3.5) [14]; mitochondria, 
fumarase (EC 4.2.1.21 [15]: lysosomes, fl-gluco- 
ronidase (EC 3.2.1.31) [16]; endoplasmic reticulum, 
NADPH-cvtochrome c reductase (EC 1.6.2.41 [17]; 
brush borders, sucrase (EC 3.2.1.261 and alkaline 
phosphatase (EC 3.1.3.11 [18]. Peptidyl dipeptidase 
A (angiotensin-converting enzyme, EC 3.4.15.1) was 
determined according to ref. [19] using [3H]hip- 
purylglycylglycine as substrate. Protein concen- 
tration was measured by the method of Bradford 
[20]. The membrane fractions were further char- 
acterized by electron microscopy. The membranes 
were fixed with 3.0% glutaraldehyde in 0.1 M sodium 
cacodylate buffer, pH 7.4 for 2 hr. After washing in 
cacodylate buffer, the membranes were post-fixed in 
2q7~ w/v OsO4 in 0.1 M sodium cacodylate buffer, 
pH 7.4 for 90 min and embedded in Epon 812. The 
preparations were stained with 4% w/v uranyl acet- 
ate for 45 min at 50 ° followed by Sato lead stain for 
45 min at 50 °. 

Binding studies. Muscle membrane (75 Hg) was 
incubated for up to 60 rain in the temperature range 
4-37 ° in 25 mM Tes buffer containing 1 mM 1, 10 
pbenanthroline and 0.16% w/v human serum albu- 
min, pH 6.8 (final volume 500 /~1) in the presence 
of [3H]bradykinin (15,000dpm equivalent to 
1.8 × 10-raM) and unlabelled peptide. Brady- 

lU kinin was studied in the concentration range 10- - 
10 -6 M, lysyl-bradykinin and methionyl-lysyl- 
bradykinin in the range 10 11-10 6 M and des-Arg 1 

~,- Abbreviations: Hepes, N-2-hydroxyethylpiperazine- 
N'-2-cthancsulphonic acid: Tes, N-tris[hydroxy- 
methyl]methyl-2-aminoethanesulphonic acid; Mops: 3-[N- 
morpholino]propanesulphonic acid. 

bradykinin and des-Arg y bradykinin in the range 
10 7-10 4M. Reaction was stoppedbx thc addition 
of 25raM Tes buffer containing lC; - w:\ bovine 
serum albumin and 2% w/v bacitracm, pH (~.8 { I ml). 
Membrane-bound radioactivity was separated on 
cellulose nitrate filters (pore size {I. lure: Sal-torius 
GmbH, G6ttingen, F.R.G.) as prcviousl} describcd 
[21]. Radioactivity was counted in an lsomcss fi- 
counter (efficiency 40(;-) using Aquasol scintillation 
fluid (New England Nuclear, Boston, MA) Speci 
ficitv of binding was assessed by incubations in the 
presence of l~molar concentrations of somatostatin- 
14, somatostatin-28, gonadatropin-releasing hot-- 
monc, physalaemin, bombesin and thc head acti- 
vator neuropeptide. 

Proteolvtic degradation of  bradvkinm. Mcmblanc 
protein (75ug) was incubated with bradvkmin 
(100ug) at 37 ° for 10rain in 25mM Tes buffer. 
pH 6.8 (500 H1) in the presence and absence of 1,1ql 
phenanthroline ( 1 raM), captopril ( 10 HM), enalapril 
(l/)uM), phosphoramidon (10HM) and bestatin 
(100HM). Reaction was stopped by the addition 
of trifluoroacetic acid (50 HI) and membranes were 
removed by eentrifugation at 85,000g for 30 min. 
Metabolites were isolated using Sep-Pak ( ' lg  car- 
tridges as previously described [21]. The eluate from 
the cartridge (80% methanol) was lyophilized and 
redissolved in 0.1 (>/ v/v trifluoroacetic acid (ll)l) HI). 
The solution was chromatographed on a Supelcosil 
LC-18-DB column (25×0 .46cm:  Supelco, Inc., 
Bellefonte. PA, U.S.A.) equilibrated with watcr' 
trifluoroacetic acid (99.9:0.11. The column was 
eluted at room temperature and at a flow ratc of 
1.5 ml/min with a linear gradient (total volume 
52.5ml) formed from starting solvent and ace- 
tonitrile/water/trifluoroacetie acid (34.9 : (15.{) :11.1 ). 
Absorbance was monitored at 214nm and sig- 
nals from the detector were quantitated using a 
LDC-Mitton Roy CI-I() integrator. Major peaks 
of u.v. absorbance were purified to holnogeneit~ 
by rechromatography under appropriate iso- 
cratic elution conditions. The amino acid composi- 
tion of the metabolites was determined bv the 
method of Bidlingmeyer et al. [22]. 

RESULTS 

Characterization Of membrane uesiclev 

The relative specific activities of marker enzymes 
of the muscle membrane fractions F~ F~ compared 
to the tissue homogenate are shown in Table 1. 
Maximum enrichment of 5'-nucleotidase, a reliable 
marker enzyme for the plasma membrane of muscle 
[23] was seen in the F3 and Fa fractions and, as shown 
in Fig, 1, these fractions also showed maxmmnl 
binding capacity for [-~lt}bradykinin. Consequentls, 
all subsequent studies were carried out using a pool 
of these fractions. Contamimltion of the F~ and t:~, 
fractions by mitochondria was low but the con- 
tribution of membranes derived from lhc ends> 
plasmic reticulum, lysosomes and brush bordcrs was 
appreciable. The enrichment factor for 5'-nuclco- 
tidase in the F~ and F~ preparations compares well 
with the corresponding values for membranes pre- 
pared from rabbit intestinal circular smooth tnusclc 
(3.2-fold) and hmgtitudinal smooth muscle (5. l-fiHd) 



Binding and activation of bradykinin 3721 

Table 1. Relative specific activities of marker enzymes compared with tissue homogenate (= 1) in membrane fractions 
(F~-F6) prepared from pig intestinal smooth muscle by density gradient centrifugation. N is the number of determination 

and data are presented as mean -+ S.E.M. 

Membrane fraction 
Enzyme F~ F2 F3 F4 Fs F,, 

5'-Nucleotidase 
(N 8) 2.9 ± 0.3 6.4 _+ 0.7 8.9 ± 1.0 8.1 -+ 0.8 5.6 -+ 0.4 3.3 _+ 0.1 
Fumarase 
(N - 3) 0.22 _ 0.02 0.28 _+ 0.01 0.22 -+ 0.03 0.24 ± 0.01 0.58 -+ 0.02 0.98 ± 0.06 
NADPH-Cytochrome c 
reduetase 
(N - 5) 3.1 - 0.8 3.4 + 0.5 5.1 -+ 1.0 4.5 _+ 0.7 4.8 -+ 0.9 3.8 + 0.8 
fi-Glucoronidase 
(N - 5) 1.6 + 0.2 1.8 -+ 0.5 3.7 +- 0.2 4.2 ± 0.5 3.9 -+ 0.5 3.7 _+ 0.5 
Alkaline phosphatase 
(N = 3) 0.9 ± 0.2 2.5 -+ 0.6 3.8 + 0.3 4.4 _+ 0.7 4.8 -+ 0.5 6.5 _+ 0.8 
Sucrase 
(N - 4) 0.3 ± 0.1 0.8 -+ 0.3 2.5 + 0.7 4.9 ± 1.1 4.6 -+ 1.4 6.6 ± 2.6 
Peptidyl dipeptidase A 
(N - 4) 1.8 ± 0,2 2.8 -+ 1.0 5.0 -+ 1.2 6.1 ± 1.4 5.4 -+ 1.6 4,2 _+ 1.2 
Protein 
% of homogenate 
(N = 6) 0.40 ± 0.04 0.41 _+ 0.06 0.44 ± 0,06 0.32 -+ 0.04 0.41 -+ 0.11 0.64 ± 0.05 

and the ra t ios  of the  relat ive specific activities of 5 ' -  
nucleot idase  and  N A D P H - c y t o c h r o m e  c reductase  
are s imilar  in the p repa ra t ions  f rom pig and  rabbi t  
[13]. The  specific activity of pept idyl  d ipept idase  A 
was also highest  in the F4 f ract ion and the activity 
of the enzyme was comple te ly  inh ib i ted  by 10 HM 
enalapr i l  and  10 HM captopri l .  E lec t ron  microscopy 
of the Fa m e m b r a n e  f ract ion (Fig. 2) showed  that  
the  p repa ra t i on  consis ted p r e d o m i n a n t l y  of a mixed 
popu la t ion  of closed vesicles. C o n t a m i n a t i o n  by free 
r ibosomes  was a p p a r e n t  but  the  m e m b r a n e s  were 
free f rom mi tochond r i a  and  larger  sub-cel lular  
organel les .  

Binding o( bradvkinin and analogues to muscle 
membranes 

M a x i m u m  binding of [3H]bradykinin to the F3 and  
F4 vesicles occur red  at t e m p e r a t u r e s  be tween  15 ° and 
21 ° and in the  pH range 6.5-7.0.  In the presence  
of 1,10 p h e n a n t h r o l i n e  (1 raM),  b inding reached  a 
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Fig. 1. The activity of 5'-nucleotidase ( x - - x )  and the 
binding of [~HJbradykinin m the presence (C)--42)) and 
absence ( 0 - - 0 )  of 10 +'M bradvkinin to membrane frac- 
tions (F~-E,) prepared Irom porcine intestinal smooth 
muscle as described in the text, Binding studies were carried 
out at 21 ° using 50Hg membrane protein and data are 

expressed as mean + SEM (N = 8). 

m a x i m u m  value af ter  30 rain and  r ema ined  relat ively 
cons tan t  up to 60 min (Fig. 3). A t  21 ° and  at p ro te in  
concen t ra t ions  up to 150 ug /ml ,  the a m o u n t  of radio- 
activity tha t  was not  displaced f rom the m e m b r a n e s  
by 1 uM bradyk in in  r ep re sen t ed  < 10% of the total  
radioact ivi ty  bound  (Fig. 3). A t  37 °, b inding of 
[3H]bradykinin reached  a m a x i m u m  after  10 min but  
the rea f t e r  dec reased  appreciably.  Incuba t ions  at this 
t e m p e r a t u r e  were associated with proteolyt ic  inac- 
t ivat ion of the tracer.  Consequen t ly ,  assays were 
rout inely  carr ied out  with an incuba t ion  t ime of 
45ra in  at 21 ° and  at p H 6 . 8  with a prote in  con- 
cen t ra t ion  of 75 Hg/500 yl. U n d e r  these  condi t ions ,  
total  b inding  of [~Hibradykinin  to the m e m b r a n e s  
r ep re sen t ed  be tween  4.5 and  8 .0% of the total  radio-  
activity in the incuba t ion  mixture.  Binding  of 
[ )Hlbradykin in  ~ a s  inh ib i ted  in a concen t ra t ion-  
d e p e n d e n t  m a n n e r  by bradvkin in ,  lysyl-bradykinin 
and meth ionyl - lysy l -bradykin in  (Fig. 4). The con- 
cen t ra t ion  of pept ides  requi red  to inhibi t  50% of the 
b inding of [3H]bradykinin were:  b radvkin in  
0.76-+ 0.05 nM (N = 7), lysyl-bradvkinin 0.46_+ 
0.13 nM (N = 8) and meth ionyl - lysyl -bradykin in  
1 . 2 5 ± 0 .  I 0 n M  ( N = 5 ) .  T rans fo rma t ion  of the 
binding data  by the m e t h o d  of Sca tchard  gave rise 
to non- l inea r  plots  suggesting,  as one possibility,  
the exis tence of mult iple  classes of b inding site. 
Binding character is t ics  were consis tent  with the pres- 
ence of two classes of site for each ligand with the 
following dissociat ion constants :  b radyk in in  0.34 n M  
and 2.2 nM, l~svl-bradvkinin 0 . 6 1 n M  and 6.5 nM 
and methionyl[ l{ 'syl-bradykinin 1.2 nM and 3.5 nM. 
The  concen t ra t ions  of the metabol i t es  des-Arg  I 
b radykin in  and  des-Arg  <~ bradvk in in  required for 
50C~ inhibi t ion of b inding were >l/)~-fold higher:  
des-Arg  a b radyk in in  8.3 HM and des-Arg  ~ bradykin in  
7.5 HM. The  s t ructural ly  unre la t ed  pept ides  listed 
in the Me thods  sect ion did not  significantly inhibi t  
b inding of [~ t t ]bradykinin  to the m e m b r a n e s .  Simi- 
larly, the head  ac t ivator  pept ide  ( pGlu-Pro-Pro-Gly-  
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Fig. 2. Electron micrograph of vesicles derived predominantl~ from the plasma membrane ol pig 
intestinal smooth muscle cells (magnification ×97,6(}0). 

Gly-Se r -Lys -VaMle -Leu -Phe ) ,  a n e u r o p e p t i d e  
p resen t  in m a m m a l i a n  in tes t ine  [24] and  bear ing  
some s t ruc tura l  homology  to b radyk in in ,  also did not  
inhibi t  b inding  of [3H]bradykinin  at a concen t r a t i on  
of 1 gM. 
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Fig. 3. Effect of (A) membrane protein concentraJon and 
(B) time on the binding of [3H]bradykinin to smooth muscle 
membrane vesicles. In (A) incubations were carried out at 
21 ° for 3fl rain and in (B) at 21 ° at a protein concentration 
of 50 #g/ml. Data points represent mean _+ SEM (N - 6). 
Total binding (_Z--E), binding in the presence of 1 uM 
bradykinin ( ~ )  and specilic binding ( I ~ - Q )  are shown. 

Hydrolysis of bradykinin by intestinal smooth mu.sch' 
membranes 

A r e p r e s e n t a t i \ e  e lut ion profile on reverse phase  
H P L C  of the metabo l i t e s  fo rmed  b~ incuba t ion  of 
b radvk in in  with the F~ and  F~ m e m b r a n e  fract ions is 
shown in Fig. 5. The  ma jo r  metabol i tes  were ident-  
ified b~ amino  acid anah,'sis (Table  2). Peak 5 repre-  
sented~undegraded brad~,kinin. The principle me tab-  
olite ( peak 4) r ep re sen t ed  bradykinin~ : arising from 
a cleavage of the P ro : -Phe  ~ bond ,  The  cor responding  
C- te rmina l  f r agment  P h e ' - A r g  ~ was identified as 

100 

o~ 

c 

c 50 

0 
~1 10 g 8 ? 6 5 4 

ana log  concentrat ion Log M 

Fig. 4. Inhibit ion e l  binding el [ 't t lhradykinin to membrane 
vesicles by ( ~ )  hradykinm, (~ , - - J , )  lysyl-hradykinin. 
[ / : , - -L I  methionyl-l?syl-bradykinin. ( V - - V )  des-Arg L 
bradykinin and (~/--qT) des-Arg' bradykinm. Data poims 
r e p r e s e n t  l~]ean + ,~E~/ I  afld incubations were carried out 
as d e s c r i b e d  in thc  text  us ing  15,()flfldpm (1.g  :" lfl I~,M) 

[ ' f f l b r a d v k m i n  
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Fig. 5. Reverse phase HPLC of metabolites of bradykinin 
produced during incubation with membrane vesicles from 
pig small intestine. Elution conditions are described in the 
text and - - -  shows the concentration of acetonitrile in the 
eluting solvent. Peaks 1-6 were identified by amino acid 
analysis (Table 2). The chromatogram is representative of 

at least six experiments. 

peak 1, present  in a much lower amount ,  and the 
presence of  free phenylalanine in the chromatogram 
(peak 2) suggested that the PheS-Arg 9 bond was 
susceptible to further  hydrolysis. Peak 3 was ident- 
ified as Ser -Pro-Phe-Arg  (bradykinin~9) but no peak 

corresponding to the (1-5) f ragment  of bradykinin 
was observed in the chromatograms.  The peak 6 
peptide coeluted with synthetic des-Arg I bradykinin 
on H P L C  under  elution conditions in which des- 
Arg 1 bradykinin and des-Arg 9 bradykinin could be 
completely resolved. The peak 7 peptide was 
obtained in too small an amount  for a reliable amino 
acid analysis but the retent ion t ime of the peptide 
was identical to that of des-Arg 9 bradykinin. 

The effect of inhibitors of proteolysis upon the 
formation of the bradykinin metaboli tes  is shown 
in Table 3. Phosphoramidon,  a relatively specific 
inhibitor of intestinal endopeptidase-24.11 [25] 
inhibited strongly, but not completely,  the formation 
of b radyk in in l ,  and bradykinins_ 9. At  the con- 
centration used (10uM),  phosphoramidon inhibits 
completely the activity of purified endopeptidase-  
24.11 from pig kidney [26] and in a human synaptic 
membrane  preparat ion [27] but the lack of complete  
inhibition observed in this study is consistent with the 
observat ion that the epithelial layer of pig intestine is 
associated with a phosphoramidon-insensi t ive form 
of the enzyme when substance P was used as sub- 
strate [28]. The metal  chelator,  1,10 phenanthrol ine,  
completely inhibited the formation of the brady- 
kinin>7 metabol i te ,  consistent with the repor ted  sen- 
sitivity of intestinal endopeptidase-24.11 to this agent 
[25]. Enalapril  and captopril ,  specific inhibitors of 
peptidyl dipeptidase A,  had no significant effect upon 
the formation of any metabol i te  despite the fact that,  
at the concentrat ion used, the activity of the enzyme 

Table 2. Identification by amino acid composition of the metabolites of bradykinin formed 
during incubations with muscle membranes from pig intestine 

Amino acid residue 
Chromatography Bradykinin 
peak fragment Arg Pro Gly Phe Ser 

1 8-9 1.08 - -  - -  0.97 - -  
2 Phe - -  - -  - -  +ve - -  
3 6-9 0.97 1.06 - -  0.92 1.05 
4 1-7 1.03 2.96 1.05 1.00 0.95 
5 1-9 1.91 3.23 1.13 1.79 0.94 
6 2-9 1.07 3.14 1.08 1.67 1.00 

Table 3. Effect of inhibitors on the hydrolysis of bradykinin by pig intestinal smooth muscle membranes. Data are 
expressed as mean ± SEM and represent the results of at least six experiments 

Effects of inhibitors on peak area 
(no inhibitor = 100) 

Chromatography Bradykinin 1,10 phenanthroline Phosphoramidon Captopril Enalapril Bestatin 
peak fragment (1 mM) (1 ~M) (10 uM) (10 gM) (100/,tM) 

1 8-9 n.d. 15 -+ 1 96 +- 4 96 +_ 3 237 ± 18 
2 Phe n.d. n.d. n.d. n.d. 30 -'- 5 
3 b--9 n.d. 91 -~ 5 82 + 5 96 +_ 6 65 -+ 8 
4 1-7 2 _+ l 23 -+ 5 89 ± 3 93 _+ 3 95 ± 7 
6 2-9 n.d. 102 -+ 6 88 ± 6 97 +- 4 118 ± 8 

n.d. ~ not determined. 
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was completely inhibited when [)H]hippurylgly- 
cylglycine was used as substrate. Bestatin, a broad 
spectrum inhibitor of several aminopeptidases, 
inhibited cleavage of the PheS-Arg '~ bond resulting 
in an increase in the area of the Phe-Arg peak 
and decrease in the amount of free phenylalanine 
in the chromatograms. The formation of des-Arg l 
bradykinin was, however, bestatin insensitive, 

DISCUSSION 

The present study has described the preparation 
and characterization of membrane vesicles from pig 
intestinal smooth muscle that specifically' bind and 
hydrolyse bradvkinin. The total preparation time of 
the membranes was relatively short (approximately 
7 hr) and preliminary experiments indicate that the 
method is suitable for the preparation of membranes 
from surgically-resected human intestinal tissue. The 
eight-fold enrichment of 5'-nucleotidase in the F3 
and F4 fractions indicated that the vesicles were 
derived, at least in part. from the plasma membrane. 
As bradvkinin and lysyl-bradykinin are highly 
charged peptides it is unlikely that they would cross 
the cell membrane (other than bv a mechanism of 
receptor-mediated endocytosis) and so would not 
have access to intracellular binding sites or pro- 
teolytic enzymes. The concentration of bradykinin 
required to inhibit 50% of the binding of 
[3H]bradykinin to the vesicles (0.76nM) is com- 
parable to the corresponding values in preparations 
from guinea pig ileum (0.2 nM) [8]. bovine uterine 
myometrum ((I.17 nM) [29] but lower than in human 
fibroblasts (4.6nM) [111 and rabbit nephron seg- 
ments (12nM) [10[. In agreement with the obser- 
vations of Innis et al. [8], the ability of lysyl-brady- 
kinin to inhibit binding was not significantly' different 
from that of bradykinin but the lower binding affinity 
of methionyl-lysyl-bradykinin is consistent with the 
lower potency of the analogue in contracting the 
guinea pig ileum. The greatly reduced ability of 
des-Arg 9 bradykinin to inhibit the binding of 
[3H]bradykinin is indicative of the presence of a B= 
type receptor in pig intestinal smooth muscle [30]. 

The interaction of [YH]bradykinin with human 
fibroblasts could be represented by a linear Scatchard 
plot with a Hill coefficient close to unity, consistent 
with the presence of a single class of binding site with 
no significant cooperativity effects [11]. In contrast, 
analysis of the binding of bradykinin, lysyl-brady- 
kinin and methionyl-lysyl-bradykinin to the intestinal 
membranes in this study gave rise to non-linear Scat- 
chard plots which were consistent with the presence 
of two classes of binding site. A previous study [9] 
has demonstrated that the binding characteristics 
of [l-'YI]Tyrl Kallidin to subcellular particles from 
bovine myometrium are consistent with the presence 
of two classes of site with dissociation constants 
of 0.1 and 5nM. Several recent studies 112,311, 
however, have identified possible artifactual causes 
of deviation from linearity and caution against ascrib- 
ing such deviation to the presence of receptor sub- 
types or negative cooperativity effects. Further stud- 
ies are required using a [3H]bradykinin analogue 
of higher specific activity before an unambiguous 
interpretation of the binding data can bc made. 

Incubation of bradykinin with the membrane 
vesicles resulted in rapid hydrolysis of the ProL 
Phe s bond. Formation of both bradykinint ~ and 
bradykmin s <, fragment was inhibited by phospho- 
ramidon but not  b\ captopril and enalapril. This 
resuh indicates that hvdrol\sis is mediated through 
the action of endopeptidase-24, l l and not through 
peptidyl dipeptidase A. Purified cndopeptidase- 
24.11 from pig kidney 120] cleaves bradvkinin at thc 
ProLPhe s bond with further cleavage at the (}Iv a- 
Phe 5 bond on prolonged incubation, Although thc 
kinetic parameters of the intestinal enzymes have 
not bccn reported, the K,, t for the hwtrolvsis ol 
bradvkinin by cndopeptidase-24. I 1 from pig kidncv 
(63e~¼min i) [26] is inuch higher than the K ..... for 
hvdrol\sis by peptidyl dipeptidase A from human 
k:ldney((500 rain ~) [191 suggesting that. in the mcm- 
brane vesicles, the latter enz'+me is u n a b l e  to coin- 
pete successfully' with endopeptidase-24.11 for avail- 
able substrate. This conclusion is supported by 
earlier obserxations that endopeptidase-24.11, hut 
not peptidyl dipeptidase A, will hydrolyse substance 
P in the epithelial layer of pig intestine [281 and 
neurokinin A [32] and neurokinin B [33] in synaptic 
membranes from pig striatum. 

Minor metabolites identil~ed following incubation 
of bradvkinin with the membrane vesicles were des- 
Arg 1 bradykinin and des-Arg ~ bradvkmm. The for- 
mation of the des-Arg ~ mctabolite was not inhibited 
by bestatin, demonstrating that its formation was not 
mediated throuoh~, the action of aminopeptidase N 
(EC 3.4.11.2), an integral membrane protein that 
mav be involved in the degradation of neuropcptides 
in the brain [341 and has been shown to be present 
in the cell surface membrane of vascular smooth 
muscle I35]. Bestatin did, however, inhibit the cleav- 
age of the PheS-Arg ~ bond in thc bradykinins ~, frag- 
ment. A further minor metabolite was identified as 
Ser-Pro-Phe-Arg (bradykinin+~,). Formation of this 
component during incubation c~f bradykinin with pul- 
monary arterx endothelial cells in culture [3:~1 and 
duringperfusion of bradvkinin through the rat liver 
[37] has been reported. The fact that formation of 
this metabolite was partially inhibited by bestatin 
suggests that it may have arisen from the rapid clea\- 
age bv aminopeptidase(s) of thc endopeptidasc- 
24.11 derived metabolite Phe-Ser-Pro-Phc-Arg. The 
present study has demonstrated that metabolism of 
bradvkinin within the muscle laver of thc intestine 
follows a different pathway than in plasma where 
carboxypeptidasc N is responsible for 91l:/- of kinin 
destruction and in the lung where degradation is 
mediated primarily through peptidyl dipeptidasc A 
[38]. 
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