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Summary 

Immunological homology was shown between the active site regions of pig 
and rabbit  aminopeptidases N and between those of  the corresponding amino- 
peptidases A. However,  no homology was detectable between the aminopep- 
tidases N and A (EC 3.4.11.-) in a given species. The dimeric structure of  pig 
aminopeptidases did n o t  significantly modify their catalytic properties in aque- 
ous solution compared to those of  the monomeric rabbit  enzymes. Only a 
slight difference in binding conditions was noted in the case of  aminopeptidases 
N. 

Aminopeptidase A activity towards acidic substrates was enhanced by phys- 
iological concentrations of  Ca ~÷ while that towards neutral substrates was con- 
siderably reduced. Therefore, acidic amino acid residues in proteins and pep- 
tides may be assumed to be mostly split off  in vivo by aminopeptidase A, 
neutral residues by aminopeptidases N and basic residues by both enzymes. 

The respective specificity of aminopeptidases A and N for acidic and neutral 
amino acid residues was found to be mainly due to a more productive binding 
mode of the substrate rather than to a better  affinity. 

A remarkable cooperation appears to exist between pancreatic endopepti-  
dases and carboxypeptidases for protein degradation in the intestine. The speci- 
ficity of the first enzyme is mostly governed by the residues on the carboxyl 
side of  the scissile peptide bonds and these residues correspond fairly well to 
the specificity of the second enzyme. In contrast, the specificity of  the 
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intestinal [1--3] and pancreatic peptidases are complementary, thus allowing 
complete protein breakdown into constitutive amino acids. 

The major brush border peptidases present in intestinal and renal absorbing 
cells are two aminopeptidases denoted N and A assumed to be mostly active on 
neutral and acidic N-terminal amino acid residues in proteins and peptides 
[1,4--7]. The N and A enzymes represent, respectively, 8% and 3.5% of the pig 
intestinal brush border proteins [4,6]. Both amount to 3.5% of the proteins in 
the rabbit [5,7]. Aminopeptidases N from gut [4], kidney [8--9] and liver 
[10] are homologous enzymes [9,11]. In human kidney and liver [9], porcine 
kidney and intestine [12,13] and in rat intestine [14], the N enzymes have 
been shown to be symmetrical dimers containing 1 gatom Zn2+/subunit. By 
contrast, the enzyme from rabbit intestine [5] and probably also that from 
rabbit kidney [15] are monomeric with 1 gatom Zn2+/mol. The effect of these 
different structures on flctivity has not yet  been elucidated. While several 
reports have already been published on the enzymatic properties of aminopep- 
tidases N, the role of Zn 2÷ in catalysis and the topography of the active site 
[16,21] relatively few data are presently available on aminopeptidases A, which 
have been more recently purified from pig and rabbit intestine [6,7] and from 
pig kidney [22]. In pig, the A enzyme is a dimeric protein in which Zn 2÷ is 
replaced by Ca 2+ [22] while it is also monomeric in rabbit [7]. 

The aim of this work was to evaluate the role played by the dimeric struc- 
ture of the pig aminopeptidases compared to the monomeric structure of the 
rabbit enzymes. The respective specificities of aminopeptidases N and A from 
these two species were also compared in the presence or absence of added Ca 2÷, 
using a variety of synthetic p-nitroanilides and peptides as substrates. Moreover, 
the immunological homology between the N and A enzymes was investigated. 

Material and Methods 

Materials 
Amino acids, peptides and the p-nitroanilides of L-  or D-alanine and of 

L-leucine were purchased from Bachem. L-Glutamic acid a-p-nitroanilide was 
from Merck. 

Methods 
Purification of  enzymes and antibodies. The so-called detergent forms of 

aminopeptidases N and A were first extracted by Emulphogen treatment of pig 
and rabbit intestinal mucosa [5,6] and then converted into the corresponding 
protease forms by trypsin digestion. These latter forms were purified to homo- 
geneity as described [4--7]. The preparations served for guinea pig immuniza- 
tion. Total immunoglobulins were prepared from the resulting immunsera [23]. 

Enzyme kinetics. Hydrolysis of amino acid p-nitroanilides was measured 
spectrophotometrically at 410 nm [4]. Peptide hydrolysis was followed by 
determination of the liberated amino acids in a Beckman automatic analyzer 
Model 120 C. Standard conditions were used in most cases. For the peptide 
Leu-Gly-Gly, full separation of leucine and Gly-Gly required column equilibra- 
tion with a 0.2 M citrate buffer, pH 3.54, and elution by 0.8 M citrate, pH 
3.80. Inhibition of Ala-Gly-Gly hydrolysis by alanine or Ala-Gly was followed 
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by  chromatography of the Gly-Gly peptide in 0.2 M citrate pH 3.54. 
The kinetic parameters (Km and V) of  p-nitroanilide or peptide hydrolysis 

were derived from Lineweaver-Burk reciprocal plots using at least eight sub- 
strate concentrations near the expected Km. The catalytic constants heat were 
calculated using the following molecular weight values: 245 000 for porcine 
aminopeptidases N and A [4,6],  125 000 for rabbit  aminopeptidase N [5] and 
185 000 for rabbit  aminopeptidase A [7].  

The inhibitory effect  of amino acids and peptides was tested by measuring 
Km, i and Vi at three inhibitor concentrations. When the inhibition was com- 
petitive (Vi = V)," the inhibition constant Ki was calculated using the equation: 

gm[I]  
K i - 

Km,i --  Km 

The K i values, which never differed by more than 10%, were averaged. 

Results and Discussion 

Immunological homology between intestinal aminopeptidases 
During the immunological assays between the four enzymes (pig and rabbit  

aminopeptidases N and A) and their respective antibodies, three cases should be 
considered. At first, each enzyme was completely precipitated by its own spe- 
cific antibodies and inhibition was about  50% (Fig. 1). Moreover, no precipita- 
tion was observed when an enzyme of a certain type  (A or N) in a given species 
was incubated with an ant ibody raised against the same enzyme from another 
species (for example, rabbit  aminopeptidase N and anti-pig aminopeptidase N). 
But, substantial inhibition, almost as strong as above, (Fig. 1) showed that cross 
reactions occurred in this case. Cross reactions between the aminopeptidases N 
and between the aminopeptidases A from pig and rabbit  were also demon- 
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Fig. 1. Inh ib i t ion  of  pig a nd  r a b b i t  a m i n o p e p t i d a s e s  N an d  A by  their  ant ibodies .  The  e n z y m e s  (12 #g)  in 
1 0 0  #1 of a 10 m M  p h o s p h a t e  buf fe r ,  p H  7 .4 /0 .15  M NaC1 were  i n c u b a t e d  for  4 h at  37°C,  and  t h e n  over-  
n igh t  a t  4 °C  wi th  var ious  c o n c e n t r a t i o n s  o f  i m m u n o g l o b u i i n s  ( IgG)  f r o m  guinea  pig against  pig a m i n o p e p -  
t idase  N (a) or  r abb i t  a m i n o p e p t i d a s e  A (b).  The subst~ates w e r e  alanine  p-n i t roan i l ide  for  the  N e n z y m e s  
and g lu tamic  acid c~-p-nitroanillde for  th e  A e n z y m e s .  • • and  • • ,  pig a m i n o p e p t i d a s e s  N and  
A, r e spec t ive ly ;  o -- o a nd  z~ 4 r abb i t  a m i n o p e p t i d a s e s  N an d  A, respec t ive ly .  
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strated by immunofluorescence labeling (Feracci, H., Bernadac, A., Benajiba, 
A., Provost, A. and Maroux, S., unpublished data). 

Finally, no cross reaction was observable between aminopeptidases N and 
A irrespective of the species from which they were extracted. As shown by 
Fig. 1, anti-pig aminopeptidase N antibodies did not inhibit pig and rabbit 
aminopeptidase A and reciprocally. No precipitation was observed. 

These data are consistent with the existence of a significant immunological 
homology between the active site regions of the same enzyme originating from 
different species, but not between the aminopeptidases N and A in a given 
species. Chemical homology and consequently immunological homology 
cannot be expected in this latter case since the N enzymes are Zn2+<lependent 
while the A enzymes are Ca2÷<lependent [4,5,22].  
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Fig, 2. Kinetic parameters  of  the hydro lys i s  o f  alanlne or  glutamic acid p-nitzo~nl l lde ,  respect ive ly ,  b y  
aminopept idase  N (Fig. 2a--c)  and aminopept idase  A (Fig. 2 d ) .  • ~, pig aminopept idasc  N; 
o o ,  rabbit  aminopept idase  N ;  • A pig aminopept idase  A;  ~ 4 rabbit  aminopept idase  A.  
The react ions  were  per formed  at 37~C in 5 0  m M  p h o s p h a t e  buf fer  for the N e n z y m e s  or  in 0 . 1  M Tr i s -HC1  
b u f f e r / 2 5  m M  C a C I  2 for  the A e n z y m e s .  
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p H  dependence o f  p-nitroanilide hydrolysis by dimeric or monomeric amino- 
pep tidases 

The pH dependence of  the kinetic parameters o f  a!anine p-nitroanilide 
hydrolysis by pig and rabbit  aminopeptidases N is illustrated by Fig. 2a--c. No 
significant difference between the two enzymes could be detected in the whole 
investigated pH range. Activity was maximal at pH 7.0--7.5 in both cases. 

The hydrolysis of  glutamic acid a-p-nitroanilide by pig and rabbit  aminopep- 
tidases A was also compared at various pH values in the presence of Ca 2÷. As 
shown by Fig. 2d, the results were also similar for the two enzymes. 

Ca 2+ effect on the activity o f  aminopeptidases N and A towards synthetic and 
peptide substrates 

An activating effect  of Ca 2÷ on aminopeptidase A has been reported several 
years ago by the first authors who characterized this type  of enzyme in the 
brush border membrane [24].  As for intestinal aminopeptidase N [5] and kid- 
ney aminopeptidase A [22],  the A enzyme activity from pig and rabbit intes- 
tine was observed here to be completely abolished by a 24 h dialysis against 
5 mM EDTA/50 mM phosphate,  pH 6.0. Moreover, the assays depicted in 
Fig. 3 showed that addition of  5 mM CaC12 enhanced the A enzyme activity 
towards acidic substrates 2-fold, but  induced an almost complete inhibition 
with neutral substrates. Due to this dual effect,  the action of aminopeptidases 
A is probably restricted in vivo to acidic N-terminal residues. 

The mechanism of the very large specificity difference existing between the 
N and A enzymes was also explained by the data reported in Table I. The much 
higher catalytic efficiency of the A enzymes for acidic substrates was shown to 
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Fig. 3. Ca 2+ e f f e c t  o n  t h e  h y d r o l y s i s  o f  a c i d i c  a n d  n e u t r a l  s u b s t r a t e s  b y  in tes t ina l  a m i n o p e p t i d a s e s  N a n d  

A. In all a s s a y s ,  t h e  s u b s t r a t e  ( g l u t a m i c  a c i d  ~ - p - n i t r o a n i l i d e  o n  t h e  l e f t ;  alanine p-n i t roani l ide  o n  t h e  

r igh t )  was dissolved (1.5 raM) in 0.1 M Tris-HCl buf fe r ,  p H  7.0,  con ta in ing  var ious  c o n c e n t r a t i o n s  o f  

CaCI 2. ¢ -- a nd  o o, a m i n o p e p t i d a s e  N f r o m  pig an d  r a b b i t ,  r e s p e c t i v e l y ;  • A a n d  

~, a m i n o p e p t i d a s e  A f r o m  pig and  r a b b i t ,  r e s p e c t i v e l y ,  
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mainly result from a better  kc,t and this effect  was still amplified by the 
already mentioned affinity increase mediated by Ca 2÷. The most  significant 
overlap between both enzymes is their common ability to split lysine and prob- 
ably other basic substrates. 

Comparison between pig dimeric and rabbit monomeric enzymes 
Table I also shows that the catalytic efficiency and affinity were not  modi- 

fied in the pig dimeric enzymes by more than 2--4-fold compared to the mono- 
meric rabbit  enzymes and this difference, if any, was not  considered significant, 
especially if the porcine enzymes are symmetrical dimers with two independent 
active sites/mol. However,  it must be stressed here that  little is known at the 
present time about  the real associations existing between molecules or subunits 
in the brush border membrane.  The above evidence does not  exclude the pos- 
sibility that enzymes, which are monomeric in aqueous solutions are actually in 
an aggregated state in situ to acquire full efficiency for catalysis and transport.  

Inhibition of  aminopeptidase N by amino acids and peptides. 
The possibility that  the binding mode of  p-nitroanilides and model  peptides 

to aminopeptidase N may be different was suggested by the following observa- 
tions. (a) The hydrolysis of the first substrates was slightly less affected than 
that of  the second by the nature of  the N-terminal amino acid (Table I). (b) 
The hydrolysis of  p-nitroanilides was inhibited by an excess of  substrate, espe- 
cially in the case of  the porcine enzyme, while that  of peptide substrates was 
not  inhibited. (c) As shown by Table II, the inhibition induced by free amino 
acids and peptides was competitive when the substrate was itself a peptide. 
With p-nitroanilides, competitive inhibition was only observed in the case of  
the pig enzyme and peptide inhibitors. In all other cases (pig enzyme + amino 
acids; rabbit  enzyme + amino acids or peptides), the inhibition was of a non- 
competitive mixed type  (simultaneous variations of  Km and V [25]).  There- 
fore, p-nitroanilides and peptides may be assumed either to bind at two 
independent enzyme sites, or to require two different sets of  subsites within a 
unique binding site. 

It was notewor thy  that,  irrespective of the inhibition type  and the origin of  
the enzyme, leucine and Leu-Gly were more potent  inhibitors than alanine and 
Ala-Gly. In the case of  non-competitive inhibition, this difference was mainly 
due to an effect  on the Km values rather than on V values. 

The assays also permitted us to compare the effect  of  a given peptide taken 
successively as substrate (Tables I and III) or inhibitor of  the hydrolysis of  
alanine p-nitroanilide (Tables II and III). In this manner, the Km value was 
found to be very close to the K i value, thus proving a. posteriori that the K~ 
values of aminopeptidase-catalyzed reactions may, for all practical purposes, be 
regarded as affinity constants. 

Stereospecificity of  aminopeptidase N 
It has been proposed that the binding site of  aminopeptidase N for peptides 

is composed of  at least three subsites interacting with the first three residues of  
the chain [21].  The stereospecificity of  these subsites was tested using as sub- 
strates a series of  peptides containing a D-alanine residue at different positions. 
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S T E R E O S P E C I F I C I T Y  O F  A M I N O P E P T I D A S E S  N F R O M  P I G  A N D  R A B B I T  I N T E S T I N E  

Inhibi t ion  was  t e s t ed  shaking as substrate  alanine p-ni troani l ide  at the usual c o n c e n t r a t i o n .  See  Table  II  
for the abbreviat ions .  

Substrate  and inhibi tor  Rabbi t  Pig 

kcat  K m  /q  k e a  t K m  K i  

(s -1)  ( r a M )  ( m M )  (s - l )  ( m M )  ( m M )  

L - A I a - L - A l a - L - A l a  1 3 8  0 . 5  n . d .  3 9 4  0 . 8 3  0 . 6 0  
L - A l a - L - A l a - D - A l a  82  1 .1  n . d .  2 3 0  1 . 3 5  n . d .  
L - A I a - D - A l a - L - A l a  0 - -  N I  0 - -  N I  

D - A l a - G l y - G I y  0 - -  N I  0 - -  N I  

L - A l a - L - A l a  70  1 . 8  - -  1 9 0  2 .2  3 .1  
L - A l a - D - A l a  0 - -  N I  0 - -  N I  

D - A l a - L - A l a  0 - -  N I  0 - -  N I  

L - A l a  - -  - -  N C M  " - -  - -  N C M  

D - A l a  - -  - -  N I  - -  - -  N I  
L - A l a n i n e  p - n i t r o a n i l i d e  50  0 . 3  n . d .  2 2 2  0 . 8 7  n . d .  
D - A l a n i n e  p - n i t r o a n i l i d e  0 - -  N I  0 - -  N C M  

Evidence presented in Table III showed that hydrolysis was completely stopped 
by the D-stereo-isomer at the N-terminal or second position. Therefore, the 
first two enzyme subsites may be assumed to be fully functional and strictly 
stereospecific. 

When located at the third position, the isomer was only slightly inhibitory, 
thus suggesting a much more minor role for the still hypothetical third subsite. 
The importance of  the first two subsites for correct substrate binding was con- 
firmed by the finding that L-alanine p-nitroanilide hydrolysis was not  inhibited 
by D-alanine, D-alanine p-nitroanilide and the peptides D-Ala-L-Ala, D-Ala-Gly- 
Gly, L-Ala-D-Ala and L-Ala-D-Ala-L-Ala-. 
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