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Summary 

Peptide hydrolases were solubilized from rat small intestinal brush border 
by  papain and separated by Sephadex G-200 chromatography, velocity gradient 
ultracentrifugation and polyacrylamide disc electrophoresis and designated ac- 
cording to approximate molecular size from sedimentation studies. Peptidases I 
(apparent Mr 230 000) and II (apparent Mr 160 000) are oligopeptidases with 
maximum specificity for tripeptides with identical pH optima (7.5) and similar 
apparent Km with L-Leu-Gly (I, 0.60 raM; II, 0.76 mM). L-Leucyl-fi-naphthyl- 
amide is a competit ive inhibitor of  both enzymes. Concentration of peptidase 
II produced partial conversion to peptidase I on polyacrylamide disc electro- 
phoresis. The third peptide hydrolase (III, Mr 120 000) is a dipeptidase with 
pH opt imum 8.5 and apparent Km for L-Leu-Gly of  0.65 mM. 

These peptide hydrolases were inhibited appreciably (37--59%) by 0.2 M 
glycine/NaOH, Tris • HC1 or Tris • glycine buffers. EDTA (5 mM) completely 
inhibited these enzymes but  all activity was restored by  dialysis against buffer 
without  divalent ions. Subsequent addition of Mg 2÷, Mn 2÷, Co 2÷ or Zn 2+ (1--2 
mM) inhibited peptidases I and II variably (4--81%) depending upon the sub- 
strate and buffer used. In contrast peptidase III was activated slightly by metal 
ions (5--20%). 

These peptide hydrolases are strategically located at the intestinal lumen- 
cell interface and possess biochemical characteristics making them ideally 
suited to play a pivotal role in the final stage of  protein digestion. 

Introduction 

The small intestinal surface cell constitutes a protective barrier that per- 
mits entry only of  substances for which it has specific transport  mechanisms. 
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Although certain compact  oligopeptide products of pancreatic protease action 
are transported intact into the intestinal cell [1,2] where intracellular pep- 
tidases [2--6] can hydrolyze them, isolated brush border membranes are highly 
active against small peptides [7,8] with specificity for many dipeptides and 
tripeptides [9 ,10] .  The strategic location of  the intestinal brush border surface 
for oligopeptide hydrolysis has prompted comparative studies of cell sap and 
brush border preparations demonstrating differences both of biochemical char- 
acteristics [11,12] and also in the level of peptide hydrolase activity in re- 
sponse to starvation [13] or high protein diet [14] .  However, such studies have 
been carried out  on intestinal preparations that probably contain several pep- 
tidases and delineation of a precise physiologic role for the brush border in 
protein digestion depends upon individual s tudy of each component  peptide 
hydrolase. 

Since there is extensive evidence that dietary carbohydrates are hydrol- 
yzed at the intestinal lumen-cell interface by surface oligosaccharidases 
[15,16] ,  we were encouraged to separate and characterize the peptide hydrola- 
ses (EC 3.4.--.--) of  the brush border. Our experiments identify three enzymes 
of the brush border which possess biochemical characteristics favoring hydroly- 
sis of small peptides containing bulky aliphatic or aromatic residues. These 
peptidases are ideally suited to perform surface digestion of the peptide prod- 
ucts of pancreatic protease action. 

Materials and Methods 

Animals. Sprague-Dawley rats of either sex (200--400 g) were allowed 
Purina rat chow ad libitum prior to sacrifice. 

Peptides. Peptides composed of L-form amino acids* were obtained com- 
mercially. Leucyl-/3-naphthylamide, and the natural peptides were obtained 
from Sigma Chemical Company,  St. Louis, U.S.A., Cyclo Chemical Company,  
Los Angeles, U.S.A. and Fox Chemical Company, Los Angeles, U.S.A. Only 
peptides which had no detectable impurity by  thin-layer chromatography [17 ] 
were used as substrates. 

Isolation of  brush borders. Brush borders were prepared from intestinal 
homogenates by use of controlled osmotic lysis to release the various cell 
organelles [18] .  Mucosal scrapings from jejunum and ileum of rats were added 
to 200 ml of  300 mM sucrose/5 mM EDTA, pH 7.4 and homogenized for 30 s 
(Hamilton Beach, Model 8, Speed 4, Racine, Wisconsin, U.S.A.). The homo- 
genate was filtered through silk gauze and the filtrate centrifuged at 1500 g for 
10 min. The precipitate contained intestinal cell fragments, brush borders and 
other cell organelles. Pure brush borders were obtained by sequential 10 min 
exposure to increasingly hypotonic  solutions of sucrose/5 mM EDTA, in which 
the sucrose was decreased from 300 mM in 75 mM increments with a final 
wash with 37.5 mM sucrose/5 mM EDTA. The process was monitored at each 
step with phase contrast microscopy. Resuspension in the two final solutions 
was repeated if the precipitate was observed to contain contaminants. The final 

* Only peptides containing L-amino acids were used as substrates. The L designation has been 

omitted in this paper. 
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1500 X g precipitate containing only brush borders was taken up and dialyzed 
against 0.05 M Tris buffer pH 7.5--8.0. The entire isolation procedure was 
carried out at 4°C. Jejunal and ileal brush borders yielded similar assay results, 
and therefore they were combined for subsequent studies. Final preparations 
were free of cell sap peptidase activity (Pro-Leu as substrate), lysosomal en- 
zyme activity (acid ~-galactosidase) [19],  and microsomal and mitochondrial 
contamination [12,18].  Specific activity of sucrase, a known brush border 
enzyme, increased 10--15-fold over the crude homogenate. 

Solubilization of brush border peptidases. Papain (30 mg/ml crystalline 
suspension in acetate buffer pH 4.5 Sigma Chemical Co.), was used to release 
the peptidases from the brush borders. After activation of 20 mg of papain in 
33 mM cysteine/2 mM EDTA, pH 7.4 for 15 min at 37°C, the activated 
enzyme solution was added to the brush border suspension to give a ratio of 
brush border protein to papain of  2 : 1. The brush border-papain mixture was 
incubated for 30 min at 37°C and the reaction terminated by cooling rapidly in 
a salt-ice bath. The solubilized brush border peptidases were then recovered in 
the high speed (100 000 X g, 60 min) supernatant and dialyzed against 0.05 M 
Tris pH 7.5--8.0. 

Enzyme Assays 
[J-Naphthylamide hydrolase activity, fi-Naphthylamide hydrolase activity 

was determined by scaling down the method of Goldbarg and Rutenberg [20] 
by a factor of 5 with use of leucyl-~-naphthylamide at 0.17 mM in the reaction 
mixture. The absorbance at 560 nm in 0.9 ml cuvettes with a 1 cm light path 
was linear over the range of 0--40 pg of released fl-naphthylamine. 

Peptidase activity. 1/10 ml of suitably diluted enzyme preparation was 
incubated for 10--60 min at 37°C with 0.1 ml peptide (1--60 mM) in 0.05 M 
Tris buffer at pH 7.5--8.5, depending on the experiment. The reaction was 
terminated by placing the tube in a 100°C water bath for 3 min. The amino 
acids released were estimated by a modification of the method described by 
Fujita et al. [10] using the L-amino acid oxidase-peroxidase coupled system. 
Leucine, phenylalanine and methionine reacted with the reagent when present 
as free amino acids but showed the same absorbance as the buffer blank when 
present in a peptide. The quanti ty of peptide hydrolyzed was determined from 
the amount  of amino acid released and activity was expressed as pmol/min = 
I.U. (International Units). 

When tri- or tetrapeptides containing more than one residue capable of 
reacting with L-amino acid oxidase were used as substrates, conditions were 
established to insure release of a single amino acid residue. Since the oligopep- 
tides were hydrolyzed solely by removal of an N-terminal amino acid, this was 
accomplished by monitoring the reaction with thin-layer chromatography 
[17]. 

Protein. Protein was determined by the method of Lowry et al. [21]. Tris 
buffer in the same concentration as in the enzyme solutions was present in all 
standards. 

Gel filtration chromatography. Cross-linked dextran (Sephadex G-200, 
Pharmacia) was placed in 0.05 M Tris buffer, pH 7.5--8.0 for 72 h and then 
packed at 25°C in a 2.5 cm X 45 cm column at a pressure of 10 cm of water 
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and allowed to equilibrate for 24 h at 4°C. The sample (0.3--1 ml) of  solu- 
bilized brush border containing 60 mg protein in 0.05 M Tris/0.14 M NaC1 
was layered under the buffer at the top of  the column and eluted at a rate of 
4--5 ml/h. 

Density gradient ultracentrifugation. Samples of 0.1 ml were layered onto 
5.0 ml linear gradients of  2.5--10, 4--16, or 5--20% D-mannitol/0.05 M Tris • 
HC1, pH 7.5--8.0, and then centrifuged for 4.5 or 6.5 h at 4°C at 300 000 × g 
in the SW 65 Ti rotor. A slight precipitation of mannitol in the 4--16 and 
5--20% solutions neither affected the linear sedimentation of  the enzymes nor 
the collection of  the gradient. After ultracentrifugation, the bo t tom of the tube 
was punctured with a hollow needle, and the fluid collected in 0.1 ml (7 drop) 
fractions by increasing air pressure at the top of the tube. 

Results 

Solubilization of brush border peptidases with papain. The brush border 
peptidases could not  be solubilized by repeated washings, but  removal from the 
membrane was accomplished by papain digestion. It was necessary to compro- 
mise between incomplete release of the peptidases or loss of the enzymes by 
inactivation. Papain treatment of the brush borders released 40--80% of the 
peptidase and leucyl-fl-naphthylamide hydrolase activities (Table I). These spe- 
cific activities of the solubilized peptidases were similar to those previously 
observed for intact brush borders [8 ,9 ,12] ,  and, depending upon the peptide 
substrate, were 4--23 times those found for the cell sap (Table I). 

Gel filtration chromatography of solubilized peptidases. Passage of the 
solubilized brush border material through a Sephadex G 200 column yielded 
2 peaks of  peptidase activity that were partially resolved (Fig. 1). The central 
portion of each peak was concentrated by vacuum dialysis at 4°C and analyzed 
for activity against a wide range of  substrates, as shown in Table II. The leading 
peak (A-A') was active against leucyl-fi-naphthylamide and the natural peptides 
Gly-Leu, Gty-Phe, Leu-Gly and Phe-Val and showed maximal activity against 
tripeptides. In contrast the trailing peak (B) lacked significant activity toward 
leucyl-fi-naphthylamide or Phe-Val and tripeptides, yet  hydrolyzed Gly-Leu, 
Gly-Phe and Leu-Gly very rapidly. Hence it appeared to be primarily a dipep- 
tidase. 

T A B L E  I 

S O L U B I L I Z E D  P E P T I D A S E  A C T I V I T Y  F R O M  B R U S H  B O R D E R S *  

Brush  b o r d e r  m e m b r a n e s  were  p r e p a r e d  and  so lubf l ized  w i t h  papa in -cys t e ine  as d e s c r i b e d  u n d e r  
m e t h o d s .  

Subs t r a t e  Speci f ic  ac t iv i ty  % ac t iv i ty  Sp. act .  ra t io  
( I .U . /g  p ro t e in )  so lubi l ized  Brush bo rde r /Ce l l  sap 

L N A  90  55 23 
Gly-Leu  240  81 4 
Gly-Phe 280  79 10 
Leu-Gly  250  43 5 
Phe-Val  600  60 11 

* L N A ,  Leu cy l - ~ - naph thy l amide .  
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Fig .  1. S e p h a d e x  G - 2 0 0  gel f i l trat ion c h r o m a t o g r a p h y  o f  papa in - so lub i l i z ed  rat b r u s h  b o r d e r .  A 2 .5  c m  X 

4 5  c m  c o l u m n  ( V  o = 6 2  m l )  was  equ i l ibra ted  and e l u t e d  w i t h  0 . 0 5  M Tr i s  • HC1 p H  7.5  as descr ibed  in 
m e t h o d s .  L N A  = l e u c y l - f i - n a p h t h y l a m i d e ;  the  d i p e p t i d e s  were  1 0  m M  in the  r e a c t i o n  m i x t u r e .  R e c o v e r y  

o f  p e p t i d a s e  ac t iv i ty  was  8 2 - - 9 0 % .  

Fig.  2. V e l o c i t y  gradient  u l t r a c e n t r i f u g a t i o n  of  papa i n - s o l ub i l i z ed  b r u s h  b o r d e r  mater ia l .  Gradients  were  

5 - - 2 0 %  D - m a n n i t o l / 0 . 0 5  M Tr i s  • HC1 p H  7 .5  and c e n t r i f u g a t i o n  was  ca r r i ed  o u t  f o r  4 . 5  h a t  3 0 0  0 0 0  X g 

in the  S W 6 5  Ti  r o t o r  i n  a B e c k m a n  L - 2 6 5  i n s t r u m e n t .  Frac t ions  (0 .1  m l )  were  c o l l e c t e d  f r o m  t h e  b o t t o m  

o f  t h e  t u b e  and a n a l y z e d  for h y d r o l a s e  ac t iv i ty  as descr ibed  u n d e r  m e t h o d s .  Peaks  were  n u m b e r e d  

a c c o r d i n g  to the ir  relat ive rates  o f  s e d i m e n t a t i o n .  R e c o v e r y  o f  a d d e d  act iv i ty  w a s  7 5 - - 9 0 % .  L N A ,  l eucy l -  

f i - n a p h t h y l a m i d e .  

Density gradient centrifugation. When the solubilized brush border mate- 
rial was centrifuged in 5--20% D-mannitol at 300 000 X g for 4.5 h, three peaks 
of peptidase activity were identified (Fig. 2), the most rapidly moving enzyme 
(I) being followed closely by another (II) having very similar substrate specifici- 
ty. The use of a longer centrifugation time in a less concentrated gradient 
improved the separation of  the enzymes (Fig. 3) and showed that the tripeptide 
Leu-Gly-Gly was hydrolyzed more rapidly than dipeptides by enzymes I and II. 
The third major peptidase peak (III) found on density gradient centrifugation 
migrated much more slowly (Figs 2,3) and possessed similar substrate specifici- 
ty to that of  the trailing enzyme (B) on Sephadex G 200 (Table II). 

Identification of Sephadex G 200 enzymes by density gradient centrifuga- 
tion. After isolation and concentration by vacuum dialysis, the broad leading 
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T A B L E  II  

S U B S T R A T E  S P E C I F I C I T Y  O F  B R U S H  B O R D E R  P E P T I D A S E  P E A K S  F R O M  S E P H A D E X  G 200  

The  c e n t e r  p o r t i o n  of  the  e n z y m e  p e a k s  were  co l lec ted  f r o m  gel f i l t r a t ion  e x p e r i m e n t s  (Cf. Fig. I ) .  

S u b s t r a t e * *  S u b s t r a t e  Peak  A, A' Peak  B 

C o n c e n t r a t i o n  Rela t ive  Re la t ive  

(raM) ac t iv i ty  * ac t iv i ty  * 

Gly-Leu  30 100 100  

L N A  0.17 80 10 
Gly-Phe 30 90  60  

Leu-Gly  30 100  75 

Leu-Gly-Gly  30 280  10 

Leu-Phe  15 180  20 

Phe-Gly  30 280  30  

Phe-Gly-Gly  30 1 0 3 0  40  

Phe -Leu  30 120  20 
Phe-Phe 20 90  10 

Phe-Phe-Phe*  * * 0.2 140  10 

Phe-Phe-Phe-Phe*  * * 0 .2  86 10 

Phe-Val  30 286 20 

Pro-Leu  30 <1  < 1  

Leu-Pro  30 <1  < 1  

* Gly-Leu  h y d r o l a s e  ac t iv i ty  = 100. 

** L N A  = L e u c y l - ~ - n a p h t h y l a m i d e .  
*** Since r e m o v a l  o f  an N- t e rmina l  Phe res idue  y ie lds  a smal le r  p e p t i d e  subs t r a t e  f r o m  w h i c h  Phe can  

also be  h y d r o l y z e d ,  s h o r t - t e r m  i n c u b a t i o n s  were  ca r r i ed  ou t  wi th  m o n i t o r i n g  o f  r e a c t i o n  p r o d u c t s  

by  th in  layer  c h r o m a t o g r a p h y .  Cleavage o f  the  s e c o n d a r y  subs t r a t e  d id  occu r  b u t  was  m i n o r  

c o m p a r e d  to the  p r i m a r y  r e a c t i o n ;  h o w e v e r ,  va lues  g iven m u s t  be c o n s i d e r e d  a p p r o x i m a t e .  
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Fig. 3. P ro longed  ve loc i t y  u l t r a c e n t r i f u g a t i o n  of  papa in-so lub i l i zed  b rush  b o r d e r  in  di lute  g rad ien t s .  Con- 

d i t i o n s  are as desc r ibed  for  Fig.  2 e x c e p t  t h a t  g r a d i e n t s  were  2 .5 - -10% D - m a n n i t o l  and c e n t r i f u g a t i o n  t i m e  

was 6.5 h. R e c o v e r y  o f  a d d e d  ac t iv i ty  was 80- -94%.  

Fig.  4. Ve loc i ty  u l t r a c e n t r i f u g a t i o n  of  Peak  B ( 1 2 0 - - 1 3 0  ml  e f f l u e n t )  i so la ted  f r o m  S e p h a d e x  G-200 gel 
f i l t r a t ion  (Fig.  1). T h e  m a t e r i a l  was  c o n c e n t r a t e d  50-fold  by  v a c u u m  dia lys i s  and  0.1 ml  l aye red  o v e r  the  

g rad ien t .  O the r  c o n d i t i o n s  axe desc r ibed  in Fig.  2. R e c o v e r y  of  ac t iv i ty  added  was  92%. 
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peptidase peak (A-A') from the Sephadex G 200 column (Fig. 1) was found to 
consist of peptidases I and II when examined by gradient centrifugation. As 
expected, the trailing peptidase peak from Sephadex G-200 (peak B, Fig. 1) 
was found to sediment as peak III with specificity for dipeptides but minimal 
activity against tripeptides (Fig. 4). A longer centrifugation time (6.5 h) caused 
this trailing dipeptidase to migrate further, but it showed no tendency to 
become polydisperse. 

Characteristics o f  the three peptidases. Further purification by use of 
DEAE-Sephadex or polyacrylamide disc electrophoresis produced appreciable 
losses of activity so the partially purified enzymes were used for comparison of 
biochemical characteristics. The center portion of each peptidase peak recov- 
ered from Sephadex gel filtration experiments was concentrated by vacuum 
dialysis against 0.05 M Tris pH 8.0 and further purified by velocity centrifuga- 
tion on D-mannitol gradients as described under Methods. The sequential use of 
these two separation techniques yielded each peptidase with <1% contamina- 
tion from another peptidase (cf. Fig. 4 for peptidase III). Specific activities of 
the peptidases isolated in this manner were approximately 10 times higher than 
that found for solubilized brush border (Table I). Acrylamide gel electrophore- 
sis of the three peptidase peaks verified that each enzyme was a distinct entity 
and identified only one to three other protein bands all of which were devoid 
of any peptide hydrolase activity (Fig. 5). 

I II TTI 

O- 

2 

4 

•ffi :NA 
Peptides 

ILNA 
iPeptides 

8 Dipeptides 

f f 

I0+ 
CM 

Fig. 5. A c r y l a m i d e  gel e lec t rophores i s  of  peptidase peaks I,  I I  and I I I  isolated from sequential  Sephadex  
G-200  gel f i l t ra t ion  and ve loc i ty  g rad ien t  ultracentrifugation.  S y s t e m  No. 2 5 1 5  o f  Jovin ,  Dan te  and 
C r a m b a c h  [ 2 6 - - 2 8 ]  was used with  4 .25% to ta l  a c r y l a m i d e / 1 1 . 7 5 %  cross- l inking/0.5% agarose  in the 
s tacking gel and  7% total  acrylarnide/2% cross-l inking in the  sepaxation gel. The  p H  values o f  buffers  were  
u p p e r  reservoir ,  7.7; s tacking gel, 6.1;  sepaxat ion gel, 7.2;  and  l o wer  reservoir ,  6.9. E lec t rophores i s  was 
carr ied o u t  at 7°C for  3 h at  a c u r r e n t  of  2 m A  per  gel. Sta ining was  wi th  coomass ie  blue.  O, origin;  f, 
pos i t ion  of  b r o m p h e n o l  blue.  Leucy l - f l -naph thy lamide  h y d r o l y s e  ( L N A )  and pep t ide  hydro lase  activi t ies 
were  ana lyzed  in 2 m m  sect ions  of  dup l ica te  gels and  f o u n d  to be conf ined  to  dis t inct  p ro t e in  bands  as 
indica ted .  
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T A B L E  I I I  

S P E C I F I C I T Y  O F  T H E  B R U S H  B O R D E R  P E P T I D A S E S  

T h e  e n z y m e s  w e r e  i s o l a t e d  f r o m  s e q u e n t i a l  gel f i l t r a t i o n  a n d  v e l o c i t y  g r a d i e n t  c e n t r i f u g a t i o n  a s  

d e s c r i b e d  in  t h e  t e x t .  S ( I b s t r a t e  c o n c e n t r a t i o n s  are  g i v e n  i n  T a b l e  I f .  ( + ) ,  a p p r e c i a b l e  a c t i v i t y  p r e s e n t ;  

(-+),  a c t i v i t y  1 0 - - 2 0 %  o f  m a x i m a l  w i t h  G l y - L e u  a s  s u b s t r a t e ;  ( - - ) ~  a c t i v i t y  ~ 1 0 %  o f  m a x i m a l  w i t h  G l y - L e u  

or  n o t  d e t e c t a b l e .  

P e a k  I P e a k  I I  P e a k  I I I  

L N A  + + - -  

G l y - L e u  + - -  + 

G l y - P h e  + - -  + 

L e u - G l y  + + + 

L e u - G l y - G l y  + + 

L e u - P h e  + - -  ÷ 

P h e - G l y  + + - -  

P h e - G l y - G l y  + + - -  

P h e - L e u  + + - -  

P h e - P h e  + ± - -  

P h e - P h e - P h e  + + - -  

P h e - V a l  + + - -  

P r o - L e u  - -  - -  - -  

L e u - P r o  - -  - -  - -  

Substrate specificity o f  the peptidases. The substrate specificities of  the 
three enzymes are compared in Table III. Peaks I and II both appear to be 
oligopeptidases with broad specificity for di- and tripeptides. Peak I showed 
specificity for all peptides tested except Pro-Leu and Leu-Pro and was particu- 
larly active against Phe-Val and tripeptides (Table III, Figs 2,3). Peak II also 
was active against most oligopeptides but  possessed a narrower range of speci- 
ficity for dipeptides with little or no capacity to hydrolyze Gly-Leu, Gly-Phe or 
Leu-Phe. The smallest peptidase (III) was maximally active against the dipep- 
tides Gly-Leu, Leu-Gly and Gly-Phe but  showed little or minimal activity 
against Phe-Val and other N-terminal phenylalanine peptides. In contrast to the 
findings for peptidases I and II, peptidase III hydrolyzed oligopeptides at only 
a fraction of  the rates of dipeptides. 

In other experiments not  detailed here, blocking of the free N-terminus 
with a CBz group completely inhibited activity. In contrast peptide amides 
were readily hydrolyzed by peptidases I and II but  were poor substrates for 
peptidase III. No carboxypeptidase or endopeptidase activities [22] were 
found for any of the enzymes. 

pH activity studies. Peptidases I and II with leucyl-~-naphthylamide as 
substrate both showed a broad plateau of  optimal activity at pH 6.5--7.5 and 
the pH-activity curves were indistinguishable for these two enzymes (Fig. 6). A 
narrower and slightly higher pH-optimum (7.5--8.0) was found for enzymes 
with the natural substrate Leu-Gly (Fig. 6) and varied somewhat  depending on 
the buffer used. The dipeptidase peak (III) showed a higher optimal pH (8.5) 
and narrower pH-activity curve (not shown ) than the other  peptidases so that 
at pH 7 and 10, activity was only 10% of maximal. 

Kinetic and molecular weight studies. All three enzymes obeyed Michaelis- 
Menten kinetics when studied by reciprocal plotting of substrate concentration 
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Fig. 6. pH-ac t iv i ty  curves  for  pept idases  I and II wi th  l eucy l -~ -naph thy lamide  ( L N A )  (0.17 mM)  and 
Leu-Gly  (10  raM) as substra tes .  Buffers used were:  o ©, 0 .05  M Tris • HCh • e ,  0 .05  M 
s o d i u m - p o t a s s i u m  p h o s p h a t e ;  • m 0 .05  M Tris • ma lea te ;  ~ ~, 0.1 M po ta s s ium phospha te .  

and reaction rate. Compet i t ive  inhibit ion was demonstrated  between leucyl-~- 
naphthylamide  and Leu-Gly for both  peptidases I and II by Lineweaver-Burk 
plots  (not  shown)  verifying that  the naphthylamide  is hydro lyzed  by the same 
active site as the natural substrates. 

As s h o w n  in Table IV, peptidases I and II have very similar kinetic require- 

T A B L E  IV 

C H A R A C T E R I S T I C S  OF B R U S H  B O R D E R  P E P T I D A S E S  

I S O L A T E D  AS D E S C R I B E D  IN T A B L E  II I  

No. Principal  Mol. Wt. pH Opt .**  K m (app. )  
Subs t ra te  A p p r o x . *  

LNA Leu-Gly  
(raM) (raM) 

I Ol igopept ides  230  000  7.5 0.41 0 .60  
II Ol igopept ides  160  000  7.5 0.79 0.76 
I I I  Dipept ides  120 000  8.5 - -  0 .65  

E s t i m a t ed  f r o m  dens i ty  grad ien t  een t r i fuga t ion  [29 ]  at  p ro t e in  c o n c e n t r a t i o n  of  5 p g /ml  wi th  
a lcohol  d e h y d r o g e n a s e  (Mol. Wt. ~50 000)  as the  m a r k e r  p ro te in .  

** With Leu-Gly  as subs t ra te  in 0 .05  M Tris • HC1. 
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Fig .  7.  A c r y l a m i d e  ge l  e l e c t r o p h o r e s i s  o f  p e p t i d a s e s  I a n d  I I  r e c o v e r e d  f r o m  a p r e v i o u s  e l e c t r o p h o r e s i s  r u n  

(c f .  F ig .  5). C o n d i t i o n s  a re  t h e  s a m e  as  f o r  F ig .  5 e x c e p t  t h a t  r u n n i n g  t i m e  w a s  2 . 3  h a n d  ge ls  w e r e  s t a i n e d  
h i s t o c h e m i c a l l y  f o r  l e u c y l - f l - n a p h t h y l a m i d e  h y d r o l a s e  [ 3 4 ]  a c t i v i t y  r a t h e r  t h a n  f o r  p r o t e i n .  T h e  t r a c k i n g  

d y e  p o s i t i o n  is a t  t h e  b o t t o m  o f  t h e  f i g u r e .  P e p t i d a s e  I { r igh t )  m i g r a t e s  as  a s i n g l e  b a n d  { 1 . 0 - - 1 . 5  e r a ) ;  

p e p t i d a s e  II  ( l e f t )  s h o w s  b o t h  t h e  e x p e c t e d  b a n d  ( 2 . 0 - - 2 . 8  c m )  a n d  a n e w  a c t i v i t y  b a n d  ( a r r o w e d )  a t  t h e  

p o s i t i o n  o f  p e p t i d a s e  I. 

ments for the natural peptide Leu-Gly but their apparent K m values with 
leucyl-fl-naphthylamide differ by a factor of two and estimates of their molecu- 
lar weights do not suggest a simple monomer-dimer relationship. 

Conversion o f  peptidase II to peptidase I. Because of the similar charac- 
teristics found for peptidases I and II, the enzymes were studied for polydis- 
persity by re-electrophoresis in polyacrylamide gels. The active enzymes were 
recovered from acrylamide electrophoresis (cf. Fig. 5) concentrated by vacuum 
dialysis and re-applied to acrylamide gels. As shown in Fig. 7, peptidase I mi- 
grated as a single bank in the expected position, but peptidase II showed an 
activity band both for II and for I. Hence peptidase II appears to aggregate 
partially to a form of the enzyme indistinguishable from peptidase I. Presumab- 
ly this aggregation is favored by the preparative concentration prior to electro- 
phoresis. 

Effects o f  buffers and divalent ions on activity. Some buffers inhibited the 
peptidases appreciably (Table V). Glycine-containing buffers consistently de- 
pressed activity perhaps because the amino acid may compete for the active site 
when present at high concentrations (0.2 M). However, Tris, which allowed 
maximal activity at 0.05 M, interfered considerably with activity of peptidase 
III when buffer concentrations were higher (0.2 M). 

Because previous studies with peptidases have emphasized stimulatory or 
inhibitory effects of divalent ions [23--25], we dialyzed 1 ml of each peptidase 
against 1 1 of 5 mM EDTA in a non-inhibitory buffer at the optimal pH of the 

T A B L E  V 

% I N H I B I T I O N  O F  P E P T I D A S E S  B Y  B U F F E R S  

A s s a y s  o f  t h e  i s o l a t e d  e n z y m e s  (Cf .  T a b l e  I I I )  a t  p H  o p t i m u m  a n d  2 t i m e s  K m ( a p p . )  w i t h  L e u - G l y  as  

s u b s t r a t e .  

M / B u f f e r  P e p t i d a s e  

I I I  I I I  

0 . 0 5  T r i s "  HC1 0 0 0 
0 .1  N a P O 4  0 0 - -  
0 . 2  T r i s  • HC1 - -  - -  46  
0 . 2  T r i s  • G l y c i n e  - -  - -  6 2  
0 . 2  G l y - N a O H  37  48  59 
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T A B L E  VI 

E F F E C T  OF D I V A L E N T  C A T I O N S  ON I N T E S T I N A L  B R U S H  B O R D E R  P E P T I D A S E S  

Each e n z y m e  was d ia lyzed  in s equence  against  5 m M  E D T A / b u f f e r  and b u f f e r  a lone  as descr ibed  in t ex t .  
Water  used  was  twice  de- ionized.  E D T A  c o m p l e t e l y  inhib i ted  act ivi ty  of  each pep t idase  b u t  dialysis 
against  b u f f e r  a lone  (no  ca t ion)  res to red  act ivi ty  (100%).  Cat ions  were  p r e i n c u b a t e d  wi th  e n z y m e  for  20 

min  at  37°C,  p r io r  to  add i t i on  of  subs t ra te .  

Cat ion* Pept idase  I Pept idase  II Pept idase  I I I  

L N A * *  Leu-Gly  Leu-Gly**  LNA Leu-Gly  Leu-Gly  Gly-Leu  
(Tris) (Tris) (NaKP)  (Tris) (Tris)  (NaKP)  (Tris) 
(%) (%) (%) (%) (%) (%) (%) 

None  100 100 100  100 100 100  100  
Mg 2+ 89 73 89 63 85 83 120  
Mn 2+ 96 41 56 84 57 50 108  
Co 2+ 84 62 81 59 66 77 105  
Zn 2+ 82 19 94 73 38 94 116 

* As the  chlor ide  salt  e x c e p t  for  Zn 2+ (Sulfate) ;  at  1 m M  excep t  for  Mg 2+ (2 mM).  
** Subs t ra tes  and  buf fe r s  (0 .05  M Tris • HC1 and 0 .05  M Sod ium-Po tas s ium Phospha te  p H  7.5). 

enzyme at 4°C for 24 h with dialysis fluid changes every 6 h followed by the 
same dialysis procedure against the same buffer without  EDTA. As can be 
seen from Table VI, peptidases I and II were inhibited by divalent ions as 
compared to the control enzyme in cation-free buffer alone but  this inhibition 
varied not  only with the divalent ion but  also with the dialysis buffer. No 
activation was elicited by any cation. Zn 2. combined with Tris buffer produced 
the greatest inhibition when the natural substrate (Leu-Gly) was used. Pepti- 
dase III was activated slightly by all of  the divalent ions. Increasing ionic 
concentrat ion from 1 to 2 mM did not  produce any additional activation or 
inhibition of  any of  the enzymes. 

Discussion 

Although the location in the cell was unknown,  an intestinal aminopep- 
tidase was identified more than 40 years ago by Linderstr~m-Lang [30] and a 
partially purified preparation was later studied extensively by Smith and his 
colleagues [31--33] with demonstrat ion of  maximal specificity for di- and 
tripeptides having an N-terminal aliphatic residue. Since an N-terminal leucine 
seemed to confer the most  rapid hydrolyt ic  rates, the enzyme was called leu- 
cine aminopeptidase. 

Nachlas et al. [ 34] ,  localized leucyl-fl-naphthylamide hydrolase activity to 
the intestinal surface histochemically and Eichholz [35] was able to solubilize 
and separate hamster brush border leucyl-fi-naphthylamide hydrolase activity 
from disaccharidases. Kim et al. [12] identified at least two peptidase fractions 
in rat brush border b:~ qualitative starch gel electrophoresis; these appeared to 
hydrolyze both leucyl peptides and leucyl-fi-naphthylamide, but  kinetic studies 
were not  carried out. In preliminary reports on solubilized rat brush border 
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peptide hydrolases studied by DEAE-cellulose chromatography, Heizer and 
Shoaf [36,37] identified two or three peptide hydrolases that  appear to have 
similar substrate specificity to those described herein, but  comparison is diffi- 
cult since other biochemical parameters and data on relative molecular size 
were not  provided. No other s tudy on the separation and characterization of 
the intestinal brush border peptidases has been reported, although Maroux et 
al. [38] have recently isolated a single enzyme from hog brush border that 
appears to be similar in specificity and size to one of  the rat enzymes (pep- 
tidase I). We were successful in solubilizing and separating three enzymes from 
one another with specific activities 50--100 times those of the crude intestinal 
preparation. Each of  these hydrolases has suitable biochemical characteristics 
required for a digestive role at the intestinal lumen-cell interface. 

The use of  papain treatment to release brush border membrane enzymes 
has been validated for the study of disaccharidases [39] since it produces 
enzymes having indistinguishable properties from those found when sponta- 
neous autolysis of intestine occurs in vitro at 37°C [40] .  Kim et al. [12] found 
identical migration of  rat brush border peptidases on starch gel electrophoresis 
whether solubilization was accomplished by papain, sodium deoxycholate  or 
Triton X-100. Hence it appears that  papain treatment is a reasonable method of 
obtaining these membrane hydrolases in soluble form. 

Two aminopeptidases, a ~,-glutamyltranspeptidase and a neutral endopep- 
tidase were recently solubilized from kidney tubule brush border [22,41,42] .  
Although we have not  found any hydrolyt ic  activity in intestinal brush border 
against pentagastrin or dipeptides blocked at both the amino- and carboxy- 
terminus, intestinal peptidases I and II have similar specificity to kidney amino- 
peptidase M [22] .  However, our experiments demonstrate that the aminopep- 
tidases of intestinal brush border possess maximal specificity for natural pep- 
tides with specific activities higher than those of kidney aminopeptidase M, an 
enzyme with more affinity for naphthylamides. Hence, it seems unlikely that 
the kidney and intestinal aminopeptidases are related enzymes despite their 
comparable location in the brush border membrane. This implies that the intes- 
tinal aminopeptidases may be organ-specific, somethi~g that is not  surprising 
when the specialized digestive role of the intestinal surface membrane is con- 
sidered. 

Comparison of  the three brush border peptidases reveals that peptidases I 
and II are primarily oligopeptidases and that III is a dipeptidase (Tables III, IV; 
Fig. 3). That peptidase I and II are capable of hydrolyzing leucyl-fl-naphthyl- 
amide was established by kinetic studies. In contrast, peptidase III is highly 
active only against dipeptides containing glycine or leucine. 

Because of indistinguishable pH-activity curves (Fig. 6), very similar sub- 
strate specificity and conversion of peptidase II to I upon concentration 
(Fig. 7), it is very likely that  peptidases I and II are related enzymes. Certainly, 
it is tempting to speculate that peptidase II is composed of two subunits of 
molecular weight 80 000; peptidase I would then constitute a trimeric form of 
the enzyme. However, the exact relationship of  the enzymes will have to await 
purification of  sufficient quantities to allow systematic s tudy of their amino 
acid and carbohydrate compositions. 

Divalent cations have been found to be activators of  leucine aminopep- 
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tidases [7,24,43], but experimental conditions have varied and EDTA inhibi- 
tion rather than direct demonstration of activation after removal of the chela- 
tor has often been interpreted as evidence of metal ion requirement. 

Although activity has been found to be reduced to less than 10% of 
control after temporary exposure to EDTA, removal was accomplished by 
dialysis against unbuffered water [ 7,43], a procedure that may have denaturing 
effects independent of metal ion requirements. We attempted to remove diva- 
lent ions by exhaustive dialysis against buffered EDTA followed by dialysis 
against buffer alone. Whereas concentrated Tris or glycine buffers inhibited 
activity of all three peptidases independent of metal ion effects (Table V) as 
previously noted for connective tissue peptidases [44], a 24-h exposure to 
EDTA followed by dialysis against metal ion-free buffer did not reduce activi- 
ty. Furthermore, subsequent additions of divalent ions reduced activity against 
peptidases I and II to a variable degree and stimulated peptidase III activity 
only slightly (Table VI). Although unexpected for aminopeptidases, this mini- 
mal effect of divalent ions on the peptide hydrolases supports the recent work 
of Kim et al. [45] using lower cation concentrations (0.05--0.5 mM) on a 
solubilized rat brush border preparation. Furthermore, our finding of reversible 
inhibitors of the brush border peptidases by EDTA is consistent with recent 
reports of spontaneous restoration of aminotripeptidase [25] and liver amino- 
peptidase [ 46] upon removal of the chelator. Although intestinal surface amino- 
pepticlases appear to be metalloenzymes [38], the cations may be tightly bound 
so that EDTA treatment at 4°C does not remove them [46]. 

Leucine-t3-naphthylamide has been widely used, particularly in analysis of 
serum in clinical laboratories, as a substrate for assay of leucine aminopeptidase 
because of the simplicity of the assay [20]. Unfortunately, other enzymes 
incapable of hydrolyzing natural peptides may split the chromogenic substrate 
[47,48] and use of the amino acid fi-naphthylamide has fallen into disrepute. 
Our kinetic experiments now establish that two of the brush border oligopep- 
tidases hydrolyze leucyl-fi-naphthylamide with similar affinity to that for natu- 
ral N-terminal leucyl peptides. No "arylamidase" having specificity principally 
or solely for amino acid naphthylamides was found in the brush border prepa- 
rations, and there appears to be insignificant leucyl-~-naphthylamide-splitting 
activity in the cell cytoplasm [12,34]. Hence, assay of crude intestinal homo- 
genates for leucyl-13-naphthylamide hydrolase activity should provide an accu- 
rate estimate of brush border aminopeptidase activity. If similar results are 
found for human intestine, analysis of small intestinal biopsy specimens for 
amino acid naphthylamidase activity may provide the basis for accurate assess- 
ment of intestinal surface peptide hydrolase activity in intestinal disease. 
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