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SUMMARY 

A qualitative survey, made with a high-voltage paper electrophoresIs screening 
technique, showed that  mucosa of rat  small intestine catalyzes the hydrolysis of 
15 dlpeptldes containing 7 different amino acids A recently described assay method 
was used for the quanti tat ive determinations of hydrolase activities for Gly-L-Phe, 
Gly-L-Try, L-Met-L-Phe, L-Ala-L-Phe, L-Leu-L-Phe, Gly-L-Tyr, L-Phe-L-Met, L-Phe- 
L-Phe, L-Phe-Gly and L-phenylalanlne amide in rat  Intestinal mucosa The L-Ala- 
L-Phe hydrolase activity was studied extensively I t  is rapidly inactivated above 45 °, 
is unable to catalyze the hydrolysis of L-Ala-L-Phe dIketopxperazme and I)-Ala-D-Phe, 
is only slightly active with D-Ala-L-Phe or L-Ala-D-Phe and is inhibited by  p-chloro- 
mercurlbenzoate but not by  DFP  or fl-phenylpropionlc acid. The soluble L-Ala-L-Phe 
hydrolase activity of intestinal mucosa requires a divalent cation, probably Zn ~+, 
for full act ivi ty and is distinct from the mucosal L-leucyl-fl-naphthylamldase, Gly-  
L-AIa-L-Phe amInopeptldase, and L-Phe-Gly hydrolase activities In mucosal homo- 
genates approx 90% of the act ivi ty of the L-Ala-L-Phe hydrolase, and of 6 of the 
other dipeptide hydrolases studied, is in the soluble fraction The specific activity of 
soluble L-Ala-L-Phe hydrolase in intestinal mucosa is 3o-fold higher than gastric, 
4-fold greater than colonic and slightly less than renal specific activity Specific 
activity in intestinal mucosa is 4-fold greater than in the remaining layers of the 
intestinal wall Specific activities of hydrolases for L-Ala-L-Phe or L-Phe-Gly In 
mucosa from upper, middle and lower small intestine show no significant regional 
differences L-Ala-L-Phe hydrolase act ivi ty of rat  intestinal mucosa Increases almost 
4-fold between approximately the 7th and 25th days of life Fasting a rat  for 48 h 
does not significantly change the specific activity of L-Ala-L-Phe or L-Phe-Gly hydro- 
lase of intestinal mucosa or kidney 

* The te rm "pept lde  hydrolase act iv i ty"  has been used m this manuscr ip t  instead of dl-  
peptldase because peptlde hydrolase is the te rm approved by  the Enzyme  Commission 1 and 
because none of  the enzymatic  activities to be discussed has been proven strictly to be a dlpep- 
tldase 
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INTRODUCTION 

Although the mucosa of mammahan small mtestme is rich in peptlde hydrolase* 
activities, the function of peptlde hydrolysis in the lntestmal mucosa is not un- 
equivocally established It  seems likely, however, that peptlde hydrolases play an 
essential role m the final phase of protem digestion, a function analogous to the role 
of dlsaccharldases in carbohydrate digestion Several intestinal dlpeptlde hydrolase 
activities have been distinguished from one another, and a few have been partially 
purified and studied 2 We have mvestlgated the L-Ala-L-Phe hydrolase activity of 
rat intestinal mucosa and have compared It to other intestinal hydrolase activities 
for compounds containing aromatic amino acids This work was faclhtated by the 
development of a method 3 for quantitative measurement of the hydrolysis of dl- 
peptldes contalnmg L-phenylalanlne, L-tyrosme or L-tryptophan 

EXPERIMENTAL PROCEDURE 

Sprague-Dawley rats (23o-3oo g males) were fasted overnight and were de- 
capitated At 4 ° the small Intestine was flushed with IOO ml of cold o 25 M sucrose, 
was opened lengthwise, was rinsed with sucrose solution and was blotted Mucosa, 
scraped off with a spatula, was homogenized in o 25 M sucrose (5-1o ml per g wet 
weight) in a Potter-Elvehjem homogemzer fitted with a teflon pestle Other tissues 
were homogenized in a similar manner High-speed supernatant solutions were 
prepared by centrlfugatlon for i h at lO5 ooo × g in a Model L Spmco ultracentrifuge 
at o ° In the remaining manuscript "mucosal high-speed supernatant" is used to 
indicate a solution prepared in this manner from an homogenate of intestinal mucosa 
in o 25 M sucrose 

Carboxypeptmdase A (twice crystallized) was obtained from the Worthington 
Biochemical Corp and lyophlhzed Crotalus adamanteus snake venom from Ross Allen 
Reptile Institute (Silver Springs, Fla ), Chemicals were reagent grade, and water 
was twice distilled from glass vessels 

For gel filtration chromatography a column (2 5 cm × 82 8 cm) of Sephadex 
G-2oo (Pharmacla Fine Chemicals) was equilibrated and eluted at 4 ° with o oI M 
sodium phosphate buffer (pH 7 o) at a flow rate of 15 ml/h A desaltmg column 
(o 9 cm × 14 cm) was prepared with Sephadex G-25 (fine) and was eqmhbrated and 
eluted at 4 ° with o 005 M Trls-HC1 buffer (pH 7 o) at a flow rate of about o 3 ml/mm 
Anion-exchange chromatography was performed with a column (I o c m x  35 cm) of 
DEAE-cellulose (Selectacel, Type 7 o, o 87 mequlv/g, from Schlelcher and Schuell 
Co, Keene, N H ) equilibrated at 4 ° with o 005 M Trls-HC1 buffer (pH 7 o) 

Enzyme substrates and amino acid standards 
Except for compounds noted below, all the amino acids, amides, dlpeptldes 

and L-leucyl-fl-naphthylamide-HC1 were obtained from Mann Research Laboratories 
Fox Chemical Co (Los Angeles, Cahf) supplied Gly-L-Ala-L-Phe, D-Ala-L-Phe, 
L-Ala-D-Phe and D-Ala-D-Phe Cyclo Chemical Corp (Los Angeles, Cahf) supplied 
L-Ala-L-Phe dlketopiperazmne The compounds were of the highest purity offered 
Each one was analyzed by sublecting o I / ,mole to high-voltage paper electrophoresls 
at 56 V/cm for 45 nun in 6 8% formic acid (pH I 9) at 25-29 ° (High-voltage electro- 
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INTESTINAL PEPTIDE HYDROLASES 41I 

phoresls apparatus Model DW supplied by Gllson Medical Electronics, Mlddleton, 
Wlsc and equipped with a special cooling system ) Contammatlon by a nmhydrm- 
reactive compound of approx o I~/o would have been detected. Impurities were seen 
only with Gly-L-Phe and L-Met-Gly. Each preparation produced faint spots corre- 
spondmg to its components Contamination was no greater than 0.3% Substrates 
were prepared for quantitative enzyme assays as o 02 M aqueous solutions (L-Ala- 
L-Phe was o 05 M and, because of limited solubility, L-Phe-L-Phe was I 7 raM) 

For routine assays solutions of L-Ala-L-Phe were used within 3 days of prepa- 
ration, others were used on the day of preparation However, aqueous solutions of 
L-Ala-L-Phe were stable for at least 19 weeks at 4 ° Extract of rat intestinal mucosa 
catalyzed hydrolysis of 99 2~o of the substrate m a solution stored this long This 
showed that during storage the dlpeptlde had not cychzed significantly, since rat 
mtestmal mucosa is unable to hydrolyze the cyclic compound L-Ala-L-Phe dlketo- 
plperazme (see under RESULTS) 

Qual,tat,ve screemng test for pept,de hydrolase act,v*t~es 
To screen a solution for many peptlde hydrolase activities, we used high-voltage 

paper electrophoresls adapted to permit analysis of up to 85 samples on a single 
paper strip s A buffered substrate solution (o 02 M substrate in o 2 M Tris-maleate 
buffer, pH 7 5) was mixed with an equal quanti ty of solution to be assayed, the 
mixture and appropriate controls were Incubated for 15 to 30 mm at 37 °, and the 
reaction was stopped by placing the tubes in boiling water for 3 rain The mixtures 
were cooled, and o oI-ml samples were applied to paper for electrophoresls The dried 
strip was stained with ninhydrm 4, and the degree of hydrolysis was estimated to the 
nearest 20% 

Quant,tat,ve assay for hydrolases of substrates conta,n,ng L-phenylalan,ne, L4ryptophan 
or L-@ros~ne 

Quantitative measurements were made of hydrolase activities for Gly-L-Phe, 
Gly-L-Try, L-Met-L-Phe, L-Ala-L-Phe, L-Leu-L-Phe, Gly-L-Tyr, L-Phe-L-Met, L-Phe- 
L-Phe, L-Phe-Gly and L-phenylalanme amlde In the assay 3 the amount of aromatic 
amino acid hberated was determined using an enzymatic spectrophotometric method 5 
The standard mcubatlon mixture contained IO/,moles of substrate (o 835 #mole in 
the case of L-Phe-L-Phe), IOO/,moles of Trls-maleate buffer (pH varied with sub- 
strate, as indicated below), enzyme, and other additions when indicated in a total 
volume of I oml  For mucosal high-speed supernatants, the approximate quantity 
of protein used was 4 #g for Gly-L-Phe hydrolase, 20/~g for L-Phe-L-Met, L-Phe- 
L-Phe and Gly-L-Tyr hydrolases, 7 °/~g for L-Phe-Gly hydrolase and L-phenylalanme 
amidase and 7/~g for the other hydrolases The reaction was carried out at 37 ° and 
was stopped after 15 rain by addition o fo  I ml of 6o-62% HC104 In 2-  5 ram, o I ml 
of 9 M KOH solutmn was added After centrlfugatlon at 16oo × g for IO ram, ahquots 
of each supernatant were transferred to two silica cuvettes (I o-cm light path) with 
a I 2-ml capacity and were assayed for liberated L-phenylalanme, L-tyroslne or L 
tryptophan according to the protocol on page 412 (additions listed in ml) 

The contents of each cuvette were mixed, and the absorbance of the experi- 
mental solution was read against the control solution at 308 nm (330 nm for trypto- 
phan) Then o.I ml of snake venom solution (io mg/ml) was added to each cuvette, 
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Control Experzmental 

o 2 M p h o s p h a t e  bu f f e r  ( p H  6 5) o 3 o 3 
2 o M s o d i u m  a r s e n a t e  ( p H  6 5) o 5 
I o M s o d i u m  b o r a t e  m 2 o M 

s o d i u m  a r s e n a t e  ( pH  6 5) o 5 
S u p e r n a t a n t  so lu t ion  o 2 o 2 

the solutions were mixed and absorbance readings were made at  5-mln intervals, 
beginning lO-2O mm after addition of venom, until there was no further significant 
increase in absorbance This ordinarily occurred between 15 and 30 mln The value 
for absorbance usually rose rapidly during the first IO rain and then continued to 
increase very slowly for a prolonged period of time The point at which the rate of 
increase in absorbance declined to its lowest value was selected for calculation of 
amino acid concentration On occasion, when values for absorbance rose to a maximum 
and then fell, the peak value was selected for the calculation A hnear relation was 
observed between quant i ty  of phenylalanme added to the cuvette and absorbance, 
over a range between o and o 14 #mole of phenylalanme The absorbance was o 8 
when o 14/,mole of phenylalanme was present 

A unit of hydrolase act ivi ty was defined as that  amount of enzyme required 
to catalyze the release of I/~mole of phenylalanme, tyrosme or t ryptophan under 
s tandard conditions Specific act ivi ty was defined as enzyme units per mg of protein 

The same procedure was used to assay for carboxypeptldase A act ivi ty  with 
N-Z-Gly-L-Phe as substrate The s tandard incubation mixture contained io / ,moles  
of substrate, 15o #moles of Trls-maleate buffer (pH 7 5), enzyme and other additions 
as mdlcated in a total  volume of I o m l  

Nonenzymatm hydrolysis of L-phenylalanme am~de during Incubation and after 
addition of HC104 was reduced to below 0.6% by rapid neutralization of the HCIO 4 

In some experiments with phenylalanlne-contammg substrates, we added 
enzyme lnhlbltors, metal  ions or other compounds to the hydrolase incubation 
mixture Except for i mM CuC12 or MnC12, none of these additions Interfered with 
the enzymatic spectrophotometnc assay for l iberated L-phenylalanlne under con- 
dltlons of these experiments Addition of EDTA to the aliquot of hydrolase Incubation 
mixture removed for the phenylalanme assay overcame the difficulty caused by  CuC12 
and MnC12 High-speed supernatants of rat  intestinal mucosa and rat  kidney did not 
release L-phenylalanme from the tissue proteins in the Incubation mixture or meta- 
bohze L-phenylalanme added to the mixture 

L e u c y l - ~ - n a p h t h y l a r m d a s e  assay  

Hydrolysis of L-leucyl-/5-naphthylamlde was assayed according to the method 
of GOLDBARG et al 6 by incubation for 2 h at 37 ° and pH 7.o A unit of act ivi ty was 
defined as the amount of enzyme required to catalyze the release of I nmole of 
/~-naphthylamme under s tandard conditions 

Other procedures  

Protein was determined by the method of LOWRY et al v Pooled frozen human 
serum served as a s tandard The use of crystalline bovine albumin as a s tandard 
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would have resulted in values for protein concentra t ion  I . I5-fold greater t han  those 
we obtained.  Nitrogen de terminat ions  (used for only one experiment) were made 
with a mlcro-Kjeldahl  method  

RESULTS 

Survey of pept,de hydrolase act,v,t,es of rat ,ntest,nal mucosa 
Mucosal high-speed supe rna tan t  was incuba ted  with each of the substrates  

l isted in Table  I Wi th  4 compounds,  no hydrolysis was detected Cleavage of the 
remain ing  19 varied between lOO% and  near ly  o%. 

TABLE I 

Q U A L I T A T I V E  S C R E E N I N G  T E S T  F O R  P E P T I D E  H Y D R O L A S E  A C T I V I T Y  I N  R A T  I N T E S T I N A L  M U C O S A  

High-speed supernatant of mucosa from the entire small intestine was incubated for 3 ° mm at 
37 ° with buffered (pH 7 5) substrate solution The reaction was stopped by heating the incubation 
tube in bolhng water, and the extent of hydrolysis was estimated by use of the high-voltage 
paper electrophoresm technique 

Hydrolyzed* No hydrolysis detected 

Gly-L-Phe 
Gly-L-Leu 
Gly-L-Ala 
L-Ala--L-Phe 
L-Leu-L-Phe 
Gly-L-Tyr 
L-Leu-L-Ala 
L-Leu-Gly 
L-Leu-L-Tyr 
L-Met-Gly 
Gly-L-Ala-L-Phe** 
L-Ala-Gly 
Gly-Gly 
Gly-L-Pro 
L-Phe-Gly 
L-Leucme amlde 
L-Leucyl-fl-naphthylamlde 
L-Phenylalamne amlde 
L-Pro-Gly 

N-Z-L-Ala-L-Phe 
N-Z-Gly-L-Phe 
fl-Ala-L-Hm 
L-AIa--L-Phe dlketoplperazme 

* Listed approximately in decreasing order of degree of hydrolysis 
** Refers to hydrolysis of the amino-terminal peptlde bond 

Quantitative stud, es of ~ntest,nal L-Ala-L-Phe hydrolase activity 
Enzyme assay Rate  of l iberat ion of phenylalanane from L-Ala-L-Phe was l inear 

with respect to t ime for at least 3o min  (Fag IA) Rate  of release of free aromatic  
amino acid from 8 other dipeptides whach were used for quan t i t a t ive  assays and  from 
L-phenylalanlne amlde was l inear with respect to t ime for at least 15 mln. For  each 
subs t ra te ,  the react ion rate var ied as a l inear funct ion  of amoun t  of mucosal protean 
over the ranges used in these experiments  Results  for z-Ala-L-Phe are shown in 
Fig  IB  

pH optima The pH values for opt imal  hydrolysis  of each subst ra te  used for 
the quan t i t a t i ve  assays were L-Ala-L-Phe, 7 5, Gly-L-Phe,  8 25, L-Leu-L-Phe, 8 5, 
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Fig I Hydro lys i s  of L-Ala-L-Phe p lo t t ed  as a func t ion  of (A) i ncuba t ion  t ime  and  (B) a m o u n t  of 
t i ssue  pro te in  m incuba t ion  m i x t u r e  The p r e p a r a t i o n  was  h igh-speed  s u p e r n a t a n t  of mucosa  
from ra t  smal l  i n t e s t ine ,  the  s t a n d a r d  assay  m i x t u r e  con ta ined  IO/~moles of s u b s t r a t e  

F ig  2 Reac t ion  ra te  p lo t t ed  as a func t ion  of p H  for r ep re sen t a t i ve  pep t ide  hydro la se  ac t tv l t l e s  m 
mucosa l  h igh-speed  s u p e r n a t a n t  f rom r a t  smal l  in tes t ine  The curve  for L-Ala-L-Phe (0 - - -0 )  is 
s imi la r  to  t h a t  de t e rmined  for L-Phe-Gly  The curve  for L-Met--L-Phe ((D (2)) is s imi la r  to  those  
ob ta ined  for L-Leu--L-Phe, L-Phe-L-Met,  and  L-pheny la lamne  amlde  The curve  for G ly -L-Tyr  
( [ ] - - [ ] )  is s lmdar  to those ob ta ined  for Gly-L-Phe ,  L-Phe-L-Phe,  and  Gly L-Try The buffer used 
was o i M Tras -malea te  excep t  for i ncuba t ions  a t  p H  9 5, and  occamonal ly  pH 9 o, when o I M 
g l y c m e - N a O H  buffer was used ins tead  Values  for a c t i v i t y  de t e rmined  wi th  the  l a t t e r  buffer were 
correc ted  in re la t ion  to  those  de t e rmined  wi th  T r m - m a l e a t e  buffer, on the  basis  of a compar i son  
of ac t iv i t i e s  made  wi th  each buffer a t  p H  8 5 

L-Met-L-Phe, 9 o, L-Phe-L-Phe, 8 25, L-Phe-Gly, 7 5, L-Phe-t-Met, 9 o, Gly-L-Tyr, 
7 25, Gly-t-Try,  7 5, and L-phenylalanme annde, 8 5 (Fig 2) The standard assay 
was performed at the pH optimum in each case 

Stabzhty The L-Ala-L-Phe hydrolase activity of frozen (--18 °) nmcosal high- 
speed supernatant was lOO% of the original activity at 14 days, 80% at 30 days, 
50% at IOO days and 30% at 27 ° days When maintained at 4 ° the enzyme activity 
was more stable at pH 7 than at pH 6 or 8 At pH 7 (I o mM Tns-HC1 buffer) the 
activity was less stable in the presence of o 05 mM MnC] 2, BaC12 and ZnC12 than It 
was in o 05 mM MgC12 or buffer alone At pH 7 L-Ala-L-Phe hydrolase activity was 
very unstable when exposed to temperatures of 26 ° or greater (Fig 3) 

Metal requzrement L-Ala-L-Phe hydrolase activity of mucosal high-speed super- 
natant was not affected by the presence of Zn 2+ (5-1o ooo nM) or 5 #M Mg 2+, Mn 2+ 
or Co 2+ in the assay incubation medium It  was mhlblted 84% by o 3 mM Zn 2+ 
Dialysis of the supernatant for 16 h at 4 ° against o 25 M buffered sucrose did not 
reduce the hydrolase activity below that of an undlalyzed control However, it was 
inhibited by chelating agents as follows EDTA (5-1o ooo/~M), approx 45%, I mM 
i,io-phenanthrohne, 98%, and I mM a,a'-dlpyrldyl, 26% (Table II) 

The Inhibition by IO/zM EDTA was almost completely overcome by an optmlal 
(18/~M) concentration of ZnC12 (Fig 4) The same concentration of FeC12 and CoC12 
restored activity to 92% and 76%, respectively, of the initial value, whereas the 
chloride salts of Cd =+, Sn~+, Ca 2+, Mg 2+, Ba 2+, Cu 2+ and Mn z+ d~d not reverse the 
inhibition by EDTA 
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Fig  3 S t a b i l i t y  of hydro lase  ac t iv i t i e s  for L-Ala--L-Phe ( ), L -Phe-Gly  ( - - - - - ) ,  and  L- 
l e u c y l n a p h t h y l a m l d e  ( . . . .  ) a t  26 ° (O),  4 °0 (O), 45 ° (A), and  6o ° (V1) Mucosal  h igh-speed super-  
n a t a n t  f rom r a t  smal l  i n t e s t i ne  was  i n c u b a t e d  a t  the  Ind ica ted  t e m p e r a t u r e s  in  o 0o 5 M Tr l s -HCl  
buffer (pH 7 o) R e m a i n i n g  hyd ro l a se  a c t i v i t y  was  de t e rmined  a t  t he  t imes  shown and  expressed  
as a pe rcen tage  of  the  Imtxal a c t i v i t y  

F ig  4 Effect  of Zn s+ on L-Ala-L-Phe hydro la se  a c t i v i t y  in the  presence of E D T A  Mucosal  h igh-  
speed s u p e r n a t a n t  was  a s sayed  in io /*M E D T A  plus the  va r ious  concen t ra t ions  of ZnClz ind ica t ed  
The hydro la se  a c t i v i t y  is expressed  as per  cen t  of t h a t  o b t a i n e d  when  ne i the r  E D T A  nor  ZnC1 z 
was  p re sen t  

T A B L E  I I  

E F F E C T S  O F  C H E L A T I N G  A G E N T S  ON P E P T I D E  H Y D R O L A S E  A C T I V I T I E S  O F  R A T  I N T E S T I N A L  M U C O S A  

AlIquots  of mucosa l  h igh-speed  s u p e r n a t a n t  were assayed  In the  absence  and  presence of che la t ing  
agen t s  Resu l t s  are  expressed  as per  cen t  of the  ac t iv i t i e s  ob t a ined  when  no che la to r  was  added  to  
the  s t a n d a r d  a s say  

Substvate Add~tzons to assay m~xture 

a,a'- r,ro- EDTA EDTA EDTA 
D~pyr~dyl .Phenan- (Io raM) (to i~M) (IO #M) + 
(i  raM) throhne ZnCl~ 

(I mM) (~8 I~M) 

% of*tarsal act~v,ty 

L-Ala-L-Phe 74 2 54 54 95 
Gly -L-Phe  67 4 23 22 IOI 
L-Phe - -L-Phe  64 12 79 79 99 
L-Phe-Gly  71 18 77 66 i i i 
L-Leu--L-Phe 91 44 88 79 90 
L-Phe-L-Met  94 44 94 92 99 
L-Phe amide  9 ° 78 67 7 ° 116 
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Fig 5 L-Ala-L-Phe hydrolase ac t i v i t y  expressed by  a reciprocal p lo t  as a functmn o f  substrate 
concentratmn Enzyme source, ra t  mueosal high-speed supernatant v, reaction veloci ty  as/~moles/ 
ram, [S], substrate eoncentratmn as mM The value for  Km derived f rom these data is o 45 mM 

These results suggest that there is a metal requirement for intestinal L-Ala- 
L-Phe hydrolase activity and that the cofactor is either Zn 2+, Fe ~+ or Co s+ The 
marked inhibition by I,Io-phenanthrohne, a strong Zn z+ chelator s, supports the 
posslbihty that Zn 2+ is the cofactor 

The effects of chelating agents on intestinal hydrolase activities for 6 other 
substrates (Table II) were similar to those observed for L-Ala-L-Phe hydrolase 
activity in that I,Io-phenanthrohne was more inhibitory than either EDTA or a,a'- 
dlpyridyl, and EDTA was as inhibitory at IO/zM as it was at IO mM The less marked 
inhibition of L-Leu-L-Phe and L-Phe-L-Met hydrolase and L-phenylalanme amldase 
activities by the 3 metal chelators could be the result of lower affinity (see ref 8) of 
the chelating agents for metal ions at the more alkahne pH (8 5 ~) o) at which these 
assays were carried out 

K, net,cs The value for Km for the hydrolysis of L-Ala-L-Phe was determined 
twice and found to be o 45 (Fig 5) and o 3 mM 

Effect of enzyme ,nh,b,tors Neither I mM DFP, an esterase mhlbJtor, nor I mM 
fl-phenylproplonlc acid, a carboxypeptldase inhibitor, had any effect on the hydrolase 
activities for L-Ala-L-Phe, Gly-L-Phe, L-Leu-L-Phe, L-Phe-L-Phe, L-Phe-Gly, L-Phe- 
L-Met or L-phenylalanme amlde However, i mM p-chloromercunbenzoate reduced 
the activity of these hydrolases by 83-99%, suggesting that one or more reduced 

T A B L E  I I I  

PARTIAL PURIFICATION OF THE L-Ala-L-Phe HYDROLASE ACTIVITY OF RAT INTESTINAL MUCOSA 

Enzyme preparahon Total Total Speczfic 
actzv*ty protein acl,v,ty 
(urals) (rag) (urals~ 

mg 
prote*n) 

I Whole  homogena te  494 o 
I I  High-speed  s u p e r n a t a n t  46oo 

I n  50-70% sa td  (NH4)2SO4fract lon 198o 
IV Gel f i l t ra te  196o 

V DEAE-ce l lu lose  e lu ted  wi th  o i M 
NaC1 m buffer 870 

165 3 ° 
71 9 64 
18 7 lO6 
16 o 122 

4 I 212 
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sulihydryl groups may be necessary for the hydrolase actlvltms In the absence of 
p-chloromercurlbenzoate, I mM cysteme dld not change the activity of L-Ala-L-Phe 
hydrolase 

Enzyme pur~ficatwn Only a 7-fold purification of L-Ala-L-Phe hydrolase 
activity was achmved (Table III) Among the factors hindering punficatmn was 
enzyme lnstablhty Mucosal homogenate (I) (o 25 M sucrose) was centrifuged at 
lO5 ooo × g for I h and the supernatant solution (II) was fractlonated by addition of 
a cold neutrahzed (NH4)2SO 4 solutmn The fraction precipltatmg between 50 and 
70% saturation with (NH4)2SO 4 (III), dissolved m o 005 M Trls-HC1 buffer (pH 7 o), 
contained approx 90#/0 of the recovered activity This fraction was desalted by gel 
filtration (IV) and was apphed to DEAE-cellulose (by use of a batch technique) 
which was eluted with equlhbratlng buffer and then with o I M NaC1 m that  buffer 
(V) Recovery of activity was approx 18#/o Smce fraction V was mhlblted 40% by 
5 mM EDTA, the low recovery was not due to the loss of metal cofactor 

Structural reqmrements There was no detectable phenylalanme release from 
N-Z-L-Ala-L-Phe by either the mucosal homogenate or high-speed supernatant 
Specific activity of more than 0.4 unit/rag protem would have been detected Incu- 
bation of L-Ala-L-Phe, L-Ala-D-Phe, D-Ala-L-Phe and D-Ala-D-Phe with the mucosal 
high-speed supernatant under standard conditions gave specific activltms of lO4, 6, 
I and o (less than o I) umts/mg of protein, respectively The importance of the 
L-configuration of both amino acids is apparent 

Dzst~nctwn from other enzyme actzv,tzes A mucosal high-speed supernatant con- 
talnmg 82 5 units/rag protem of L-Ala-L-Phe hydrolase activity had o 5 umt/mg 
protein of carboxypeptldase A activity, whereas pig pancreas carboxypeptldase A 
containing 164o units/rag protein of carboxypeptldase activity had no detectable 
L-Ala-L-Phe hydrolase activity In addition, 7 mM fl-phenylproplomc acid mhlblted 
pig carboxypeptldase A activity 98% but did not inhibit rat intestinal L-Ala-L-Phe 
hydrolase activity Thus L-Ala-L-Phe hydrolase activity of rat intestmal mucosa 
appears distinct from carboxypeptidase A activity. 

The intestinal L-Ala-L-Phe hydrolase activity is not attributable to leucyl- 
naphthylamldase High-speed supernatants contained 90% of the homogenate L-Ala- 
L-Phe hydrolase activity but only 150/0 of the leucylnaphthylamldase activity. During 
incubation of a high-speed supernatant at 60 ° for 2 mln, L-Ala-L-Phe hydrolase 
activity decreased 99% whereas leucylnaphthylamldase decreased only 49% (Fig 3) 

L-Ala-L-Phe hydrolase activity was distingmshed from hydrolases for three 
other phenylalamne-containlng compounds When the mucosal high-speed super- 
natant  was incubated at 45 °, the hydrolase actlvltms for Gly-L-Phe, L-Leu-L-Phe, 
L-Met-L-Phe, L-Phe-L-Phe and L-Phe-L-Met decreased at the same rate as L-Ala- 
L-Phe hydrolase activity (latter shown in Fig 3), but L-Phe-Gly hydrolase activity 
was more stable (Fig 3) After high-speed centrlfugatlon, the supernatant retained 
90% of the L-AIa-L-Phe hydrolase activity but less than 50% of the L-Phe-Gly 
hydrolase and L-phenylalanme amldase activities Partial separation of peptlde 
hydrolase activities was achieved by using column chromatography on DEAE- 
cellulose (Fig 6) 2-ml fractions were collected and fractions IO, 20, 30, 40 and even- 
numbered fractions from 42 to 146 were assayed for hydrolase activity by the high- 
voltage paper electrophoresls technique The elution patterns for L-Phe-Gly hydro- 
lase and amlnopeptldase activity (amino terminus of Gly-L-Ala-L-Phe) were similar 
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Fig 6 Anion-exchange chromatography of two peptade hydrolase activities m rat intestinal 
mucosa A fraction precipitating from high-speed supernatant at 50-7o°0 saturation with 
(NHa)2SO 4 was desalted using gel filtration and applied to a column of DEAE-cellulose The 
column was eluted at 4 °, first with 80 ml of o o8 M NaC1 in o 005 M Tns-HC1 buffer (pH 7 o) and 
then with ~oo ml of the same buffer containing increasing amounts of NaC1 (elutlon rate, 60 ml/h) 
The linear NaCI concentration gradient (-- --) was produced according to the method of PARR 9 
The appearance of protein in the column effluent (O--©) was monitored by determination of 
A280 nm Hydrolase activity was estimated to the nearest zo°g of total substrate cleaved by use 
of the high-voltage paper electrophores]s technique Values given as lO% indicate estimates 
clearly below 20% but greater than zero The pattern of elutlon for L-Ala-L-Phe hydrolase activity 
( ) was similar to that for Gly-L-Phe hydrolase acttvlty (not shown) and distract from that 
of amlnopeptldase activity for Gly-L-Ala-L-Phe ( . . . .  ) and that of L-Phe-Gly hydrolase activity 
(not shown) 

bu t  dis t inct ly different from those for L-Ala-L-Phe and Gly-L-Phe hydrolase activities 
(Fig 6) These results indicate tha t  L-Ala-L-Phe hydrolase ac t iv i ty  is dist inct  from 
the enzyme(s) which catalyzes cleavage of L-phenylalanlne amlde, L-Phe-Gly and 
the amino- terminal  peptlde bond  of Gly-L-Ala-L-Phe The presence of a second 
smaller peak of L-Ala-L-Phe hydrolase ac t iv i ty  in fractions 20 and 30 from the 
D E A E  column (Fig 6) suggests tha t  more than  one enzyme ma y  be capable of 
hydrolyzmg L-Ala-L-Phe 

Chromatography on Sephadex G-2oo faded to separate L-Ala-L-Phe hydrolase 
ac t iv i ty  from Gly-L-Leu, L-Leu-Gly, Gly-L-Pro or Gly-L-Tyr  hydrolase activities, 
suggesting tha t  if more than  one enzyme lS involved the proteins do not  differ greatly 
in size 

Locahzat,on of ,ntest,nal pept~de hydrolase act~wty 
Subcellular Mucosal high-speed superna tan t s  (o 25 M sucrose) contained 7 ° -  

lOO% (usually slightly over 90%) of the L-Ala-L-Phe, Gly-L-Phe,  L-Leu-L-Phe, 
L-Met-L-Phe, L-Phe-L-Phe and L-Phe-L-Met hydrolase activities in the whole homo- 
genate Thus at least 90% of the ac t iv i ty  of each of these mucosal hydrolases is 
present either in soluble form or bound  loosely to a cell organelle This agrees with 
results reported for other in tes t inal  peptlde hydrolases 1°-12 In  contrast ,  the mucosal 
high-speed superna tan t  contained only 43% of the total  L-Phe-Gly hydrolase and  
35% of the total  L-phenylalanme amidase activities 

Intramural In  the small intest ine the concentra t ion of soluble L-Ala-L-Phe 
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T A B L E  IV 

L-Ala--L-Phe HYDROLASE ACTIVITY OF VARIOUS RAT TISSUES 

T*ssue h*gh-speed supernatant 

Stomach,  mucosa  
Smal l  m t e s t l n e ' ,  mucosa  

P r o x i m a l  smal l  i n t e s t i ne  
Mid smal l  m t e s t m e  
Dis ta l  smal l  m t e s t m e  

Smal l  antestme,  wal l  r e m a m m g  
af te r  r e m o v a l  of  mucosa  

Large  in tes t ine ,  mucosa  
K i d n e y  
Spleen 
Laver 
H e a r t  

L-Ala-L-Phe hydrolase actzwty 
(umts/mg prote,n) 

Rat z Rat 2 Rat 3 

1 7  
6o 56 

41 
63 
49 

15 
14 

60 
18 
I4 
5 

* Py lo rus  to  fleocecal va lve  

419 

hydrolase activity is approx 3-fold greater in mucosa than in remaining wall (Table 
IV, rat No 3) In the contents of small intestine L-Ala-L-Phe hydrolase activity 
(umts per g of material homogenized) was less than lO% of mucosal activity 

Reg, onal In mucosa of stomach and large intestine L-Ala-L-Phe hydrolase 
activities were 3 and 20%, respectively, of that in small intestinal mucosa (Table IV, 
rat  No I) In 4 rats studied (representative experiment, Table IV, rat No 2), activities 
in the proximal and distal thirds of the small intestine were 75 • 17% (mean 4- S D ) 
and 88 + 16%, respectively, of that in the middle segment Similar results were 
obtained for L-Phe-Gly hydrolase activity None of the differences was statistically 
sagnificant (P > o o5), but  the suggestion of slightly greater activity in the middle 
and distal segments is consistent with results reported for other peptlde hydrolase 
a c t i v i t i e s  13-15. 

Pept,de hydrolase act,wry ,n other rat t,ssues 
The L-Ala-L-Phe hydrolase specific activities in high-speed supernatants from 

heart, hver, spleen and kidney were 9, 25, 33 and lO8%, respectively, of the specific 
activity of intestinal supernatant (Table IV, rat No 3) In 7 rats, mean activities 
for high-speed supernatants of kidney and intestinal mucosa were 78 5 -1- 16 I (S D ) 
and 58 3 + 8 4 units/rag protein, respectively (P < o 02) For L-Phe-Gly hydrolase, 
specific activities were 8 5 • o 7 for kidney and 4 9 ~= o 8 units/rag protein for in- 
testinal mucosa (P < o oi) High-speed supernatant of kidney contained lOO°/0 of 
the L-Ala-L-Phe hydrolase and 44% of the L-Phe-Gly hydrolase activity present in 
the whole homogenate, results which are essentially identical to those obtained for 
intestinal mucosa Kidney homogenate had higher L-phenylalanine amldase specific 
activity than homogenate of small intestinal mucosa (I 5 compared to I I units/rag 
protein) However, much less of the  kidney total actlvity remained in the supernatant 
after high-speed centrlfugatlon (7 vs 35%) 
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T A B L E  V 

P E P T I D E  H Y D R O L A S E  A C T I V I T I E S  I N  I N T E S T I N A L  MUCOSA OF A D U L T  RATS 

Mucosa from the  ent i re  smal l  in tes t ine  of adu l t  r a t s  was homogenized  in o 25 M sucrose so lu t ion  
and  an  a l iquo t  wan cent r i fuged  a t  lO 5 ooo × g for I h Q u a n t i t a t i v e  d e t e r m i n a t i o n s  of hydro lase  
ac t iv i t i e s  for the  Ind ica ted  subs t r a t e s  were per formed  wi th  bo th  whole homogena te s  and  high-  
speed s u p e r n a t a n t s  

Substrate Pephde hydrolase aetw,ty (umts/mg prote*n) 

Whole homogenate H,gh-speed supernatantsolut*on 

Mean Range Number Mean ~ S D Range Number 
4: S D of of 

ammals ammals 

Gly-L-Phe  67 i 162 ± 82 82-249 4 
Gly-L-Try  138 125-151 2 
L-Met--L-Phe 3 ° i 7 ° ~- 3 ° 43 - 1 ° 6  4 
L-Ala-L-Phe 31 4- 5 25-41 8 70 4- 18 43-113 27 
L-Leu-L-Phe 31 i 7 ° ± 29 33 - 1 ° 2  4 
G ly -L-Tyr  47 ~- 2o 25-65 3 
L-Phe--L-Met 14 I 35 4- 8 27--42 3 
L-Phe-L-Phe  i i  i 28 ~- i i  17-39 3 
L-Phe-Gly  3 8  I 4 5  4- o 8  2 9 - 5 7  8 
L-Pheamxde  i 2 i i,  i 2 2 o57 - [ -  o 2 8  o 3 o - o 8 5  3 

Effects of fasttng and age on peptzde hydrolase actw,ty 
Fast,ng. Values for hydrolase activities in mucosal high-speed supernatants 

from normal adult rats are presented in Table V The effect of a 48-h fast was deter- 
mined for L-Ala-L-Phe and L-Phe-Gly hydrolase activities m intestine and kidney 
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Fig  7 Neona ta l  deve lopm e n t  of r a t  i n t e s t ina l  L-Ala--L-Phe hydro lase  a c t l v l t y  2 an ima l s  f rom 
a l i t t e r  of I6  were sacrificed a t  the  ind ica ted  t imes ,  the  en t i re  smal l  in tes t ine  of each was  homo-  
genized m o 03 M p o t a s s m m  p h o s p h a t e  buffer (pH 6 9) and  cen t r i fuged  a t  50o0 × g for I5 mln  
a t  4 ° The s u p e r n a t a n t s  were frozen and  assayed  s im u l t aneous l y  7 days  af ter  the  l as t  pa i r  of ra t s  
was  ki l led  I n d i v i d u a l  ([])  and  mean  (0) va lues  for specific a c t i v i t y  are shown 
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Although each activity decreased slightly in each organ, the differences were not 
statistically significant 

Intestinal L-Ala-L-Phe hydrolase actw,ty dumng postnatal development Between 
the 7th and 25th days after birth, intestinal L-Ala-L-Phe hydrolase activity in the 
rat  increases more than 4-fold (Fig 7) This change IS similar to those reported for 
amino trlpeptldase (Gly-Gly-Gly) and leucyl-fl-naphthylamldase in rat  small 
intestine le 

DISCUSSION 

Our screening studies revealed that  rat  intestinal mucosa can catalyze hydro- 
lysis of 15 dlpeptides in a group chosen randomly To our knowledge, I0 of these 
were not tested prev10uslyl°,14j e-21 for hydrolysis by rat intestinal mucosa. Our 
quanti tat ive studies were restricted to substrates containing aromatic amino acids, 
particularly phenylalamne, because little is known about their hydrolases and because 
we hoped to determine whether dlpeptides containing an aromatic amino acid are 
hydrolyzed by  a single enzyme To our knowledge, neither the 9 dipeptlde hydrolase 
activities we studied nor the phenylalamne amidase activity were previously examined 
quanti tat ively in preparations of rat  intestinal mucosa Consequently, our results 
cannot be evaluated in relation to pubhshed data, but comparison with results ob- 
tained for other dlpeptlde hydrolase actlvatles of rat  intestinal mucosa 1°,14,16,19-21 
reveals a similar range of values for opt imum pH (pH 7-9) and the same order of 
magnitude of specific activities, approx i0-I00/~moles hydrolyzed per 15 mm per 
mg protein 

Despite the difficulties we encountered with enzyme purification, we showed 
that  L-Ala-L-Phe hydrolase of rat  lntestmal mucosa is distinct from the mucosal 
L-leucyl-fl-naphthylamldase, Gly-L-Ala-L-Phe amlnopeptidase and L-Phe-Gly hydro- 
lase, and also from pig pancreas carboxypeptidase A Thus, more than one intestinal 
enzyme catalyzes the hydrolysis of phenylalanme-contammg chpeptldes We also 
obtained Information about the substrate requirements of L-AIa-L-Phe hydrolase 
act ivi ty Crude enzyme did not hydrolyze the cyclic dlpeptlde, L-Ala-L-Phe dlketo- 
plperazlne or~D-Ala-D-Phe, and had minimal activity against L-Ala-D-Phe and D-Ala- 
L-Phe 

Most dlpeptide hydrolase activities studied have had a divalent metal  ion 
requirement The metal  producing greatest activation varies, depending on the source 
of the enzyme~, the buffer used in the assay system 2 and, possibly, the substrate 
used 2~ The cations most commonly required are Mn 2+, Co ~+, Mg ~+ and Zn~+(ref 22) 
At least one dlpeptlde hydrolase, from pig kidney, is a zinc metalloproteln 2a; Gly-L-Leu 
hydrolase from human uterus and rat  muscle is strongly activated by  Zn 2+ (ref 2), 
and leucylnaphthylamldase and L-Leu-Gly hydrolase actlvltms from intestinal 
mucosa may  be Zn2+-dependent n Our observations suggest that  Zn 2+ is a cofactor 
for L-Ala-L-Phe hydrolase activity of rat intestinal mucosa The failure of dialysis 
to decrease the enzyme activi ty and the inablhty of divalent cations to Increase the 
act ivi ty m the absence of EDTA, indicate that  the metal  cofactor may  be t ightly 
bound to the enzyme protein ~2 Inhibition by  p-chloromercurlbenzoate suggests that  
L-Ala-L-Phe hydrolase may  be similar to zinc-containing enzymes in which the metal  
ion is covalently bound to mercaptide groups 24 High concentrations of Zn 2+ markedly 
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inhibi t  the act ivi ty,  an effect which has been demonst ra ted  for several meta l -enzyme 
systemse~, z5 and which is apparent ly  not  widely appreciated, though emphasized 
before 22 

In  most  cases studied1°, ix, 80-95% of the ac t iv i ty  of peptlde hydrolases in 
in tes t inal  mucosal homogenates was in the soluble fraction The remaining  ac t iv i ty  
was thought  to be a t tached to the mmcrovlllus membrane  n I t  IS impor tan t  to confirm 
this for other peptlde hydrolases and to make addi t ional  efforts to prove tha t  the 
association of these enzymes with mlcrovdlus membrane  is not  an artifact of mem- 
brane  lsolatlon We found tha t  approx 90% of homogenate act ivi ty  was in the 
soluble fraction for 6 of the 7 peptlde hydrolase activities studied In  contrast ,  less 
t han  50% of the L-Phe-Gly hydrolase and L-phenylalanme amldase activities was 
recovered in the soluble superna tan t  We did not  s tudy  lntracel lular  localization any  
further and  have no proven explanat ion for the observed differences Possibly the 
large soluble fraction of peptade hydrolase ac t iv i ty  in mucosal cells originates outside 
the mucosa, m the pancreas for example, and L-Phe-Gly hydrolase and L-phenyl- 
alanine amldase activities are either not  produced by  the external  source or are 
poorly absorbed by  the mucosal cells Such an hypothesis is not  without  precedent 26, 
and  It could explain the rapid loss zn wtro of certain peptlde hydrolases from intact  
pig Intest inal  mucosa 12 I f  the origins of the peptlde hydrolase activities in the 
soluble and par t iculate  port ions of mucosal epithelial cell preparat ions differ, then 
their functions may  differ too I t  seems likely tha t  the peptlde hydrolases a t tached 
to the mlcrovlllus membrane,  hke the dlsaccharldases, are responsible for cleavage of 
d ie tary  dlpeptldes I f  so, then,  as has been pointed out 11, when homogenates are 
assayed, changes in the mlcrovlllus peptide hydrolases may  be masked by  the much 
larger amount  of soluble enzyme 
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