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CHAPTER I 

INTRODUCTION 

Aminopeptidase activity is located in several human 

tissues (Behal et al., 1965; Panveliwalla and Moss, 1966) 

with extracts of pancreas, kidney, liver, and small intes

tine being studied in some detail. In general there are 

two types of aminopeptidases that have been studied, based 

on enzymatic properties. The first type is the classical 

leucine aminopeptidase, reviewed by Smith and Hill (1960) 

. . 2+ 2+ requirmg Mn or Mg , having a pH optimum of 9.0, showing 

a maximum hydrolytic activity on L-leucylglycine with no 

activity on aminoacyl-B-naphthylcunides, and having no sensi

tivity to puromycin. The second type of aminopeptidase was 

2+ 2+ 2+ stimulated by Co , Zn , or Mn (in order of decreasing 

effectiveness), had a pH optimum of 6.5 to 7.0, showed 

maximum hydrolytic activity on L-alanyl-6-naphthylamide, 

and had puromycin sensitivity. The latter type was des

cribed by Behal et al. (196 5) . The second type of amino-

peptidase is the one of concern in this review auid the 

following intestinal aminopeptidase study. 

A comparison of aminoacyl-6-naphthylamide hydrolases 

was carried out by Panveliwalla and Moss (1966) on par

tially purified extracts of human liver, kidney, pancreas. 



and small intestine. The results showed slight variations 

in chromatographic behavior on DEAE-sephadex columns and 

in mobility on starch-gel electrophoresis implying a dif

ference in the net negative charge on the enzyme molecules 

at pH 8.2 and 8.6. The K values did not vary signifi-
m 

cantly for different forms of the enzyme with the sub

strates L-alanyl-6-naphthylamide or L-leucyl-£-

naphthylamide. Values of K. for leucylglycine or 

leucinamide were also constant, respectively, for whatever 

combination of enzyme and substrate used. 

Two forms of the aminopeptidase were isolated from 

the pancreas and studied by Asserson (19 65). Both enzymes 

2+ 2+ 2+ 

were activated by Co , Mn , and Mn (in order of decreas

ing effectiveness), had pH optima at 7.0 and 7.2, were 

active on L-leucyl-6-naphthylamide and L-alanyl-i-

naphthylamide with no activity on dipeptides, and were 

puromycin sensitive. Further studies on the pancreatic 

aminopeptidases and the kidney aminopeptidase have yet to 

be published. 

The liver aminopeptidase has been studied in greatest 

detail. The liver enzyme was initially purified and 

characterized by Little (1970). This study showed the 

enzyme preferentially catalized the hydrolysis of dipep

tides (both amino acids in the L-configuration) and L-

aminoacyl-3-naphthylamides with non-polar or basic R groups 



as the penultimate residue. L-Alanyl-B-naphthylamide 

exhibited maximum rate of aminopeptidase hydrolysis. Sub

strates with B-branched R groups (N-terminal) resisted 

hydrolysis, while y-branched R groups were hydrolysed 

readily. Oligopeptides were degraded from the N-terminal 

end. Starnes (19 74) reported a molecular weight near 

118,000 in denaturing solvents and 235,000 in dilute salt 

solutions for the liver aminopeptidase. Due to the homo

geneous appearance of the protein in sedimentation 

equalibrium experiments in guanidinium chloride and in 

polyacrylamide gel electrophoresis in sodium dodecyl sul

fate, the molecular weight of 235,000 was presumably a 

dimer of identical 118,000 molecular subunits. Car

bohydrate and amino acid analyses were also done on the 

enzyme. The carbohydrates found conjugated to the enzyme 

were sialic acid, neutral hexoses, and glucosamine. These 

residues made up 17.5 percent of the dry weight, with a high 

sialic acid content of 4.14 percent of the dry weight. The 

amino acid analysis indicated a high tryptophan content and 

little or no cysteine and cystine content. 

More in depth investigations regarding the mechanisms 

of action and the active center followed the previous 

studies. Garner and Behal (19 74) reported on the influ

ence of metal ions on the mechanism of action. The enzyme 

was found to be a zinc-metaloenzyme with the zinc located 
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at or near the active center as indicated by competitive 

and mixed inhibition of chelators. The enzyme contained 

1 mole of zinc per 122,000 + 20,000 grams of protein. This 

strengthens the belief that the dimer is composed of iden

tical subunits. The data also suggest that the enzyme 

formed a cobalt metal-enzyme complex. Activation by Co 

showed uncompetitive or coupling activation kinetics. The 

dissociation constant was large (K = 50 uM) indicating 
a 

2-1-

ready dissociation of the enzyme-Co complex. Two con

secutive reports of Garner and Behal (1975a, b) character

ized the active center by amino acid inhibitor studies and 

the effects of pH on the ionization of active center groups. 

The liver alanine aminopeptidase was inhibited by L-amino 

acids having hydrophobic side chains. Inhibition of 

enzyme hydrolysis of the substrates L-alanyl-B-naphthylamide 

(noncompetitive inhibition), L-leucyl-L-leucine (mixed 

inhibition), and L-alanyl-L-alanyl-L-alanine (competitive 

inhibition) indicated that hydrophobic amino acids may bind 

to a third residue binding site on the active site of the 

enzyme. Binding to the first two residue binding sites 

would have given competitive kinetics with all substrates. 

Studies of pH effects on substrate and inhibitor kinetic 

constants of the enzyme implied two ionizable active center 

groups. A plot of pK versus pH, for the substrate L-alanyl-
8-naphthylamide, showed pK values of approximately 6.0 and 

a 



7.5 indicating substrate ionizable groups or binding-

dependent enzyme active center groups. Similar plots for 

L-Phe, L-Met, L-Leu, octylamine, and octanoic acid, which 

have no groups with pK values between 5 and 9, gave only 
a 

one bending point at 7.7, 7.6, 7.4, 6.3, and 5.9, respec

tively. These data indicated two active center ionizable 

groups involved in substrate binding or inhibitory amino 

acid binding, but not in catalysis since V was constant 
^ max 

at all pH values tested. 

Some studies have been done on partially purified 

preparations of duodenum aminopeptidase. Behal and Little 

(1968) reported a partial purification with an ethanol 

fractionation followed by a DEAE-cellulose column. The 

resulting enzyme solution was shown to be free of the 

classical leucine aminopeptidase. Studies on the enzyme 

solution with optical isomers of alanyl-S-naphthylamide 

and alanylalanyl-B-naphthylamide demonstrated the require

ment for the L-configuration in the N-terminal residue for 

hydrolysis and the exopeptidic nature of the enzyme. The 

enzyme had a pH optimum of 6.8, was maximally activated 
2+ 2+ 2+ 2-̂  

by Co , and also activated by Zn , Mn , and Ca . It 

hydrolyzed L-alanyl-B-naphthylamide most rapidly, although 

L-leucyl-B-naphthylamide had the lowest K . Further sub

strate studies suggested a resistence to hydrolysis of 

3-branched ^-naphthylamides and an importance of 



hydrophobic binding in the formation of the enzyme-

substrate complex. 

The purpose of the research described in this thesis 

was to purify and further probe the properties and charac

teristics of the intestinal auninopeptidase. 



CHAPTER II 

PURIFICATION OF INTESTINAL AMINOPEPTIDASE 

Experimental Procedures 

Materials 

Human duodenum was obtained at autopsy from victims 

of trauma and frozen at -20** C until use. Ammonium sul

fate was purchased from the Baker Chemical Company. 

Triton X-100 was acquired from the Sigma Chemical Company. 

Sephadex G-200 was purchased from Pharmacia Fine Chemicals 

Incorporated. Diethylaminoethyl Bio-Gel A (DEAE-agarose) 

was purchased from Bio-Rad Laboratories. Other reagents 

and solvents were obtained in highest grade from reputable 

sources. 

Assay Procedures 

Aminopeptidase activity was measured by an assay pro

cedure based on that of Goldbarg and Rutenburg (19 58) , 

modified by Garner and Behal (1975). This procedure was 

developed to measure the amount of B-naphthylamine released 

during a given period of incubation, in minutes, at 3 7** C. 

Enzyme was added to a 1-ral reaction mixture containing 0.05 M 

potassium phosphate, pH 6.89, and 0.5 mM L-alanine-S-

naphthylamide. At the end of the incubation, trichloro

acetic acid (0.5ml of 2.5 M) was added to stop the reaction. 
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followed by the addition of 0.5 ml of 0.1 percent (w/v) 

sodium nitrite. This solution was incubated 5 minutes 

at 37° C. Ammonium sulfamate (0.5 ml of 0.5 percent 

[W/V]) was added, followed by the addition of 1.2 5 ml of 

0.1 percent (w/v) N-(1-naphthyl)-ethylenediamine in 

9 5 percent ethanol, for color development. The solution 

was then incubated 15 minutes at 37° C. Thorough mixing 

after each addition is essential. Absorbance was deter

mined at 580 nm. One unit of activity is equal to one 

micromole of substrate released per minute. Units were 

determined from absorbance by equation (1): 

units/ml of enzyme = (-^ ) {—. ^ ^ ) ( • "^^— ) . (1) 
^ 10 yl of enzyme minutes 

This method is referred to as the A^Q/* method. 

Protein concentration was determined by two different 

methods. Routine determination was by measuring the absor

bance at 280 nm. One A^Q^ unit was taken to be an absor

bance of 1.0 per ml. However, the biuret assay, based on 

that of Gornall et al. (1949) was used for protein deter

minations of solutions containing triton X-100, because of 

high absorbance at 280 nm of triton X-100. The biuret 

reagent was composed of 6.0 mM cupric sulfate, 0.02 M sodium-

potassium tartrate, and 3 percent sodium hydroxide. Pro

tein concentration was determined on a 1-ml solution 

containing 5 to 500 ul of protein solution and 500 1̂ of 



biuret reagent. This reaction mixture was incubated 30 

minutes at 24° C, then absorbance determined at 540 nm. 

Bovine serum albumin was used as a standard. The protein 

concentration was calculated based on equation (2): 

protein concentration (mg/ml) 

, ^580 . , 1000 ul X ,2) 
slope of standard yl of protein 

Results and Discussion 

Source of Enzyme and Homogenation 

Frozen human duodenum was freed of as much surrounding 

fat and mesentary as possible. The partially thawed 

duodenum was cut open, rinsed out with distilled water, and 

weighed. Most of the enzyme activity was found to be bound 

to the brush border membrane. This was determined by scrap

ing the inside wall of the intestine with a metal spatula 

to remove the microvilla. This material was diluted in 

0.01 M potassium phosphate, pH 6.89, 2ml per gram of intes

tine. The intestinal wall was cut into small pieces and 

added to two volumes of buffer. Both samples were homog

enized for one to two minutes in a Polytron homogenizer. 

Seventy percent of the alanine aminopeptidase was found in 

the homogenized brush border material. Also, the specific 

activity of the brush border aminopeptidase was seven-fold 
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higher than that of the homogenized intestinal wall 

preparation. 

Ammonium Sulfate Fractionation 

The brush border preparation was centrifuged for 20 

minutes at 15,000 rpm in a Sorvall type SS-34 head. All 

purification procedures were performed at 4° C. The super

natant solution (S-I) contained the activity and the pellet 

was discarded. S-I was made 35 percent saturated with 

respect to ammonium sulfate. The amount of ammonium sul

fate added was determined assuming 6.5 grams per liter was 

1 percent saturated. After 30 minutes the solution was 

centrifuged, as described above. Again the supernatant 

solution (S-II) contained the activity. The pellet was dis

carded. Assays of S-II showed that there was a two-fold 

increase in specific activity with 50 percent of the 

activity recovered. These values are suspected to be low 

since assays were performed on undialyzed samples. Ammonium 

sulfate is inhibitory. 

To free the enzyme from fragments of membrane, 

triton X-100 was added to S-II to a concentration of 1 

percent. This was stirred for 30 minutes. Following 

triton X-100 treatment, the ammonium sulfate concentra

tion of S-II was raised to 65 percent of saturation and 

stirring was continued for 30 minutes. The solution was 
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then centrifuged, forming a pellet (P-III) which floated. 

P-III was suspended in 0.01 M potassium phosphate, 

pH 6.89, containing 1 percent triton X-100, to a volume 

equal to 25 percent of the S-II volume. The solution was 

dialyzed against 0.5 N sodium chloride, 0.1 M sodium borate, 

pH 6.89, and 1 percent triton X-100 (G-200 buffer). This 

material showed a 37-fold increase in purity with a 

recovery of about 65 percent. Protein concentrations were 

determined by the Biuret method when samples contained 

triton X-100. 

Sephadex G-200 Chromatography 

The dialyzed P-III solution was loaded on a sephadix 

G-200 column (5 x 80 cm) equilibrated in G-200 buffer. The 

elution profile is shown in Figure 1. Fractions 39 through 

50 were pooled, concentrated by pressure dialysis using an 

Amicon PM-10 membrane, and dialyzed against 0.01 M tris 

buffer, pH 8.1. The dialyzed pooled fractions showed a 

69-fold increase in specific activity. 

DEAE-Agarose Chromatography 

The dialyzed G-200 pooled fractions were charged to a 

DEAE-agarose column (0.9 x 24 cm) that had been equilibrated 

in 0.01 M tris buffer, pH 8.1. The column was washed with 

100 ml of the column buffer before a linear sodium chloride 

gradient from 0 to 0.2 M was started. The gradient 
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consisted of 200 ml of buffer in the reservoir closest to 

the column and 200 ml of 0.2 M NaCl in buffer in the other 

reservoir. Fractions were collected only after the 

gradient was started. Figure 2 shows the elution profile. 

A significant amount of activity was lost at the beginning 

of the column, possibly due to overloading the column. 

Fractions 17 through 22 were pooled, concentrated by pres

sure dialysis, and dialyzed against 0.01 M potassium phos

phate, pH 8.0. This step increased the purity of the 

enzyme to 138-fold. Apparently, all the triton X-100 was 

separated from the enzyme on this column. 

The final purification step was accomplished by a 

second DEAE-agarose column (0.9 x 25 cm) with a pH gradient 

from 5.0 to 3.5. The gradient was set up with 200 ml of 

0.01 M acetate buffer, pH 5, in the reservoir closer to the 

column and 200 ml of 0.01 M acetic acid in the other reser

voir. The enzyme was charged to the column equilibrated in 

0.01 M potassium phosphate, pH 8.0. The column was then 

washed with 200 ml of 0.01 M acetate buffer, pH 5. No 

enzyme was eluted at this point. The pH gradient was 

started at fraction 22. Every 10 to 12 hours the pH of 

the newly collected fractions was determined and then 

raised to 8.0 by adding 1.0 ml of 1.0 M potassium phosphate 

The elution profile is seen in Figure 3. Fractions 38 

through 48 were pooled, concentrated by pressure dialysis. 
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and dialized against 0.10 M potassium phosphate, pH 6.89 

The enzyme preparation now had a 314-fold increase in 

purity. A summary of the data from this procedure is in 

Table 1. 
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TABLE 1 

PURIFICATION OF INTESTINAL AMINOPEPTIDASE 

Step 

„ , Units Protein Specific 
Vol - . . A .. • •.. 
frr^^\ / ILjaoles.. (^osin Activity 
^̂ ^̂  ( min. ) u,i\̂ 3° (Units/A^go Units) 

Purifi
cation 

Homogenate 

35% (NH^)2 SO^ 

65% (NH^)2 SO^ 

(P-III) 

Sephadex G-200 

DEAE-agarose 
(NaCl gradient) 

DEAE-agarose 
(pH gradient) 

114 

110 

340 

39.5 

29.0 

5.8 

490 

243* 

311 

229 

46.8 

25.0 

7752 

1690 

134** 

52.5** 

6.52 

1.26 

6.32x10 

1.44 xlO 

-2 

-1 

2.32** 

4.38** 

7.19 

19.8 

(1) 

2.27 

36.7 

69.3 

138 

314 

*Low activity due to assay on undialyzed sample. 

**Protein concentration, determined by Biuret method, in mg, 



CHAPTER III 

CHARACTERIZATION OF INTESTINAL AMINOPEPTIDASE 

Experimental 

Materials 

The procedure of Davis (1964) was employed for casting 

and electrophoresing the 2.5 percent polyacrylamide 

stacking gels and 7.5 percent polyacrylamide separating 

gels used in the analysis of native enzymes. The 7.5 per

cent polyacrylamide gels used in sodium dodecylsulfate (SDS) 

electrophoresis were purchased from Bio-Rad Lciboratories as 

precast gels. The tracking dye (0.5 percent bromophenol 

green dissolved in 30 percent sucrose and 0.04 M tris/ 

glycine buffer, pH 8.3) used on gels was acquired from Bio-

Rad Laboratories. Intestinal aminopeptidase was purified 

as described in Chapter II. Liver and kidney aminopepti

dases were purified by the procedure described by Garner 

and Behal (19 75a) and modified by Kao and Behal (in prepara

tion) . The purification procedures of the liver and kidney 

enzymes are identical with the exception of 72 hour kidney 

autolysis and 24 hour liver autolysis. Neuraminidase and 

CPG-240-200 (Bio-Glas 200) were purchased from Sigma 

Chemical Company. 

21 
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Bovine serum albumin was obtained from Sigma Chemical 

Company and ovalbumin from Matheson, Coleman and Bell. 

Dextran 2000 (blue dextran) was purchased from Pharmacia 

Fine Chemicals, Incorporated. The amino acid amides of 

B-naphthylamine were acquired from Mann Research Labora

tories and aminoacyl-p-nitroanalides from Sigma Chemical 

Company. L-Phenylalanine and puromycin were procured from 

Nutritional Biochemicals Corporation; o-phenanthroline and 

2,2'-bipyridine were from Eastman Kodak Company; ethylene-

diamine-N,N'-tetraacetic acid (EDTA) was from Baker Chemi

cal Company; and 8-hydroxyquinoline was from Sigma Chemical 

Company. Methicillin was provided by the courtesy of 

Dr. Willis L. Starnes. 

Methods 

Electrophoresis procedures. Protein solutions were 

put on precast gels as native, neuraminidase-treated or 

SDS-treated preparations. Neuraminidase treatment consisted 

of incubating 10 yg of liver aminopeptidase or 10 yg of 

intestinal aminopeptidase with 10 yl of neuraminidase 

(0.9 mg/ml) for 24 hours at 37° C in a volume of 0.1 ml at 

pH 7.0. Protein samples of 100 yl were pre-treated with 

20 yl of 5 percent SDS and 5 yl of 14.7 M 2-mercapato-

ethanol and incubated 2 minutes at 90° C. Two microliters 

of tracking dye were added to all samples before they were 
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applied to the gels. The precast gels were electrophoresed 

in their respective buffers at 20 V and 1 mA overnight, 

before the protein samples were added to the gels in order 

to introduce the buffer to the gels. Native and neuramini

dase-treated enzymes were electrophoresed in tris/glycine 

buffer (0.050 M tris and 0.038 M glycine), pH 8.3. SDS 

gels were electrophoresed in tris/acetate/SDS buffer 

(0.205 M tris, 0.205 M glacial acetic acid, and 0.1 per

cent [w/v] SDS), pH 6.6. Native gels were run with 5-10 

yg of protein, neuraminidase gels with 10 ĝ of protein, and 

SDS gels with 10 to 150 yg of protein. The native and 

neuraminidase-treated proteins were electrophoresed into 

the 1-cm, 2.5 percent polyacrylamide stacking gels at 50 V 

and 1.3 mA per gel for 30 minutes followed by separation 

on the 6-cm, 7.5 percent polyacrylamide separating gels at 

98 V and 2 mA per gel for 90 minutes. The SDS-treated pro

teins were electrophoresied into 6-cm, 7.5 percent poly

acrylamide gels at 20 V and less than 1 mA per gel followed 

by separation at 0.8 watts per gel for 5 hours. All 7.5 per

cent polyacrylamide gels were fixed for 20 minutes with 5 

percent trichloroacetic acid and stained for 30 minutes with 

0.02 percent Coomassie blue in 7 percent acetic acid. Gels 

were destained by periodic changes of a 7 percent acetic 

acid wash. Each had sufficient volume to cover the gel in 

a 18 X 150 mm test tube. 
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Assay procedures. Blue dextran concentration was 

measured by direct absorbance at 570 nm. An aminopepti

dase activity assay involving continuous monitoring of 

the increase in B-naphthylanine absorbance at 340 nm 

(el780, Lee et al., 1971) was mainly used for substrate 

studies. The reaction was monitered at 24° C, unless 

stated otherwise, with a 1-ml volume containing 0.05 M 

potassium phosphate buffer, pH 6.89, 10 ul of enzyme solu

tion (purified by the previous procedure, through the 

first DEAE-agarose colume with the NaCl gradient), and sub

strate concentrations from 5 mM to 0.01 mM. In the case 

of inhibition and some substrate studies the continuous 

release of p-nitroaniline was followed at 405 nm (e9620, 

Pfleider, 1970). L-Leucyl-p-nitroaniline was the substrate 

for inhibitor studies ranging in concentration from 5 to 

0.2 mM. Inhibitors were added in 5 to 20 yl aliquots. All 

of these studies were performed using a Beckman Acta M VI 

uv/visible spectrophotometer with recorder span set at 0.1 

and chart speed set at 1.0 inch per minute. 

Results and Discussion 

Comparison of the Intestinal Aminopep
tidase with its Isozymes 

Purity determination was accomplished largely by 

polyacrylamide gel electrophoresis under native conditions. 

The results, seen in Figure 4, demonstrated a single band 
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with an R^ value of 0.16. Purity could be estimated at 

greater than 90 percent. A comparison of the intestinal 

aminopeptidase with the liver and kidney aminopeptidases 

was made on 7.5 percent polyacrylamide gels. R^ values of 

the liver, kidney, and intestinal isozymes are shown in 

Table 2. Gel photographs are shown in Figure 5. The intes

tinal aminopeptidase migrates at a much slower rate than 

either the kidney or liver aminopeptidases. One further 

study of the liver and intestinal aminopeptidase was done 

with neuraminidase-treated enzymes on 7.5 percent polyacryla

mide gels. The results, in Table 3 and Figure 6, show the 

liver aminopeptidase mobility was unaffected. This is 

probably due to a substantial sialic acid content in the 

liver enzyme and little or no sialic acid content of the 

intestinal enzyme. Despite the cleavage of sialic acid 

from the liver enzyme, it still migrates faster than the 

intestinal enzyme, indicating further differences between 

the two enzymes. 

The isozymes are further contrasted by their adher

ence to Bio-Glas 200. Purification of the intestinal 

aminopeptidase did not include absorption in a Bio-Glas 

200 column as with the liver and kidney aminopeptidases. 

Autolysis of the intestine was unsuccessful due to high 

activity losses. Without autolysis the intestinal enzyme, 

still largely membrane bound, would not adhere to the 
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TABLE 2 

R^ VALUES OF AMINOPEPTIDASE ISOZYMES ON 
7.5% POLYACRYLAMIDE GELS UNDER 

NATIVE CONDITIONS 

G e l -r / N 

J, Isozyme (s) R^ 

liver and kidney aminopeptidase 0.26 

liver aminopeptidase 0.2 7 

kidney aminopeptidase 0.25 

intestinal aminopeptidase 0.17 
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TABLE 3 

31 

R^ VALUES FOR NEURAMINDASE-TREATED ISOZYMES ON 
7.5% POLYACRYLAMIDE GEL ELECTROPHORESIS 

UNDER NATIVE CONDITIONS 

Gel 
No 

1 

2 

3 

4 

Amino-
peptidase 

liver 

liver 

intestine 

intestine 

Enzyme 
Treatment 

none 

neuraminidase 

none 

neuraminidase 

^f 

0.31 

0.22 

0.18 

0.18 
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Bio-Glas 200 as the liver enzyme (Garner and Behal, 1975a) 

and the kidney aminopeptidase (C.W. Garner, unpublished). 

Triton X-100, used as a detergent to separate the enzyme 

from the membrane, prevented the use of a Bio-Glas 2 00 

column possibly because of its interference with hydro

phobic interactions. Long autolysis periods were required 

for enzyme release from the membrane; however, this was 

accompanied by loss of activity. Activity losses might be 

due to bacterial action, or the presence of proteases or 

other contaminants in the gut. 

Thus it can be concluded that the intestinal enzyme 

differs from the liver enzyme in sialic acid content as 

well as in yet unknown structural features. 

Cobalt Stimulation 

Cobalt stimulation was determined on crude and puri

fied preparations of intestinal aminopeptidase by incuba

tion enzyme preparations with 0.5 mM cobalt chloride. The 

Aeon method, described previously, was used with 0.5 rri«l 
580 

L-alanyl-B-naphthylamide as the assay procedure. Regard

less of the level of enzyme purification, the enzyme was 

stimulated 1.3-fold by cobalt, as compared with 2.4-fold 

stimulation of the liver aminopeptidase (Garner and 

Behal, 19 74). 
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Molecular Weight Determination 

The molecular weight of the intestinal aminopeptidase 

was found under native and SDS-denaturing conditions. The 

molecular weight of the SDS-denatured protein was deter

mined by 7.5 percent polyacrylamide gel electrophoresis. 

SDS-treated standard proteins, ovalbumin and bovine serum 

albumin as monomers and dimers, were used as standards. 

A standard curve was prepared from these data, shown in 

Figure 7. The molecular weight of the aminopeptidase was 
c 

108,000 + 4,000. 

The native enzyme molecular weight was determined 

with a sephadex G-200 column (94.4 x 0.9 cm) with blue 

dextran as a marker of excluded material. The elution pro

file is shown in Figure 8. The void volume (Vo), taken as 

the blue dextran peak, was 24.8 ml and the elution volume 

(Ve), taken as the activity peak, was 34.8 ml. A molecu

lar weight of 206,000 + 10,000 was calculated from equation 

(3): 

log [M.W.] = 6.698 - 0.987 (Ve/Vo), (3) 

which was determined for sephadex G-200 column profiles by 

Determann and Michel (1966). A comparison of the T.olecular 

weight of the denatured protein with the molecular weight 

of the native protein indicates that the native forni of the 
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enzyme exists as a dimer. The two subunits are identical 

or very similar since SDS gel electrophoresis showed only 

one band. 

Energy of Activation for the 
Enzyme-Catalyzed Reaction 

The influence of temperature on the reaction rate was 

evaluated by monitoring the rate of p-nitroaniline released 

from L-leucyl-p-nitroaniline at temperatures ranging from 

3.9° to 55.8° C. Data obtained were plotted in an Arrhenius 

plot. Figure 9. The sharp bend at 36.1° C indicates a 

change in the nature of the rate-limiting step and is 

probably related to an enzyme structural change. Both lines 

have a correlation coefficient better than 0.990. The 

energy of activation (Ea), for the enzyme from 3.9° to 

36.1° C was 18.6 kcal/mole and from 36.1° to 55.8° C was 

8.5 kcal/mole. The Ea was calculated from equation (4): 

Ea = -R (slope)". (4) 

The K was shown not to change in the temperature range 
m 

used. 

Substrate Specificity 

The substrate specificity of the intestinal amino-

peptidase was studied with 13 aminoacyl-B-naphthylamides 

and 2 aminoacyl-p-nitroanilides. The effect of substrate 

concentration on the rate of enzyme hydrolysis was obtained 
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from kinetic assays, described previously, and plotted as 

velocity versus velocity divided by substrate concentration 

(Webb, 1963). The lines were fitted to the data by the 

method of least squares. The deviation values were calcu

lated from error values given by the least squares method. 

All correlation coefficients were 0.950 or better. The 

^m' ^max' ^^^ ^max^^m '̂ ^̂ ^̂ s for the appropriate substrates 

are seen in Table 4. L-alanyl-B-naphthylamide had the 

highest V^^^. Amino acids with straight aliphatic, aromatic, 

and y-branched aliphatic chains had high V values; low 
^ max 

^max ^̂ -̂ ^̂ ^ were associated with 3-branched amino acids. 

Low K values were characteristic of non-polar straight 

chain or basic amino acids, regardless of branching. The 

V /K ratio gives a relative idea of effectiveness of the 
max m 

enzyme with a given substrate. This ratio is higher for 

straight chain aliphatic, y-branded aliphatic, and aromatic 

amino acids, and lower for polar amino acids. Despite the 
high V of L-alanyl-B-naphthylamide substrates with ^ max J *- c J 

larger R groups had lower K values, indicating they were 

bound more readily to the enzyme. This was observed with 

both non-polar and basic groups. L-Valyl-6-naphthylamide 

and L-isoleucyl-B-naphthylamide had low V^^^ values, indi-
max 

eating reduced effectiveness of aminopeptidase hydrolysis 

on 3-branched amino acids. The ring structured R groups 

of L-phenylalanyl-B-naphthylamide and L-histidyl-3-
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TABLE 4 

EFFECT OF SUBSTRATE CONCENTRATIONS ON INTESTINAL 
AMINOPEPTIDASE CATALYZED HYDROLYSIS OF 

AMINOACYL-B-NAPHTHYLAMIDES AND 
AMINOACYL-P-NITROANILIDES 

Aminoacyl-
B-Naph thylamide 

L-Alanyl 

L-Phenylalanyl 

L-Methionyl 

L-Leucyl 

L-Isoleucyl 

L-Valyl 

L-Arginyl 

L-Histidyl 

L-Lysyl 

L-Asparagyl 

L-Glutamyl 

L-Threonyl 

L-Seryl 

K (mM) V 
m n 

0.0913 ± 0.0035 

0.202 ± 0.009 

0.0204 ± 0.0009 

0.0673 ± 0.0025 

0.0921 ± 0.0030 

0.0703 ± 0.0036 

0.0880 ± 0.0036 

0.367 ± 0.009 

0.0245 ± 0.0028 

0.785 ± 0.007 

2.33 ± 0.05 

0.617 ± 0.025 

0.108 ± 0.005 

. Units X 

lax ^ enzyme A Q_. Units 

5.02 ± 0.17 

3.69 ± 0.15 

2.29 - 0.11 

2.14 ± 0.08 

0.221 ± 0.007 

0.130 ± 0.007 

0.845 ± 0.034 

0.639 ± 0.017 

0.384 ± 0.045 

0.676 ± 0.006 

0.607 ± 0.012 

0.628 ̂  0.026 

0.281 - 0.015 

V 

Kfli 

55.0 

18.3 

112 

31.8 

2.40 

1.85 

9.60 

1.74 

15.7 

0.861 

0.260 

1.02 

2.60 

Aminoacyl-
p-Nitroanilide 

L-Leucyl 

L-Glycyl 

0.647 t 0.026 

0.740 ± 0.024 

1.78 - 0.07 

0.288 ± 0.009 

2.75 

0.389 
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naphthylamide had high K values indicating poor substrate 

binding. It can be concluded that the enzyme active center 

favors binding of straight chain, non-polar, or basic 

amino acids with large R groups and hydrolysis of straight 

aliphatic chain amino acids that are not B-branched, with 

the exception of L-phenylalanyl-B-naphthylamide. With a 

few exceptions these findings are similar to those observed 

for the liver aminopeptidase (Little, 19 70). 

L-Phenylalanine Inhibition 

The amino acid inhibition of the intestinal aminopepti

dase with L-Phe gave mixed inhibition as seen in Figure 10. 

The inhibition constant (K.) was calculated from equation 

(5): 

V* K 

^i - V K̂ ^̂ V̂ Ŝ  ^ ^^ ' ^^ 
max m max m 

derived from an equation given by Webb (1963). K^ is the 

Michaelis constant of the inhibited line and K^ is the 

Michaelis constant of the control. V^^^ is the maximum 

velocity for the inhibited line and V^^^ is the maximum 

velocity for the control. The average deviation from the 

mean, determined from two values, is reported with the K^ 

value. The K. value for L-Phe inhibition was calculated 

to be 0.67 mM + 0.11. The mixed inhibition nature suggest 
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the binding site of the hydrophobic amino acid is at least 

near the active site and situated in such a manner that 

there is a substantial effect on substrate binding. These 

results are in contrast with those obtained with the liver 

aminopeptidase which showed noncompetitive inhibition by 

L-Phe (Garner and Behal, 1975a). This suggests differ

ences between the two enzymes in the vicinity of their 

active sites. 

Puromycin Inhibition 

Puromycin inhibition gave competitive inhibition, 

shown in Figure 11. Using equation (5) a K. value of 

12.5 yM +_ 0.8 was calculated. This value is in good agree

ment with that reported for the liver aminopeptidase 

(Little, 1970) . 

Methicillin Inhibition 

Methicillin, a penicillin antibiotic, gave mixed 

uncompetitive inhibition shown graphically in Figure 12. 

The K. value was calculated by two methods due to the 
1 

unusual inhibition pattern. Equation (5), which extrapo

lates to the ordinate for zero substrate concentration, 

gave a K. value of 25.2 mM + 2.2. The other method is 

based on equation (6); 

Ki = ^ r - ^ % — ^ 111 ' (6) 
max max* 
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derived from the same equation of Webb (196 3), but which 

extropolates to the abscissa for infinite substrate con

centration. The K^ calculated from equation (6) is 4.61 

mM + 0.95. 

Chelator Inhibition 

Inhibition by various chelators suggests that the 

enzyme contains a metal ion. At 24° C, inhibition by the 

chelator o-phenanthroline gave nonlinear rates indicating 

a time lag in binding and debinding of inhibitor to enzyme. 

To avoid this effect the kinetic studies were done at 

40° C eliminating the time lag in inhibition. Inhibition 

by o-phenanthroline gave a mixed inhibition pattern, seen 

in Figure 13. An average K. value of 67 yM + 30 was cal

culated from equation (5). The large deviation from the 

mean is due to the fact that different concentrations of 

o-phenanthroline consistantly gave widely differing values 

of K. . The K. value with 0.1 mM o-phenanthroline inhibi

tion was 9 7.6 yM. Inhibition with the higher concentration 

of 0.2 mM o-phenanthroline had a K. value of 3 7.1 yM. 

These data may indicate that there is cooperative binding 

of the two molecules of the inhibition, as has been sug

gested in the case of the corresponding liver aminopepti

dase (Garner and Behal, 19 74). 

The reversibility of o-phenanthroline inhibition was 

investigated in the series of experiments seen in Table 5. 
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TABLE 5 

REVERSIBILITY OF O-PHENANTHROLINE INHIBITION OF 
THE INTESTINAL AMINOPEPTIDASE 

Experiment 
No Treatment 

I 

II 

III 

IV 

% 

Activity 

none 

o-phenanthroline 

o-phenanthroline, with dilution 

o-phenanthroline, with dialysis 

100 

1 

101 

43 

Experiment I - The control experiment. The substrate 
was 2mM L-leucyl-p-nitroanilide. 

Experiment II - The control with 0.04 mM o-phenan
throline incubated for 30 minutes with 
the enzyme before addition of the 
substrate. 

Experiment III -

Experiment IV -

o-Phenanthroline inhibition (Experi
ment II), with a five-fold dilution 
after the incubation and before the 
addition of substrate. 

o-Phenanthroline inhibition (Experi
ment II), with incubation followed by 
dialysis against 500 ml of 0.01 M 
potassium phosphate buffer (pH 6.89), 
24 hours at 4° C, before substrate 
addition. 
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Intestinal aminopeptidase was incubated with 0.04 mM 

o-phenanthroline for 30 minutes at 24° C. The activity at 

this concentration of o-phenanthroline was decreased 99 

percent as compared to the control. Activity was restored 

to the incubated sample in two ways. A five-fold dilution 

restored 101 percent of the activity. Also, dialysis of 

the incubated sample against 500 ml of 0.01 M potassium 

phosphate buffer, pH 6.89, with one change, for 24 hours 

at 4° C restored 4 3 percent of the activity. The lack of 

full recovery was not surprising since activity is readily 

lost upon dialysis. Reversibility of chelator inhibition 

provides evidence that the metal ion remains with the 

enzyme and is not removed by chelators. 

A comparison of different chelators as inhibitors of 

the intestinal aminopeptidase is seen in Table 6. These 

measurements were made at 40° C. The more potent chelators, 

o-phenanthroline (0.4 mM), 8-hydroxyquinoline (3.0 mM) , and 

2,2'-bipyridine (5.0 mM) , all structurally similar, inhibited 

94 percent, 91 percent and 90 percent of the intestinal 

aminopeptidase activity, respectively. A less effective 

inhibitor, EDTA (1.0 mM), only inhibited 14 percent of the 

intestinal aminopeptidase activity. This is in contrast 

with the liver aminopeptidase which was inhibited strongly 

by 10 M EDTA (Garner and Behal, 1974). This further 

indicates structural differences between the two enzymes, 
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TABLE 6 

INHIBITION OF THE INTESTINAL AMINOPEPTIDASE 
BY DIFFERENT CHELATORS 

Inhibitor 

None 

o-phenanthroline 

8-hydroxyquinoline 

2,2'-bipyridine 

EDTA 

Concen
tration 

— 

0.4 mM 

3.0 mM 

5.0 mM 

1.0 mM 

% of 
Control 

100 

6 

9 

10 

86 

The activity was measured at 40° C, with 
2.0 mM L-leucyl-p-nitrocUiiline as substrate. 
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assuming the metal ion is a part of or near the active 

site, as indicated by mixed competitive inhibition with 

chelators. Due to close correlation of substrate K and 
m 

^max '^^^^^s, however, differences between the enzymes 

cannot be too great. 



CHAPTER IV 

SUMMARY 

Human intestinal aminopeptidase has been purified from 

brush border membrane by ammonium sulfate fractionation 

with triton X-100 treatment, gel filtration on sephadex 

G-200, and two ion exchange columns on DEAE-agarose chroma

tography with sodium chloride and pH gradients, respectively 

The resulting enzyme was estimated to be greater than 90 per

cent pure by polyacrylamide gel electrophoresis. This 

enzyme is a member of that group of cobalt-stimulated 

aminopeptidases, showing 1.3-fold stimulation in both crude 

and purified forms. 

A number of its properties have been investigated; also 

some comparisons between this enzyme and an isozyme from the 

human liver have been made. The molecular weight of the 

SDS-denatured enzyme, as determined on polyacrylemide SDS-

gel electrophoresis, was 108,000 + 4,000. The native 

molecular weight, determined by gel filtration on sephadex 

G-200, was 206,000 +^ 10,000. This suggests that the native 

enzyme is a dimer, composed of two identical or otherwise 

similar monomers. The intestinal form migrated more slowly 

than the liver form on gel electrophoresis at pH 7.0. 

Neuraminidase treatment of each form resulted in a 

60 
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reduction in the mobility of the liver form but not the 

intestinal form which remained the slower-moving form. 

This indicates that the intestinal enzyme has little or no 

sialic acid and that substantial structural and/or ionic 

differences exist between the two forms, even after sialic 

acid removal from the liver form. The effect of tempera

ture on the rate of the enzyme-catylized reaction was 

observed with the data plotted by the Arrhenius method. A 

sharp bend in the curve at 36.1° C indicates a conforma

tional change in the enzyme which results in a further 

lowering of the energy of activation at temperatures above 

36.1° C. Values of the activation energy were 18.6 kcal/mole 

below this temperature and 8.5 kcal/mole above it. 

Studies of the kinetics of hydrolysis of a series of 

aminoacyl-B-naphthylamides demonstrate that the enzyme binds 

most efficiently N-terminal aminoacyl residues with non-

polar or basic R-groups. Catalysis of hydrolysis, however, 

is favored with straight aliphatic chain aminoacyl R-groups 

that are not B-branched. Inhibitor studies with the hydro

phobic amino acid L-Phe show mixed inhibition with a K^ 

value of 0.67 mM + 0.11, as contrasted with competitive 

inhibition observed with the liver enzyme. The intestinal 

enz Tne is puromycin sensitive, being inhibited competitively 

with a K. value of 12.5 uM + 0.8. A penicillin antibiotic, 

methicillin, is shown to inhibit the enzyme in an 
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uncompetitive manner with a K. value near 14.9 mM. 

Chelator studies show the enzyme to be a metaloenzyme, 

being inhibited by o-phenanthroline with mixed inhibition 

(K. = 67.4 yM + 30.2). The metal ion is tightly bound and 

is not removed upon interaction with the chelators. 

Further chelator studies show inhibition of activity with 

8-hydroxyquinoline and 2,2'-bipyridine. EDTA also inhibits 

the enzyme, but is not as strong a chelator as the others. 
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