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The Mechanism of Action of Dipeptidyl Aminopeptidase. 
Inhibition by Amino Acid Derivatives and Amines; 
Activation by Aromatic Compoundst 

Robert M. Metrione* and Nancy L. MacGeorge 

ABSTRACT: A variety of amino acid and peptide amides 
have been shown to be inhibitors of dipeptidyl aminopep- 
tidase. Among these compounds derivatives of strongly hy- 
drophobic amino acids are the strongest inhibitors (Phe- 
NH2, K ,  = 1.0 f 0.2 mM), while amides of basic amino 
acids were somewhat less effective (Lys-NH2, K ,  = 36 f 3 
mM). Short chain amino acid amides are notably weaker 
inhibitors (Gly-NH2, K ,  = 293 f 50 mM). The interaction 
of the side chains of compounds with the enzyme appears to 
be at a site other than that at which the side chain of the 

D i p e p t i d y l  aminopeptidase (dipeptidyl aminopeptidase I, 
dipeptidyl peptidase, dipeptidyl-transferase, cathepsin C; 
EC 3.4.14.1) is a lysosomal exopeptidase which is capable 
of removing dipeptides sequentially from the amino termi- 
nus of a peptide chain (McDonald et al., 1969). The speci- 
ficity of the enzyme has been studied in some detail (Jones 
et al., 1952; Izumiya and Fruton, 1956; Fruton and Mycek, 
1956; Wiggans et al., 1954; Planta et al., 1964; Voynick and 
Fruton, 1968). From these studies it appeared that dipepti- 
dyl aminopeptidase had a rather narrow specificity, sub- 
strate largely being confined to compounds of the type 
NH~-C(RI)H-CO-NH-C(R~)H-CO-X, in which R2 was 
the side chain of a strongly hydrophobic amino acid. Planta 
et al. (1964) and Metrione et al. (1966) had reported that 
the enzyme had no activity toward proteins. However, 
McDonald et al. (1969) demonstrated that the enzyme pos- 
sesses a much broader specificity and is capable of hydro- 
lyzing the peptide bonds of proteins in the presence of chlo- 
ride ions. It is now clear that in the presence of suitable ac- 
tivators the CO-X bond can be hydrolyzed provided that: 
(1) the a-amino group is free; (2) the amino terminal amino 
acid (with the side chain R,)  is not basic (Arg or Lys'); (3) 
that the penultimate amino acid (with side chain Rz) is not 
proline; and (4) that the dipeptide is not linked through a 
peptide bond to a proline. The usefulness of the enzyme for 
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amino-penultimate residue of the substrate interacts since 
the specificity of binding is differedt. Primary amines have 
been shown to inhibit, e.g., butylamine, Ki = 340 f 40 mM, 
and aromatic compounds have been shown to stimulate ac- 
tivity toward Gly-Gly-NH2 and Gly-Gly-OEt (phenol, 35% 
stimulation of activity at a 1:l molar ratio with the sub- 
strate). The data suggest that inhibition involves binding at 
the site occupied by the free a-amino group and the N-ter- 
minal amino acid. 

protein sequence studies has been described (Callahan et 
al., 1972). 

Highly purified dipeptidyl aminopeptidase (Metrione et 
al., 1966) has been shown to be composed of eight subunits 
of 25000 molecular weight each (Metrione et al., 1970) and 
to require sulfhydryl (Fruton and Mycek, 1956) and chlo- 
ride activation (McDonald et al., 1966). There is some evi- 
dence that dipeptidyl aminopeptidase is an allosteric en- 
zyme (Gorter and Gruber, 1970). 

Fruton and Mycek (1956) reported on the ability of 
amino acid derivatives to inhibit dipeptidyl aminopeptidase. 
Their results indicated that Phe-NH2 is a much better in- 
hibitor than D-Phe-NH2; Tyr-NH2 is a weaker inhibitor 
than Phe-NH2; Phe-Phe is an inhibitor; and that Ac-Phe, 
Phe, P-phenylethylamine, and Leu-NH2 were not inhibi- 
tors. The authors concluded that the requirements for com- 
petitive inhibitors included an L-amino acid (stereochemical 
specificity), a free amino group, and a linked (amidated or 
esterified) carboxyl group, and that inhibition is favored by 
an amino terminal aromatic amino acid. 

Experiments in our laboratory intended to develop an af- 
finity chromatographic method for the separation and isola- 
tion of intracellular proteolytic enzymes have led us to a 
reinvestigation of the inhibition of beef spleen dipeptidyl 
aminopeptidase. 

Experimental Procedure 
Isolation of Enzyme and Determination of Enzyme Ac- 

tivity. The transamidation assay was employed in the man- 
ner described by Metrione et al. (1966). For routine assays, 
Gly-Phe-NH2 or Gly-Gly-OEt was the substrate unless oth- 
erwise indicated. The hydrolysis assay was the method of 
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Table I: Inhibition of Dipeptidyl Aminopeptidase by Amino Acid 
and Peptide Derivatives.a 

Table 11: The Effect of Amino and Aromatic Compounds on the 
Activity of Dipeptidyl Aminopeptidase. 

Substrate 

Gly-Gly-OE t Glv-L -P he-NH ~ 

~~ 

% 7c 
Inhibitor Inhibition K ;  (Mb Inhibition K ;  (mMlb 

Phe-NH, 
Trp-NH, 
Leu-NH, 
Bz-Arg-NH, 
Arg-NH, 
Lys-NH, 
Ac-Leu-NH, 
Gly-pAla-NH, 

Glu-aOMe 

pAla-NH, 
Gly-D-Phe-NH, 

Gly-Gly-NH, 

Gly-NH, 

Ac-Gly-NH, 
Bz-Gly-NH, 
Arg 
Glu 
GlY 
Bz-Arg 

100 1 . o i  0.2c 95 1.2s i 0.15c 
95 0.7 i 0.3C 95 1.5 i 0.4C 
90 9.2 i 1C 71 10.0 t 0.2c 
82 1.7 i 0 . Y  78 1.4 i 0.5c 
70 13.5 i 2.1C 36 
42 36 i 3d 10 

30 5 6 . 2  i 2.2d 38 
28 33 26.5 +5W 
24 5 
22 35 293 t 5W 
22 21 
19 28 
<5 <5 
<5 < S  
<5 (5 
(5 < S  
<5 <5 
<5 <5 

33 40 T 4d 15 

aThe assays for the percent inhibition studies were performed as 
described in the Experimental section with an inhibitor to  substrate 
ratio of 1 .  bThe Ki’s were determined by plots of rate-’ vs. inhibitor 
concentrations of ~0.002-0.1 d. d 0.02-0.1 d. 

Fruton and Mycek (1956). The enzyme was isolated ac- 
cording to the method of Metrione et al. (1966) to yield the 
CM fraction. The K ,  values were determined from Dixon 
plots (Dixon, 1953), employing two substrate concentra- 
tions. 

Subsrrares and Inhibitors. PAla-NH2, Glu-cuOMe, Arg- 
NH2, Gly-PAla-NH2, Leu-NH2, Ac-Leu-NH2, and Gly- 
Arg-NH2 were obtained from Fox Chemical Company. D- 
Arg, Bz-Arg-NH2, Phe-NH2, Trp-NH2, Gly-Gly-OEt, and 
Gly-Phe-NH2 were from Sigma Chemical Co. Gly-Gly- 
NH2 and Gly-NH2 were from Fluka. Lys-NH2 and Ac- 
Gly-NH2 were from Cyclo Chemical Co. Bz-Gly-NH2 was 
from Schwarz/Mann. 4-Phenylbutylamine- 1 was from K & 
K Laboratories. All were tested by thin-layer chromatogra- 
phy (Eastman 13 18 1 silica gel plates; 1-propanol-ammonia, 
7:3, and 1-butanol-acetic acid-water, 100:15:37). All com- 
pounds used gave a single spot by fluorescence quenching 
and after spraying with ninhydrin. In addition, the Leu- 
NH2 was hydrolyzed in 6 N HCl, 1OSo, 16 hr and shown to 
contain Leu by comparison with Leu on thin-layer chroma- 
tography in the butanol-acetic acid-water and propanol- 
ammonia systems. The nitrogen content of 4-phenylbutyla- 
mine-1 was determined by Kjeldahl analysis and found to 
be 9.42%; the calculated content was 9.40%. 

Z-Gly-Glu-aOMe was synthesized by coupling Glu- 
aOMe (200 mg) in 10 ml of water containing 209 mg of so- 
dium bicarbonate with 360 mg of carbobenzoxyg1ycine-N- 
hydroxysuccinimide ester (Fox Chemical Co.) in 10 ml of 
dioxane which was added slowly with stirring. The product 
was recrystallized from ethyl acetate, yielding 244 mg, and 
gave a single spot when chromatographed on silica gel in 
three thin-layer solvent systems (methanol-ethyl acetate, 
1 :2; 2-butanol-acetic acid-water, 100:15:37; l-propanol- 
ammonium hydroxide, 7:3 w/v; Eastman 13181 plates). 
Deblocking was accomplished by hydrogenation in metha- 

% Effecta 

Comoound Gly-Gly-OEt Gly-Gly-NH, Gly-Phe-NH, 

Pyridine +44 +38 0 
Phenol +38 +35 0 
Dime thylamine 0 0 0 
Butylamine -2 1 -14 -22 
Gly cinamide -22 -21 -35 

0A positive (+) sign indicates activation, and a negative (-) sign 
indicates inhibition against the substrate indicated. The concentra- 
tion of each inhibitor or stimulator tested was 0.05 M. 

Table 111: Inhibition of Dipeptidyl Aminopeptidase by Amines. 

5% Inhibition 

Chain Gly-Phe- 
Inhibitor0 Length Gly-Gly-OEtb NHZC Ki (mM) 

Methylamine 2 15 5 N.D. 
Ethylamine 3 17 20 305 i 35b 
Propylamine 4 14 19 430 k 5 0 C  
Butylamine 5 21 22 340 i 40C 
Pentylamine 6 11 24 205 i 1 5 C  
Hexylamine 7 5 21 33s i 15c 

QThe concentration of amines in the reaction mixture was 0.05 M. 
bThe substrate was Gly-Gly-OEt. CThe substrate was Gly-Phe-NH,. 
The assay was by the transamidation method. The chain length mea- 
sured all carbon and nitrogen atoms from the amine to the e n d ~ o f  
the chain. N.D. indicates not  determined. 

no1 over 10% palladium on charcoal, yielding Gly-Glu- 
aOMe. 

Ethylamine hydrochloride, propylamine, pentylamine, 
hexylamine, and dimethylamine were from Eastman. Butyl- 
amine was from Fisher and methylamine hydrochloride was 
from Sigma. 

/3-Alanine, y-aminobutyric acid, A-aminovaleric acid, 
and t-aminocaproic acid were from Sigma. The correspond- 
ing ethyl esters were prepared by dissolving the acid in cold 
ethanol saturated with HCl and allowing the reaction to 
proceed at 4’ overnight. The reaction was checked for com- 
pleteness by thin-layer chromatography on silica gel plates, 
in 1-butanol-acetic acid-water (100:15:37). 

Results 
Inhibition by Amino Acid and Peptide Derivatives. The 

effectiveness of a number of amino acid and peptide deriva- 
tives as inhibitors of dipeptidyl peptidase was tested (Table 
I ) .  The best inhibitors tested were hydrophobic amino acid 
amides. Basic amino acid amides are less effective. Glutam- 
ic acid cu-monomethyl ester is a distinctly poorer inhibitor 
but is still moderately effective when Gly-Gly-OEt is the 
substrate. Gly-NH2 and PAla-NH2 are as effective as Glu- 
OMe against Gly-Gly-OEt as the substrate and more effec- 
tive against Gly-Phe-NH2. These results indicate that speci- 
ficity of binding of the inhibitors is different from the speci- 
ficity of the enzyme toward substrates and suggest that a 
different binding site may be involved. 

The effect of blocking of the a-amino group of the amino 
acid amide is dependent on both the side chain and the 
blocking group involved. Blocking of either leucinamide or 
glycinamide by an acetyl group results in a marked de- 

5250 B I O C H E M I S T R Y ,  V O L .  1 4 ,  N O .  2 4 ,  1 9 1 5  



M E C H A N I S M  O F  D I P E P T I D Y L  A M I N O P E P T I D A S E  

Table IV: Inhibition of Dipeptidyl Aminopeptidase by R-Amino 
Acid Esters. 

7% Inhibition 

Chain Gly-Gly- Gly-Phe- 
Inhibitor Length OEta NHQb Ki (mM) 

Glycine ethyl ester 6 20 11 315 f 45a 
@Alanine ethyl ester 7 11 11 N.D. 
y-Aminobutyryl ethyl ester 8 32 5 105 t 50 

A-Aminovaleryl ethyl ester 9 24 7 1 2 8 t  12a 
e-Aminocaurovl ethyl ester 10 <5 <5 N.D. 

aThe substrate was Gly-Gly-OEt. bThe substrate was Gly-Phe- 
NH,. The assay was the transamidation method. The chain length 
measured all carbon and oxygen atoms from the amino group to the 
end of the ester. N.D. indicates not  determined. 

crease in inhibitory capacity. The benzoylation of the CY- 

amino group of arginine amide results in a slight increase in 
inhibitory capacity toward Gly-Gly-OEt as the substrate 
and a distinct increase toward Gly-Phe-NH2 as the sub- 
strate, but Bz-Gly-NH2 is not an inhibitor. 

All the amino acid amides tested by Lineweaver-Burk or 
Dixon (1953) plots, as indicated by the presence of a K ,  in 
Table I, were competitive inhibitors in agreement with the 
results reported by Fruton and Mycek (1956). These au- 
thors also reported that Phe is not an inhibitor. We have 
tested a variety of amino acids (Phe, Leu, Arg, Gly, and 
Glu) and found that none is an inhibitor. 

Interaction of Aromatic and Amino Compounds with Di- 
peptidyl Aminopeptidase. Some simple amines and aromat- 
ic compounds were tested for the ability to affect the cata- 
lytic efficiency of the dipeptidyl aminopeptidase (Table 11). 
The effectiveness of primary amines as inhibitors is further 
evidence for the importance of the binding of the amino 
group of the substrate. Simple aromatic compounds stimu- 
late the activity of the enzyme toward Gly-Gly-OEt and 
Gly-Gly-NH2, but have no effect on the activity toward 
Gly-Phe-NH2. Inhibition by butylamine or Gly-NH2 is ef- 
fective on all three substrates. 

The effect of increasing chain length of amino com- 
pounds was investigated. Aliphatic amines, Q-amino acid 
esters, amino acid amides, and peptide amides are all effec- 
tive inhibitors. The aliphatic amines varying in size from 
ethyl to pentyl are of about equal effectiveness as inhibitors 
(Table 111). Methylamine is without effect on Gly-Phe- 
NH2 transamidation, while hexylamine is ineffective 
against Gly-Gly-OEt transamidation. For each inhibitor the 
K ,  was measured with the substrate against which it was 
most effective, where one substrate is distinctly more effec- 
tive than the other. 

Among the Q-amino acid esters (Table IV) the situation 
seems to be more complex. The butyryl and valeryl deriva- 
tives are effective against Gly-Gly-OEt, but relatively inef- 
fective against Gly-Phe-NH2, while e-aminocaproyl ethyl 
ester is not inhibitory against either substrate. 

When chain length is compared with inhibitory capacity, 
it appears that there is some consistency among the three 
series of compounds among chain lengths of three to seven 
(Figure 1). All the compounds tested in this range have K,'s 
of 200-400 mM. Compounds of chain length eight to nine 
are better inhibitors, as reflected by the lower K, .  

Specificity. Several substrates were tested for activity 
with the beef spleen enzyme. Gly-Arg-NH2 was shown to 
be an excellent substrate, being transamidated at 5.3 times 

I T  

x 
2- 

4 6 8 

chain length 
FIGURE 1: The effect of chain length on the K, of (0 )  aliphatic 
amines, (A) Q-amino acid esters, and (m) aliphatic amino acid and 
peptide amides. The K < s  were determined as described in Tables 1,111, 
and IV. 

the rate of Gly-Gly-OEt. This is qualitatively consistent 
with the earlier report by McDonald et al. (1969) that Gly- 
Arg derivatives are the best substrates for the rat liver en- 
zyme. 

In addition, Gly-Glu-OMe was shown to be transamidat- 
ed at 2.7 times the rate Gly-Gly-OEt. This is the first small 
synthetic substrate with an acidic residue adjacent to the 
susceptible bond and confirms earlier findings on the hy- 
drolysis of polypeptides (McDonald et al., 1971). 

Discussion 
Although the inhibition of dipeptidyl aminopeptidase by 

amino acid derivatives had been previously reported by Fru- 
ton and Mycek (1956), this work was essentially confined to 
derivatives of hydrophobic amino acids. Since that time this 
enzyme has been shown to have a broad specificity (Mc- 
Donald et al., 1969). We have shown (Table I) that a wide 
variety of amino acid derivatives are capable of inhibiting 
dipeptidyl aminopeptidase. The specificity of inhibition is 
unrelated to the specificity of catalysis at the amino acid 
residue (R2) adjacent to the amino terminus, the site at  
which most investigations and discussions of the specificity 
have been focused (Fruton, 1960; Mycek, 1970; McDonald 
et al., 1971); Le., hydrophobic amino acid amides are more 
effective inhibitors than are basic amino acid amides, al- 
though Gly-Arg-NH2 is a better substrate than Gly-Phe- 

The importance of the amino group in binding of sub- 
strates has been previously noted. The amino group is im- 
portant in inhibitors as well. The competitive nature of this 
inhibition suggests that inhibition involves binding of the in- 
hibitor in the R1 binding site; thus binding involves interac- 
tions with both the a-amino group and the amino acid side 
chain. This is particularly clear in the relatively strong inhi- 
bition by Gly-NH2 and complete lack of inhibition by Ac- 
Gly-NH2 and Bz-Gly-NH2. The sharp decrease in inhibi- 
tion upon acetylation of Leu-NH2 further supports this 
idea, although the amino group is clearly not an absolute re- 
quirement for inhibition, as it is for substrate binding. 

The blocking of Arg-NH2 by benzoylation, however, re- 

NH2. 
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sults in an increased inhibitory capacity. This could result 
from a misorientation of the inhibitor on the enzyme. The 
positively charged guanidino group may bind a t  the a- 
amino group binding site, while the benzoyl ring may bind 
a t  the Rl binding site. Model building indicates that BZ-L- 
Arg-NH2 is capable of folding in such a way as to bring the 
guanidino group and benzoyl ring into approximately the 
same spatial relationship as is found between the a-amino 
group and phenyl ring of Phe-NH2. Thus, Bz-Arg-NH2 is 
able to mimic the best known competitive inhibitor if this 
orientation does occur. The importance of the a-amino 
group binding site is, therefore, not negated by the in- 
creased inhibition upon blockage of Arg-NH2 by benzoyla- 
tion. Bz-Arg has no measurable inhibitory capacity toward 
dipeptidyl aminopeptidase. That Bz-Gly-NH2 is not an in- 
hibitor would seem to imply that the binding of the hydro- 
phobic ring is much weaker than the binding of the amino 
group. 

The importance of the free a-amino group in inhibitors is 
further supported by the finding that primary amines (Ta- 
bles I1 and 111) and R-amino acid esters (Table IV) are in- 
hibitors of dipeptidyl aminopeptidase. The lack of inhibition 
of hydrolysis of Gly-Tyr-NH2 reported for P-phenylethyla- 
mine by Fruton and Mycek (1956) seems somewhat sur- 
prising in view of these results with aliphatic amines. W e  
have tested 4-phenylbutylamine-1 and found that this com- 
pound stimulates transamidation of Gly-Gly-OEt 11 3%, but 
inhibits activity toward Gly-Phe-NH2 by 22% when present 
in the same concentration as the substrate, 50 mM.  Thus, a 
single compound is either an inhibitor or a stimulator, de- 
pending upon the substrate used. These data suggest that 
inhibition involves binding of the inhibitor a t  the a-amino 
group binding site and the R I  binding site in the substrate 
binding area of the enzyme. 

Fruton and Mycek (1956) have also reported that Leu- 
NH2 does not inhibit dipeptidyl aminopeptidase. These 
workers concluded that inhibition is favored by the presence 
of an N-terminal aromatic amino acid. In contrast, we have 
found that Leu-NH2 is an excellent inhibitor, and this is 
more in keeping with the known broad specificity of the en- 
zyme. This apparent disagreement may result from the fact 
that the preparations available in 1956 were relatively 
crude when compared with the highly purified preparations 
available for this investigation. 

The stimulation of activity by phenol and pyridine may 
be due to binding a t  the site which interacts with the aro- 
matic ring of Gly-Phe-NH2. Such an interaction could 
cause a conformational change which results in a more effi- 
cient orientation of the active site groups. Such interactions 
have previously been observed with chymotrypsin (Apple- 
white et al., 1958; Applewhite and Niemann, 1959) and 
trypsin (Inagami and Murachi, 1964; Inagami, 1965). 

The lack of observed inhibition of Gly-Phe-NH2 transa- 
midation by aromatic compounds may be a result of the 
weak interaction of these compounds with the enzyme. 
Thus, when this substrate is bound, primarily through inter- 
action with the a-amino group, the relatively weakly bound 
aromatic compound is forced off the enzyme by the aromat- 
ic side chain. 

The ability of dipeptidyl aminopeptidase to hydrolyze 
glutamyl bonds has been demonstrated by McDonald et al. 
(1971) on several polypeptide substrates. These results are 
confirmed by the finding, presented in this report, that Gly- 
Glu-OMe is a good substrate for this enzyme. It is now ap- 

M E T R I O N E  A N D  M A C G E O R G F . .  

parent that good substrates can contain either basic, hydro- 
phobic, or acidic residues in the penultimate position and 
that all these are better substrates than the corresponding 
glycine compounds, which contain no side chain a t  this posi- 
tion. It would seem that the binding site for this side chain 
contains a hydrophobic region, a positive charge, and a neg- 
ative charge if an attractive force exists for each type of 
substrate side chain. Such a binding site would appear to be 
extremely unlikely. This suggests that there must be some 
other role for these bulky side chains. One possibility is that 
the primary interaction between enzyme and substrate oc- 
curs at the a-amino group; that this interaction forces the 
bulky side chain on the N-penultimate residue into the en- 
zyme surface causing a shift in the spacing of the catalytic 
site groups into a spatial relationship which is more effec- 
tive for catalysis. The role of the N-penultimate side chain 
is a passive one in this mechanism in that there is little at- 
tractive force for the enzyme. This mechanism would ex- 
plain why phenol results in a 35% stimulation of activity 
toward Gly-Gly-NH2, although Gly-Phe-NH2 is a 1700% 
better substrate than Gly-Gly-NH2. 
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