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Human Liver Alanine Aminopeptidase. Inhibition by Amino

Acids?

Charles W. Garner and Francis J. Behal*

ABSTRACT: Human liver alanine aminopeptidase is inhibit-
ed by L-amino acids having hydrophobic side chains such as
Phe, Tyr, Trp, Met, and Leu. Blocking of the amino group
or the carboxyl group greatly reduces the inhibitory capaci-
ty of the amino acid. Kinetic studies demonstrate that inhi-
bition of hydrolysis of the substrate L-Ala-8-naphthylamide
is of the noncompetitive type. Inhibition of the substrate L-
Leu-L-Leu is of the mixed type. Inhibition of the substrate
L-Ala-L-Ala-L-Ala is of the competitive type. These
changes in the mechanism of inhibition are thought to be
the result of the binding of the amino acid to the third resi-

The detailed study of the catalytic properties of human
tissue and serum aminopeptidases has largely been ignored
even though much interest has been demonstrated in regard
to their potential clinical importance. Consequently, studies
of the mechanism of catalysis by alanine aminopeptidase
have been initiated in the authors’ laboratories. This en-
zyme is stimulated by cobaltous ion (Behal et al., 1966;
Smith et al., 1965) and is different from leucine aminopep-
tidase (Behal et al., 1966) which also is present in human
liver. Alanine aminopeptidase has recently been shown to
be a zinc metalloenzyme containing one atom of zinc for

tFrom the Department of Biochemistry, Texas Tech University
School of Medicine, Lubbock, Texas 79409. Received December 9,
1974. Supported in part by Research Grant D-529 from the Robert A.
Welch Foundation.
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due binding site on the enzyme. This is the part of the active
center to which the third residue from the amino end of a
peptide substrate is normally bound. The inhibitor con-
stants of several alanine oligopeptides are shown to decrease
with increasing length through L-Ala-L-Ala-L-Ala-L-Ala,
demonstrating that alanine aminopeptidase is a multisited
enzyme with three and possibly four residue sites per active
center. The inhibitor constant for Gly-Gly-L-Ala is five
times the value of that for Gly-Gly-L-Phe suggesting that
indeed the third residue site preferentially binds large hy-
drophobic residues.

each subunit of molecular weight of 120,000 (Garner and
Behal, 1974). Chelators were shown to inhibit via binding
to the zinc; however, the zinc was not removed except by
drastic treatment. Chelators were also shown to be competi-
tive inhibitors of hydrolysis. During these studies, it was ob-
served that certain amino acids were also inhibitors of the
enzyme. It was the purpose of this investigation to deter-
mine the structural features of amino acids governing inhi-
bition and to attempt to elucidate the mechanism of inhibi-
tion.

Experimental Procedure

Materials. Human liver alanine aminopeptidase was pu-
rified to greater than 92% homogeneity by an improved pro-
cedure based on the procedures of Little (1970) and Starnes
and Behal (1974). Human liver aminopeptidase was re-
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Table I: Summary of Purification of Human Liver Alanine
Aminopeptidase.

Table II: Inhibition of Aminopeptidase by Amino Acids and Amino
Acid Derivatives.4

Specific Relative
Protein Activity  Activity Concn Activity
Step (mg) (units)  (units/mg) Amino Acid {(mM) (vfve)
I. Autolysis 132,0004 2620 0.020 1. None 1.00
II. Bio-Glas 200 5924 3340 5.65 2. Group 1¥ 10 0.9-1.05
I11. Sephadex G-200 914 1870 20.5 3. Group II 5 0.7-0.9
IV. DEAE-cellulose 17.2b 1200 70 4. Group III 5 0.4-0.5
5. Group IV S 0.05-0.2
a Based on A ,5/A4 5, D Based on E,,, (1%) = 17.5. 6. D-Leu (I11)¢ 10 0.94
7. D-Phe (IV)¢ 10 0.75
8. L-Leu-NH, (1II) 20 0.90
leased from homogenized liver (1500g) in 3 1. of 0.05 M 9. L-Met-NH, (IV) 10 0.50
phosphate buffer (pH 6.86) at 37° during a 24-hr autolysis. 10. N-(CI}]Il)oroacetyl-L-Leu 10 0.75
After filtration and centrifuggtion to remove solid material, 11. N-Chioroacetyl-L-Tyr 10 0.44
the extract was made 1.0 M in ammonium sulfate and ap- av

plied to a Bio-Glas 200 (Bio-Rad) column (15 cm wide X 6
cm long, a sintered glass funnel) equilibrated in 1.0 M am-
monium sulfate. Most of the material absorbing at 260 and
280 nm passed through unretarded. Most of the colored
material was retained. Activity was eluted with water. The
water fraction (2.2 1.) was again made 1.0 M in ammonium
sulfate and applied to a second Bio-Glas 200 column (5 cm
wide X 15 cm long) also equilibrated in 1.0 M ammonium
sulfate. The adsorbed activity was eluted with 0.02 M am-
monium sulfate. This fraction, concentrated from 450 to 30
ml by pressure dialysis, was chromatographed by gel filtra-
tion on Sephadex G-200 (5.0 X 90 cm; buffer: 0.05-M bo-
rate (pH 8.0)-0.5 M NaCl). The active fractions were col-
lected, concentrated, dialyzed, and finally chromatographed
on a DEAE-cellulose column (0.9 X 60 cm) with a 1000-ml
linear NaCl gradient (0-0.2 M) in 0.05 M imidazole buffer
(pH 7.0). A summary of a typical preparation is described
in Table I. This procedure was found to be applicable to the
purification of this enzyme from human kidney in compara-
ble yields, except that the autolysis was allowed to continue
for 72 hr.

Water was passed through two high purity deionization
columns before use.

Peptides were the products of Sigma or ICN, purity was
ascertained by thin-layer chromatography (TLC) or chro-
matography on the medium or long column of a Beckman
Model 121 automatic amino acid analyzer, were found to
be of acceptable quality, and were used without further
treatment. D-Leu-L-Tyr had the same properties as L-Leu-
L-Tyr on TLC and was not hydrolyzed by aminopeptidase,
in contrast to L-Leu-L-Tyr. Amino acids were the products
of Calbiochem. Salts and buffers were purchased as the
highest grade available and used without further purifica-
tion.

Methods. Enzymic hydrolysis of L-alanyl-G-naphthyl-
amide (L-Ala-SNA)! was determined by measuring the
amount of B-naphthylamine released during a 10-min incu-
bation by diazotization or, in kinetic studies, by measuring
the continuous release of B-naphthylamine at 340 nm.
These assays have been described (Garner and Behal,
1974). All assays were performed in potassium phosphate
buffer, 0.05 M (pH 6.86), containing 0.1-0.5 ug of enzyme
in 1 ml at 37°. Enzymic hydrolysis of peptide substrates

! Abbreviations used are: L-Ala-8NA, L-alanyl-S-naphthylamide;
K, inhibitor constant, i.e., the dissociation constant for the inhibitor-
enzyme complex; L-Ala;, L-Ala-L-Ala; L-Alay-NH,, L-Ala-L-Ala-
NHy; L-Alaj, L-Ala-L-Ala-L-Ala; L-Ala-pNA, L-Ala-p-nitroanilide.
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@ Activity was measured by diazotization of the released g-naph-
thylamine from 1.0 mM L-Ala-gNA in the presence of 0.25 ug of
enzyme. » Group I: L-Glu, L-Asp, Gly, L-Asn, L-Ser, L-Pro, L-Thr;
group II: L-Lys, L-Gln, L-Val, L-Arg, L-Ala, L-His, L-Ile; group III:
L-Leu, g-Ala; group IV: L-Met, L-Phe, L-Tyr, L-Trp. € Taken from
group III or group IV, respectively.

was determined in the above reaction mixture either by
measuring the continuous decrease in absorption at 220-
230 nm or by measuring the amount of amino acids re-
leased on a Beckman Model 121 automatic amino acid ana-
lyzer. Enzymic reactions destined for the amino acid ana-
lyzer were made 0.2 M in acetic acid at the end of an ap-
propriate incubation time with 0.1 ug of enzyme. All spec-
troscopic measurements were made on a Beckman Acta II1
recording uv/vis spectrophotometer. K; determinations
were made by plotting v vs. v/S (Webb, 1963).

Results

Inhibition of Alanine Aminopeptidase by Amino Acids
and Amino Acid Derivatives. Alanine aminopeptidase is in-
hibited by a variety of amino acids and amino acid deriva-
tives. The results are shown in Table II. Of the simple
amino acids, the most potent inhibitors are those amino
acids having a large hydrophobic side chain especially L-
Trp, L-Tyr, L-Met, and L-Phe (group IV). Inhibition by
B-Ala (group III) was unexpected since it cannot be consid-
ered to be a hydrophobic amino acid and is structurally sim-
ilar to the less inhibitory amino acids. Inhibition by 8-Ala
appears, thus far, to be by the same mechanism as by hy-
drophobic amino acids. Other amino acids were not inhibi-
tory (group I) or only slightly inhibitory (group II). The de-
creased inhibition by D-amino acids, /V-chloroacetyl L-
amino acids, and by L-amino acid amides demonstrates the
specificity of the enzyme binding site for hydrophobic L-
amino acids having free carboxyl and amino groups.

Several aliphatic amines and carboxylic acids were tested
as possible analogs of hydrophobic amino acids and were
found to be potent inhibitors of the enzyme. Their mecha-
nism of inhibition, which is different from that of amino
acids, is under investigation.2

Kinetics of Inhibition of Alanine Aminopeptidase. In an
effort to determine the mechanism by which amino acids in-
hibit alanine aminopeptidase, the kinetics of the inhibition
of hydrolysis of several substrates were investigated. L-Phe,
L-Tyr, L-Met, L-Trp, $-Ala, and L-Leu inhibit the hydroly-

2 C. W. Garner and F. J. Behal, manuscript in preparation.
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Table I1I: Inhibition Constants for Amino Acid Inhibitors of Alanine Aminopeptidase.2

Inhibitor Substrate Inhibition Type K; (mM)
1. L-Phe L-Ala-SNA Noncompet.? 0.74 (0.18)¢
2. L-Tyr L-Ala-8NA Noncompet. 0.47 (0.07)
3. L-Met L-Ala-8NA Noncompet. 0.80 (0.21)
4. L-Met-NH, L-Ala-BNA Compet. 1.8 (0.72)
5. L-Leu L-Ala-BNA Noncompet. 3.37 (0.05)
6. L-Leu L-Leu, Mixed 2.65 (0.17)
7. L-Leu L-Ala, Compet. 1.60(0.27)
8. L-Tyr L-Ala, Compet. 2.1(1.30)

a Assa)./s wete pe%'formed at pH 6.86 and at 37°. The reactions were followed by the increase in absorption at 340 nm (lines 1-5), by the
decreasg in absorption at 220 nm (lines 6, 7), or by the appearance of products on the amino acid analyzer (line 8). # Noncompet. = non-
competitive; Compet. = competitive. ¢ Kj values were calculated from plots of v vs. »/S. Values in parentheses represent the average deviation

from the mean for 2—3 determinations.

T I

L Met ys Ala- 3NA

[y Ki-080 mM 4

nmoles min

v

Velocity.

E (108 titer) (min)"!

FIGURE 1: The hydrolysis of L-Ala-3NA in the presence (O) or ab-
sence (@) of 0.5 mM L-Met. Activity was measured by the increase in
absorption at 340 nm with time in the presence of 0.3 ug of enzyme.
Other components of the reaction mixture are given in Methods.

sis of the simple substrates L-Ala-gNA or L-Phe-gNA in
the noncompetitive manner. Shown in Figure 1 are the data
for L-Met inhibition of L-Ala-@NA hydrolysis. Its K is 0.8
mM. The K; for other amino acid inhibitors are shown in
Table I11.

The hydrolysis of the substrates L-Alas, L-Ala;-NHj,
and L-Leu; also was inhibited by hydrophobic amino acids.
With these substrates, the inhibition was found to be of the
mixed type, i.e., with characteristics of both noncompetitive
and competitive types. Shown in Figure 2 is the inhibition
of L-Leu, by L-Leu.

In contrast, inhibition of the hydrolysis of the substrate
I-Ala; by L-Leu or L-Tyr is of the competitive type. The
data for L-Leu are shown in Figure 3. The data for L-Tyr
inhibition of Alas (Table 1II) were collected on an amino
acid analyzer. All the expected products were observed but
no transpeptidation products were found.

The inhibitor constants for several amino acids and deriv-
atives are shown in Table I1l. Aromatic amino acids, L-
methionine, 8-alanine, and L-leucine, had K; values near 1|
mM. All other amino acids tested had K; values in excess of
10 mM. Taurine, a sulfonic acid analog of $-alanine, was
not inhibitory. Methioninamide was less inhibitory than
methionine, but more importantly, its inhibition was of the
competitive type. Other peptides such as L-Leu-L-Tyr, D-
Leu-L-Tyr, L-Alaj, and L-Alas were competitive inhibitors
of L-Ala-BNA hydrolysis (data not shown).
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L-Leu vs L-Leu-L-Leu
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arhitrary units
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FIGURE 2. The hydrolysis of L-Leu, in the presence (O) or absence
(@) of 2 mM L-Leu. Activity was measured by the decreasc in absorb-
ance at 220 nm with time with 0.5 ug of enzyme. Other experimental
details are given in Methods.

The ability of a peptide to inhibit the hydrolysis of L-Ala-
BNA is a function of its length. The values of K; for oligo-
peptides containing only L-Ala, shown in Table IV, can be
seen to decrease until the length of the peptide reached L-
Alag. Not only does inhibitory power increase with increas-
ing peptide length, but also it increases with the size and de-
gree of hydrophobicity of the R group of the third residue.
As seen in Table IV, Gly-Gly-L-Phe is five times more in-
hibitory than Gly-Gly-L-Ala.

Discussion

Numerous amino acids have been found to inhibit human
liver alanine aminopeptidase. The requirements for binding
to the inhibitor site include: (1) a free amino group; (2) a
free carboxyl group; (3) the L configuration at the « car-
bon; and (4) a hydrophobic R group such as with Leu, Met,
Phe, Tyr, and Trp.

Alanine aminopeptidase was shown by Little and Behal
(1971) to prefer dipeptide substrates having hydrophobic
residues especially in C-terminal position. Thus, it is not un-
reasonable, in retrospect, that the products of the hydrolytic
reaction be inhibitory. Such end product inhibition would
be expected to occur by binding into either the site for the
N-terminal residue or the site for the C-terminal residue of
dipeptides. In an effort to determine if this is the case, the
mechanism of inhibition of alanine aminopeptidase by hy-
drophobic amino acids was investigated.
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FIGURE 3: The hydrolysis of L-Alaj in the presence (O) or absence
(®) of 3 mM L-Leu. Activity was measured by the decrease in absorb-
ance at 230 nm with time with 0.5 ug of enzyme. Other experimental
details are given in Methods.

When L-Ala-GNA was used as substrate, hydrophobic
amino acids were found to be noncompetitive inhibitors.
Therefore, it is unlikely that hydrophobic amino acids in-
hibit via binding in the same site occupied by the substrate
L-Ala-BNA. When the substrate was L-Leu; or L-Alay, the
inhibition by amino acids was found to be of the mixed
type. With a tripeptide substrate such as L-Alas, the inhibi-
tion was of the competition type. This change in mechanism
presently can best be interpreted as the result of binding of
the inhibitor amino acid to the third residue site of the ac-
tive center, shown schematically in Figure 4. Binding at this
locus is consistent with the above observations of the mech-
anisms of inhibition. This model predicts noncompetitive in-
hibition for amino acid amide substrates, because the sub-
strate and inhibitor should be able to occupy their respec-
tive sites without direct steric interference. Competitive in-
hibition for tripeptide substrates would also be predicted
since the binding of the inhibitor amino acid would prevent
binding of a tripeptide substrate by direct steric interaction.
Mixed inhibition observed with dipeptides is consistent with
the steric interaction between the ammonium group of the
inhibitory amino acid and the carboxylate group of the di-
peptide. The degree of interaction must be small enough to
allow both the inhibitor and the substrate to bind, but large
enough to prevent their binding in an undisturbed manner.
These explanations for the observed kinetics can be visual-
ized by superimposing line D onto lines A, C, and B, respec-
tively, of Figure 4.

Other, more complex, explanations of the observed pat-
terns of inhibition are possible; however, binding of inhibi-
tory amino acids to the first or second subsites seem defi-
nitely eliminated. The third subsite has been selected be-
cause only with tripeptides (and presumably longer pep-
tides) does the inhibition become competitive.

Since a third site has been postulated, the question can be
raised concerning the independent evidence for its exis-
tence. Such evidence can be seen in Table III. The values of
K; for a series of L-alanine-containing oligopeptides can be
seen to decrease with increasing peptide length through L-
Alas. The decrease in X, i.e., the increase in binding affini-
ty, likely is the result of the increase in the number of bind-
ing points. The existence of a fourth site based on these data
must be stated cautiously since it is possible that the de-
crease in K in going from L-Alaj to L-Alag is due simply to
the masking of the terminal carboxyl group of L-Ala;. A
fifth site is unlikely since L-Alas was bound with nearly the
same affinity as L-Alay.

Values of K; for two tripeptides differing only in the size
and hydrophobicity of the R group of the third residue indi-
cate that indeed, the third binding site preferentially binds

BIOCHEMISTRY, VOL.

Table I'V: Inhibition Constants for Peptide Inhibitors of Alanine
Aminopeptidase.?

Inhibitor Substrate K (mM)
1. Leu, L-Ala-fNA 0.23 (0.08)%
2. Leu, L-Ala-8NA 0.054 (0.012)
3. Ala, L-Ala-SNA 1.9 (0.3)
4. Ala, L-Ala-SNA 0.32 (0.01)
5. Ala, L-Ala-3NA 0.089 (0.018)
6. Ala, L-Ala-SNA 0.068 (0.020)
7. Gly-Gly-L-Ala L-Ala-pNA 7.0 (0.7)
8. Gly-Gly-L-Phe L-Ala-pNA 1.4 (0.2)

a Reactions were followed by measuring the increase in absor-
bance at 340 or 410 nm with L-Ala-NA or L-Ala-pNA, respectively,
in the presence of 0.2 ug of enzyme. Other experimental details are
described in Methods. b Values in parentheses represent the average
deviation from the mean for between 2 and 5 determinations.

I 2 3
CH; o, CIHa o C'Hs o]

+ ] !
A NH, —CH~C+NH-CH—C+NH—CH—C—0

CHSOE CH, 0E

+ | 1l | oo -

B NH,—CH-C-~NH-CH-C=0

o

J

CH, o
i | n
«NH;—CH-C-0
FIGURE 4: Schematic model for the binding of substrates and L-Phe to
alanine aminopeptidase subsites. Details are described in the text.

RS
C NH,—CH-C4NH

large hydrophobic residues. This is in keeping with the
suggestion that hydrophobic amino acids bind at the third
residue site. A more thorough determination of the topogra-
phy of this site is under way using a series of tripeptides
varying only in the R group of the third residue from the
amino end.

A large increase in the rate of hydrolysis of peptide bonds
when dipeptides were lengthened to tripeptides was ob-
served with a similar aminopeptidase isolated from rat kid-
ney (Felgenhauer and Glenner, 1966). This suggests that
this enzyme too has a third residue binding site.

Multiple sites within ar active center have been demon-
strated for several other enzymes, including lysozyme
(Dickerson and Geis, 1969), carboxypeptidase (Abramow-
itz et al., 1967), and chymotrypsin (Segal et al., 1971).

The inhibition of another aminopeptidase (from pig kid-
ney) by amino acids has also been observed (Wachsmuth et
al., 1966). Hydrophobic L-amino acids were found to have
the lowest K; values. Amino acid amides were less inhibito-
ry than the corresponding amino acid except with amides
such as glycinamide. Further characterization of the inhibi-
tion was not reported.

Alanine aminopeptidase also hydrolyzes amino acid am-
ides at rates comparable to peptides, although Kp, values
are higher (C. W. Garner, unpublished results). This amin-
opeptidase also hydrolyzed all peptides tested (except D-
Leu-L-Tyr). Apparently all substrates studied bind the ac-
3211
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tive site in the same fashion, i.e., the ammonium group of
each amino acid amide or peptide binds into the same resi-
due site. This is based on the observation that plots of pKj
vs. pH are identical for amino acid amides, dipeptides, and
tripeptides.?
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