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has about a 30-fold lower affinity for 60S subunits than free
408 subunits. The dissociation rate of 80S ribosomes to 40S
and 60S subunits is unaffected by eIF3. This simple ther-
modynamic cycle gives an association rate for 40S—eIF3 + 60S
— 80S—eIF3 of 1.6 X 10° M~ s, If one calculates an initial
flow through the two paths of association, about 12% of the
40S subunits would associate via the 40S—eIF3 route as op-
posed to a prior elF3 dissociation.

This simple scheme neglects conformational changes in the
ribosomes and is probably an oversimplification for detailed
analysis. Further studies on the effects of other initiation
factors with eIF3 should lead to a more detailed mechanism
of the initiation of protein synthesis.
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Maria DiGregorio, Darryl S. Pickering, and William W .-C. Chan*
Department of Biochemistry, McMaster University, Hamilton, Ontario, Canada L8N 3Z5
Received November 4, 1987, Revised Manuscript Received January 13, 1988

ABSTRACT: The active site of microsomal aminopeptidase has been probed by studying the inhibition of
the enzyme in the simultaneous presence of two ligands. The results have been analyzed with the Yone-
tani-Theorell plot to quantitate the degree of interaction between the two inhibitors. As expected, the enzyme
contains a strong binding site for the a-amino group and the hydrophobic side chain of specific substrates.
In addition, however, the enzyme can interact with another amine and a second hydrophobic group. Evidence
suggests that this extra amine may bind to the zinc in an unprotonated form and that one of the hydrophobic
sites is located in the vicinity. Another unexpected finding in this work is a strong synergism between the
binding of ammonia and that of zinc ligands such as hydroxamates. This synergism may reflect an induced-fit
mechanism that brings the catalytically important zinc atom into the optimal state only in the presence

of specific substrates.

']Ile existence of enzymes that specifically cleave the N-
terminal residue of peptides has been recognized for some time.
[For a review, see Delange and Smith (1971).] These ami-
nopeptidases are widely distributed in nature and may perform
a variety of physiological functions.! Of particular current
interest is the suggestion that an enzyme of this type may
participate in the inactivation of neuropeptides (Gros et al.,
1985).

t This work was supported by the Medical Research Council of Can-
ada.

In addition to its usefulness as a tool in determining peptide
sequence, aminopeptidase has also attracted some attention
because of its mechanism (Bryce & Rabin, 1964; Lin & Van
Wart, 1982; Makinen et al., 1982; Taylor et al., 1982; Allen
et al,, 1983). Since the enzyme is known to contain an essential

! In this general introduction, we include for the purpose of back-
ground information references to aminopeptidases from many sources,
fully recognizing that there are differences in their structural properties
and perhaps even in their catalytic mechanism. Subsequent discussions
will focus specifically on the microsomal enzyme from pig kidney on
which our work is based.

0006-2960/88,/0427-3613801.50/0 © 1988 American Chemical Society
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zinc ion (Himmelhoch, 1969; Wacker et al., 1971), the obvious
question is whether there are similarities to other zinc proteases
such as carboxypeptidase and thermolysin. In this regard, the
study of inhibitors can provide valuable inforamtion concerning
the nature of the active site. This approach may also lead to
the development of specific inhibitors that can then be used
to probe the in vivo role of the enzyme.

Until several years ago, the sensitivity of various amino-
peptidases toward inhibitors appeared to follow a pattern very
different from that of other zinc proteases. Thus, at that time
the most effective inhibitors for aminopeptidases were chlo-
romethyl ketones (Birch et al., 1972), O-tert-butylthreonyl
peptides (Jost et al.,, 1972), phenylsulfinyl phenylacetates
(Miller & Lacefield, 1979), a-amino aldehydes (Anderson et
al., 1982), and the microbial products amastatin and bestatin
(Umezawa et al,, 1976). These compounds were structurally
very different from typical inhibitors of zinc proteases such
as thiols, hydroxamates, and phosphoramidates (Cushman et
al.,, 1977; Nishino & Powers, 1978, 1979). However, we found
unexpectedly that the microsomal aminopeptidase from porcine
kidney was strongly inhibited by a-amino acid hydroxamates
(Chan et al.,, 1982). Similar effects were also reported by other
workers on aminopeptidases from different sources (Coletti-
Previero et al., 1982; Baker et al., 1983). Subsequently, we
demonstrated that thiol derivatives of amino acids were also
potent inhibitors of the enzyme (Chan, 1983; Pickering et al.,
1985). These results indicated that the catalytic mechanism
of aminopeptidase might be analogous to that of other zinc
proteases. Nevertheless, the situation is uncertain as recent
work on a-aminoboronic acids (Shenvi, 1986) suggests sim-
ilarities to serine proteases.

Aside from the question of affinity, the most important
aspect in the study of an inhibitor concerns its mode of binding.
Clearly, the method that provides the most detailed and un-
ambiguous information is X-ray crystallography of the en-
zyme—inhibitor complex. However, a great deal of insight into
the spatial relationship of the various binding regions can be
obtained from studying the concurrent effects of two inhibitors
on the enzyme. For example, Baker et al. (1983) have shown
that the proximity of certain binding sites in Aeromonas am-
inopeptidase can be determined with some precision by this
approach. A vital part of such a study is the analysis of the
inhibition data with the Yonetani-Theorell plot (Yonetani &
Theorell, 1964), which yields a quantitative parameter for the
interaction between two inhibitors. In this paper, we have used
the same method to probe the active site of microsomal am-
inopeptidase. Unlike previous workers (Baker et al., 1983),
we have paid special attention to the amine binding site, and
we have also examined a wider range of ligands. Our results
reveal a much higher degree of complexity in the binding of
ligands to this enzyme.

MATERIALS AND METHODS

Source of Materials. Microsomal aminopeptidase (EC
3.4.11.2) of porcine kidney origin was obtained from Sigma
Chemical Co. as a suspension in 3.4 M ammonium sulfate.
Inhibitors and suppliers were as follows: ethylenediamine,
Fisher Chemical Co.; 1,3-diaminopropane, MCB Chemicals;
B-alanine, Eastman Organic Chemicals; and p-leucine hy-
droxamate, Enzyme Systems Products. The synthesis of 1-
caprohydroxamate from 1-caproic acid was accomplished by
following the procedure of Nishino and Powers (1978). The
product was recrystallized from ethyl acetate-hexane mixture,
mp 64-65 °C. Other reagents and inhibitors (including all
hydroxamates not previously mentioned) were purchased from
Sigma Chemical Co.
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Kinetic Experiments. For activity measurements, the en-
zyme was diluted into 0.1 M tris(hydroxymethyl)amino-
methane hydrochloride (Tris-HCI) buffer (pH 7.5) containing
10 uM CaCl, and 0.2 mg of bovine serum albumin/mL. Stock
solutions of inhibitors were adjusted to pH 7.5 before use.
Assays were conducted at 25 °C for 5 min in 0.1 M Tris-HCI
buffer (pH 7.5) containing 0.3 M NaCl and 1 ug/mL ami-
nopeptidase. For the determination of each K;, assays were
performed at four different concentrations of the substrate
(L-leucine p-nitroanilide) ranging from 0.4 to 2 mM and five
inhibitor concentrations from 0 to about 2K,. The initial
velocities were obtained from the decrease in absorbance at
405 nm and were analyzed by Lineweaver~Burk and Dixon
plots.

Each experiment on the concurrent effects of two inhibitors
consisted of 20 assays with five concentrations of one inhibitor
and four concentrations of the other. The reaction conditions
were identical with those described above except that substrate
concentration was kept constant at 1 mM. In the equation
(for explanation of symbols, see footnote 2) derived by Yo-
netani and Theorell (1964)

K i K. i i
LR U s | T (A
Vi Vo $Va Ke, §VuKpy, oKy,

it can be seen that a plot of 1/V; verus i, would yield a straight
line for each value of i;. These lines will intersect at ~aKgy,
and hence a can be calculated by using the value of Kg;, from
the appropriate Dixon plot. In practice, there is some sub-
jectivity in estimating the intersection of four lines. We have
therefore chosen to determine the slope of each line from the
above plot by linear regression. It can be shown that a sec-
ondary replot of these slopes against i, yields a straight line
with an intercept of —aKg;,. Thus, values of & are obtained
by two successive linear regression steps with correlation
coefficients generally higher than 0.98 in our experiments.

The Yonetani-Theorell equation is symmetrical with respect
to the two inhibitors. Consequently, it is possible to estimate
a by plotting 1/V; against either i; or {,. The two values so
obtained will not generally be identical since their calculations
are based on either Kgy, or Kgy,, the estimates of which are
not error free. In most experiments, values of « obtained from
the two alternative plots are very close. However, in order to
ensure consistency, we have followed a single procedure using
the K; of the same inhibitor wherever o values are to be
compared. For example, the a values in Tables I and II were
calculated by using the K; of either ammonia or isoamylamine
(rather than the K of various zinc ligands).

Since the values of « in this work varied from less than 0.1
to virtually infinity, the concentrations of inhibitors must be
carefully selected to obtain good estimates. The optimum
range of concentration to use for each inhibitor is from 0 to
2aK;, and therefore an approximate value of o must be esti-
mated in a preliminary experiment. For low values of «, the
range is sometimes extended to 4aK;, while the range is usually
kept to about 5K; when « approaches infinity. Under our
conditions, « values greater than 10 cannot be estimated with
sufficient accuracy and should be considered as indistin-
guishable from infinity.

2 Abbreviations: {; and i,, concentrations of the first and second
inhibitor, respectively; Kg;, and Kgy,, equilibrium constants for the dis-
sociation of the first and second inhibitor, respectively, from the binary
complex; aKg;, and aKp,, equilibrium constants for the dissociation of
the first and second inhibitor, respectively, from the ternary complex.
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Table I. Concurrent Effects of Ammonia or Isoamylamine and a
Zinc Ligand on Aminopeptidase

interaction constant (a)

Vs
isoamyl-
Vs amine (R = KX, of zinc
ammonia CH,CH,C- ligand
proposed mode of binding® (R = H) H(CH,),) (mM)

ENH @
HGN/
HaN'R NH—O?\an 0.14 0.39 3.0
HaN*CHp—C==0-""
HaN'R VTH—OI\ 2 0.12 0.17 0.81
prd
CHz —C=0"" .

HaN'R TH—O:\ " 0.16 1.0 0.12
.an
CH3(CHa)aCHp—C=0-"

R 0.09 4.4 0.026

s 2.7 7.8 0.055
HaN'?  NH3'} NH—OD
7 | Zn
R'CH c=0"
(0)
H;,N’/R s, 0.15 1.4 15
Hoche 2n
HaN'R Ic;/O:~ 0.59 0.89 65
C 2t
-
PRCHoCH,

9 Areas of possible steric hindrance are enclosed by dotted lines. R’
= CH,CH(CHj;),.

RESULTS AND DISCUSSION

Binding of the a-Amino Group and the Hydrophobic Side
Chain. Our initial goal was to clarify the mode of binding of
L-leucine hydroxamate, which we found some time ago to be
a strong inhibitor of microsomal aminopeptidase (Chan et al.,
1982). By analogy with thermolysin, for which the structure
of the hydroxamate inhibitor complex is known (Holmes &
Mathews, 1981), we assumed that the hydroxamate moiety
would be bound to the active-site zinc¢ ion. In order to probe
the binding site of the a-amino group and the hydrophobic
side chain, we studied the effects of either ammonia or iso-
amylamine on the inhibition by various hydroxamates. In these
experiments, the concentration of ammonia (or isoamylamine)
and that of the hydroxamate inhibitor were both varied, and
the interaction constant () for each pair of ligands was de-
termined from the Yonetani-Theorell plot. As a control ex-
periment, we tested ammonia and isoamylamine against each
other and found the binding to be mutually exclusive (a = ).
These compounds were therefore assigned to the same site in
Table I. We then focused attention on the a-amino group
by examining glycine hydroxamate. To our surprise, this
inhibitor not only did not interfere with the binding of am-
monia but instead increased its affinity toward the enzyme
by 7-fold (=1/a). A similar but smaller effect was shown
toward isoamylamine. The synergism was not dependent on
the a-amino group since acetohydroxamate also stimulated
the binding of ammonia. In this case, the interaction constant
for isoamylamine was nearly equal to that for ammonia,
suggesting that in the absence of the «-amino group the hy-
drophobic side chain encountered little or no steric hindrance.
It is interesting to note that the X; of glycine hydroxamate is

nearly 4-fold greater than that of acetohydroxamate. This
finding is consistent with the above results showing that the
a-amino group of this inhibitor is unable to interact with the
site for ammonia.

In order to probe the hydrophobic binding site, we tested
caprohydroxamate, which was also able to stimulate the
binding of ammonia (Table I). However, this compound
showed no synergism toward isoamylamine, suggesting that
the two hydrophobic side chains interfered with each other to
some extent. But the interference was not so strong as to
prevent the simultaneous binding of both ligands since the «
value remained around unity. The effect of the hydrophobic
group of isoamylamine was particularly striking in the case
of L-leucine hydroxamate. This inhibitor, which showed a
strong synergism with respect to ammonia, was highly anta-
gonistic toward isoamylamine in binding to the enzyme. Thus,
although the active site of aminopeptidase had apparently
sufficient room for the two hydrophobic side chains, it could
not accommodate them well when an a-amino group was also
present. These effects were also significantly dependent on
the stereochemistry of the hydroxamate, as the D isomer failed
to stimulate the binding of ammonia and showed even stronger
antagonism toward isoamylamine. A possible explanation of
the results in this case might be that in the D configuration
the orientation of the a-amino group caused an electrostatic
repulsion of the ammonium ion. In this connection, it is in-
teresting that for both cytosolic aminopeptidase and Aero-
monas aminopeptidase, D-amino acid hydroxamates are
stronger inhibitors than the corresponding L isomers (Wilkes
& Prescott, 1983). These observations are consistent with our
own findings indicating that amino acid hydroxamates are not
bound in a substrate-like manner.

Besides providing some information concerning the relative
location of the various binding sites, the above results also
revealed an interesting and hitherto unknown synergism in this
enzyme. In order to explore this phenomenon further, we also
tested zinc ligands other than hydroxamates. The binding of
ammonia was found to be stimulated to the same degree by
B-mercaptoethanol and to a smaller extent by hydrocinnamate
(Table I). These effects were reduced or abolished when
ammonia was substituted by isoamylamine, presumably be-
cause of steric hindrance. However, as in the case of capro-
hydroxamate, the enzyme seemed able to accommodate si-
multaneously the hydrophobic side chains of isoamylamine and
hydrocinnamate.

Anomalous Binding of Isoamylamine. In contrast to the
above results, the binding of ammonia and that of either
mercaptoethylamines or a-amino acids were mutually exclusive
(Table II). Therefore, unlike a-amino acid hydroxamates,
these amino derivatives appear to bind in the same manner
as substrates and interact at the amine site. Interestingly
enough, B-alanine hydroxamate also interfered strongly with
the binding of ammonia. Furthermore, its affinity for the
enzyme was about 18-fold higher than that of glycine hy-
droxamate, suggesting a positive contribution of the 8-amino
group toward binding.

Since we had found earlier that the binding of ammonia and
that of isoamylamine were mutually exclusive, we expected
that the effect of isoamylamine would be similar to that of
ammonia on these amino derivatives. Surprisingly, however,
isoamylamine did not interfere strongly with the binding of
the above compounds in spite of its bulkier structure (Table
IT). These anomalous results, therefore, forced us to postulate
a second binding site for isoamylamine. It appears that binding
in this alternate mode occurs when the normal amine site is
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Table II: Anomalous Interactions of Isoamylamine in the Presence
of Some Zinc Ligands®

Table IV: Concurrent Effects of Ethylenediamine and a Second
Inhibitor

interac- interac-
tion tion
proposed mode of constant proposed mode of constant
binding? (o) binding? (a)
pe HaN'CHaCHzS™,
HSN\;\CH CH,S™ * e 1.2
NH' | e g RNHz
N © R 1.8
CHCH2S? ¥ N
NH“ 2 "Zn2+ H3aN CHCHzS\:znz,,
ANHz"~
CHzPh CH2Ph .
ML P o e 33
NH TR HaN CHﬁo\znz,
o ;
ANH2
CHC—
HaN ¢=0° 7.2 H3N+CHZCH2?=O 0.91
CHa  NH—OT, .
NHS* an‘ NH—o\znp
ANHz" "

9The K; values of these inhibitors are listed in Table III. ®Areas of
possible steric hindrance are enclosed by dotted lines. R = CH,CH,-
CH(CH,;),; R” = CH,CH(CH,),.

Table III: Inhibition Constants of Various Amino Derivatives

pK, of relevant

inhibitor? K; (mM) amino groups®
NH,* 58 9.3
H,N*CH,CH, 250
H,N*CH,CH,CH(CH,), 48 10.6
H,N*CH,CH,NH, 19 7.5 (second group)
H,N*CH,CH,CH,NH, 103 8.6 (second group)

H,N*CH,CH(NH,)COO- (bL)  0.69 6.7 (2-position)

9.6 (3-position)

H,N*CH,CH,C00" 47
H,N*CH,CH,S" 0.0032
H,N*CH(R")CH,S" (L) 0.000051
H,N*CH(CH,Ph)COO" (1) 4.9
H,N*CH,CH,CONHO" 0.17

9R’ = CH,CH(CHj;);. ®From Handbook of Biochemistry (1968).

already occupied and a negatively charged ligand is interacting
with the zinc ion. Under these conditions, it is conceivable
for the zinc to accept the unprotonated amino group of iso-
amylamine as a ligand. Although the pK, of isoamylamine
is rather high (Table III), the favorable interaction of the
hydrophobic side chain may compensate for the reluctance of
the molecule to remain unprotonated. This consideration could
explain the difference in the behavior of ammonia and iso-
amylamine. If this proposed mode of binding for isoamylamine
is correct, then B-alanine hydroxamate must be regarded as
a monodentate zinc ligand. Quite possibly, the steric constraint
imposed by the interaction of the 8-amino group at the amine
site prevents the hydroxamate moiety from acting as a bi-
dentate ligand in this case.

The Second Amine Site. In order to obtain further infor-
mation on the location of the alternate amine site, we tested
some diamines as inhibitors (Table III). The affinity of
ethylenediamine was found to be some 13-fold higher than that
of ethylamine, indicating a significant contribution of the
second amino group toward binding. The location of this group
two carbon atoms away from the other amino function sug-
gests, by analogy with S-mercaptoethylamine and other in-
hibitors, that it may serve as a zinc ligand. This mode of
binding is highly favored by the low pK, of the second ioni-
zation (Table III) and therefore, unlike the case of isoamyl-
amine, may occur without the presence of a hydrophobic side
chain or a negative zinc ligand. The positive interaction of
the second amino group was relatively specific since 1,3-

proposed mode proposed mode

of binding? o of binding? a
HaN'CHaCHz_ 3 © HaN'CHaCHaNHg, 2 7.5
..z
HOCHCHR8 ™"
NH—0
:".‘.‘ian’
CHaC==0--"
HaN" CH2CHaNH3. . 1.4 HaN'CHaCHaNH2. - @
o ..-"Zn iZn
PhCH2CH2CO-" ANH2"

Il
o

9 Areas of possible steric hindrance are enclosed by dotted lines. R
= CHZCHch(CHJ)z.

propanediamine proved to be a poor inhibitor. The weak
binding of the y-amino group could be attributed either to its
location or to the much higher pK,. Further support for the
above location of the site was provided by DL-2,3-diamino-
propionate, which was bound about 70-fold tighter than 8-
alanine. (The actual difference in affinity would be double
this amount if the inhibition was due to one enantiomer.)
Again in this case, the potential of the amino group in the
2-position to act as a zinc ligand would be greatly enhanced
by its low pK,.

Binding Mode of Ethylenediamine. In order to confirm that
the second amino group of ethylenediamine was bound to the
zinc, we tested the effect of this inhibitor in the presence of
several compounds that were known from previous results to
act as zinc ligands (Table IV). In support of the above
hypothesis, the binding of acetohydroxamate and that of
ethylenediamine were found to be mutually exclusive. How-
ever, when acetohydroxamate was replaced by hydro-
cinnamate, the interference was minimal. This result indicated
that the binding of ethylenediamine was compatible with an-
other monodentate zinc ligand but not with one that is bi-
dentate. As discussed earlier in connection with ispamylamine,
a negatively charged ligand such as the carboxylate should
facilitate binding of the amine to the zinc. Conversely,
therefore, the presence of a poorly ionizable ligand such as
the thiol group of B-mercaptoethanol would be expected to
weaken the binding of ethylenediamine. In a similar way, the
failure of isoamylamine to bind concurrently with ethylene-
diamine could be attributed to the inability of the zinc ion to
accept more than one amino ligand. Thus, all the above results
are consistent with the proposed mode of binding for ethyl-
enediamine.

General Discussion. This work has produced some results
that were quite unexpected when we originally set out to in-
vestigate the binding mode of amino acid hydroxamates. First,
we have found evidence of multiple sites for amino groups and
for hydrophobic side chains. The potential interactions at these
sites may be important in understanding the specificity and
catalytic mechanism of the enzyme. Second, and perhaps more
significantly, we have observed a synergism in the binding of
ammonia and zinc ligands. No similar effect has apparently
been reported for any zinc protease. In fact, very few instances
of positive interaction between inhibitors seem to have been
documented in the literature. Since a free amino group is the
primary specificity determinant for aminopeptidase substrates
and zinc is a critical catalytic component, an obvious expla-
nation is that the effect constitutes part of an induced-fit
mechanism (Koshland, 1960). Such a model would predict
that in the absence of specific substrates, the zinc does not exist
in a functionally optimal state. Upon binding of a primary
amine at the substrate recognition site, a conformational
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change would occur that alters the coordination state of the
zinc and increases its electrophilic character. Thus, the ob-
served tighter binding of ligands might reflect the enhanced
ability of the zinc to polarize the carbonyl bond of specific
substrates. Although the mechanism of aminopeptidase has
not been elucidated in detail, the sensitivity of this enzyme to
inhibitors suggests that it may be similar to that of other zinc
proteases. It would, therefore, be of considerable interest to
determine whether analogous effects operate in enzymes such
as carboxypeptidase and thermolysin.

The detection of a second amine-binding locus in this work
has clear implications for the further refinement of inhibitor
design. In particular, the relatively high affinity of pL-2,3-
diaminopropionate suggests that this compound may provide
the basic structure for a new series of inhibitors. Since we
have also found two separate sites for hydrophobic side chains,
the prospects of obtaining very tight binding inhibitors by the
introduction of substituents are certainly promising. Although
a number of synthetic inhibitors are already available for
aminopeptidase, the most potent of these (i.e., a-amino al-
dehydes and mercaptoethylamines) are unstable. If derivatives
based on 2,3-diaminopropionate could be developed as inhijb-
itors, they would have the considerable advantage of stability.

Our results show that the concurrent effects of different
inhibitors can yield valuable insight into the interactions oc-
curring at separate regions of the active site. Unlike X-ray
crystallography of enzyme—inhibitor complexes, the above
approach provides no direct structural information. However,
it is able to determine the strength of interactions and may
therefore complement structural and kinetic studies in elu-
cidating enzyme mechanism.
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