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Abstract A detailed metal binding and activation of
the dinuclear aminopeptidase from Streptomyces gri-
seus (sAP) has been analyzed and modeled by means
of metal titration as well as kinetic and thermodyna-
mic techniques using Cd** as a probe. Cd** binds to
the two metal-binding sites in a sequential manner to
produce a very active Cd**-substituted derivative, par-
ticularly in the presence of Ca** (53% and 90%,
respectively, relative to the activities of the native
form in terms of k_/K, under the same conditions).
The first stepwise formation constant for the binding
of metal to the dinuclear site (to form M-sAP) was
found to determine the metal-binding selectivity,
regardless of the magnitude of the second stepwise
formation constant (to form M,M-sAP from M-sAP).
Interestingly, despite the seemingly very different
binding profiles for different metal ions under differ-
ent conditions, all of them can be well described and
fitted by the sequential binding model. In addition,
Ca?* was found to significantly affect metal binding,
inhibition, and entropy of activation of this enzyme,
and its role in sAP action is re-evaluated.
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Introduction

The aminopeptidase from Streptomyces griseus (sAP)
is a Ca’"-regulated, thermo-stable, extra-cellular di-
Zn>* enzyme (MW=30 kDa), which prefers substrates
with a large hydrophobic N-terminus [1, 2]. The ligand
environments about the two Zn?>* ions (separated by
3.65 A) in sAP are virtually identical, i.e., a five-coor-
dinate environment consisting of one 1m1dazole (His),
one bidentate carboxylate (Asp or Glu), and one
bridging Asp side chain, and possibly a hydroxide
bridge (Fig. 1) [3]. Despite the great similarity in their
coordination spheres, the two sites are distinguishable
in terms of their metal binding as Co?* can be intro-
duced selectively to only one of the two sites at
pH 6.1 [4]. This selectivity thus must derive from the
amino acid side chains in the close proximity of the
active site, such as Arg202 which is known to affect
phosphate binding [5]. This selectivity in metal binding
was also observed for the AP from Aeromonas proteo-
lytica (aAP), whose activity was found to be strongly
dependent on the order of metal addition [6, 7]. Since
the metal-binding pattern of sAP depends on the
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Fig. 1 The crystal structure of the active site of sAP (Protein
Databank code 1xjo). The corresponding amino acids in aAP
are Aspll7 (bridging), Aspl79 and His97 (Znl), and Glul52
and His256 (Zn2). Only the bridging oxygen (O4) of the “bridg-
ing phosphate” suspected in the crystal structure is shown (how-
ever, see [5]), which is consistent with the bridging hydroxide in
the aAP structure



metal ion (e.g., Co’* versus Zn>*) and is also signifi-
cantly affected by the solution conditions (e.g., pH
and [Ca®*]) [4], it is thus important to investigate
quantitatively the binding of metal ions to the dinu-
clear site in order to rationalize the apparently differ-
ent metal-binding patterns.

The amino acid sequence of sAP has a low similar-
ity to those of Saccharomyces cerevisiae AP and aAP
(34.4% and 29.6%, respectively) [8]. However, the
amino acids of the zinc binding sites in these three
APs are conserved. Moreover, the overall folding of
sAP resembles that of aAP, and the Zn?* binding sites
in these two APs are virtually identical (Fig. 1) [3, 9].
Some significant differences near the active site
appear to be that Ile255 and Tyr225 in aAP are
replaced by Tyr246 and Asp200, respectively, in sAP.
Crystal structures also reveal that different side chains
are involved in inhibitor (and probably substrate)
binding, such as Tyr225 and Glul51 in aAP and
Arg202, Glul31, and Tyr246 in sAP [3, 9, 10]. Con-
sequently, the actions of these two APs are different
because of these structural differences, despite their
virtually identical metal binding coordination spheres.
For example, aAP exhibits ~80% activity with only
one metal ion bound, which is characteristic of mono-
nuclear catalysis, and the second metal is involved in
only substrate binding [6, 7, 11, 12], whereas sAP
requires two metal ions for activity, characteristic of
dinuclear catalysis [1, 2, 4].

The activities of several metal-substituted deriva-
tives of SAP are significantly affected by Ca®* [1, 2].
This regulation of activity by Ca®* has not previously
been observed for any other aminopeptidase. The
Ca®* site in sAP is located ca. 25 A away from the
active site according to the crystal structure [3]. This
long distance makes it difficult to rationalize the rela-
tionship between the Ca?* ion and the activity. Never-
theless, Ca>* has been proposed to regulate the elec-
trostatic potential distribution, but not to affect the
conformation of the enzyme [3]. Recently, we found
that Ca* also affected the selectivity of metal binding
to the dinuclear site [4]. It is thus interesting to further
address the effect of Ca®* on the activity and metal-
binding properties of sAP.

We report herein studies of metal-binding, kinetic,
and thermodynamic properties of SAP and Ca’* bind-
ing and the influence on these properties by the use of
Cd?* as a probe. The high activity of the Cd**-substi-
tuted derivative of sAP (90% and 53% with and with-
out 2 mM Ca?, respectively) also justifies its use as a
prototype for the study of sAP. Like Zn**, Cd**
apparently shows much less selectivity than Co”*
toward the two metal-binding sites on the basis of the
activity profiles during metal titrations. Nevertheless,
we found that the Cd?*-activity profile can be
explained by a sequential binding mode. The signifi-
cant influence of Ca?* on metal binding, catalysis, and
inhibition of sAP has also been investigated, and its
role in sAP action is re-evaluated and discussed.
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Materials and methods
Chemicals and materials

The substrate Leu-p-nitroanilide (Leu-pNA), the inhibitors bes-
tatin and Leu-hydroxamate, EDTA, and all buffers were
obtained from Sigma (St. Louis, Mo.). Cd** stock solutions were
prepared from atomic absorption standard (99.99%, Fisher Sci-
entific, Orlando, Fla.) or from metal salts of the highest purity
(99.95%, Aldrich, Milwaukee, Wis.) standardized against stand-
ard EDTA using xylenol orange as an indicator. All solutions
were prepared with de-ionized water of >18 MQ from a Milli-Q
system (Millipore, Bedford, Mass.). All glassware and plastic
ware were treated with EDTA solution and rinsed with de-io-
nized water prior to use. The enzyme sAP was purified from
Pronase (Fluka Chemika and Sigma) and its apo form was pre-
pared according to the literature procedure [1, 2, 4].

Metal-binding studies

In Cd?* activation of sAP, 0.5 mM Cd* solution was titrated
into 5.0 uM apo sAP in 0.1 M MES at pH 6.0 or 0.1 M HEPES
at pH 8.0 and the activities toward the hydrolysis of 1 mM sub-
strate were monitored at 25 °C on a Varian Cary 3E spectropho-
tometer. The data were corrected for dilution and plotted as
initial rate versus Cd** equivalent. The dependence of SAP
activity on Ca?* was studied under above conditions, in which
Ca®* solution was titrated into Cd,Cd-sAP and the initial rates
for the hydrol%/sis of the substrate were measured and plotted
against log[Ca**]. The dependence of sAP activity on Cd** in
the range from micromolar to millimolar was studied similarly.

Kinetic studies

All kinetic measurements were performed in 0.1 M HEPES at
pH 8.0 with 60 mM NaNO; with or without 2 mM Ca?* at 25°C
on the Cary 3E spectrophotometer. The activity of sAP was
determined from the initial rate of Leu-pNA hydrolysis by mon-
itoring the release of pNA (£4s=10,500 M~ cm™). The kinetic
parameters k., and K, were obtained by non-linear fitting of
the initial rate V' to the Michaelis-Menten equation V=k_,[S]
[Eo)/(K,#[S]), in which [S] is the substrate concentration and
[Eo] the initial enzyme concentration. For inhibition studies, the
inhibitor Leu-hydroxamate was added to the assay cuvettes
together with the substrate prior to the addition of sAP solution,
and the activity was measured. The inhibition of bestatin was
conducted with pre-incubation of the inhibitor with the enzyme
overnight at 4 °C prior to the measurement of the activity.

In temperature-dependent kinetic studies, the sAP activity
was determined every 10°C between 20 and 70°C in 0.1 M
HEPES at pH 8.0 with 60 mM NaNOj; in the presence or
absence of 1 mM Ca?*. The data were fitted directly to the
Arrhenius equation below to obtain the activation energy E,:

keat = Aexp(—E,/RT) 1)
where k,, is obtained from the Michaelis-Menten equation, R is
the gas constant, and 7 the temperature. Thermodynamic
parameters for the reactions are obtained by the following rela-

tionships (Egs. 2, 3, 4), with & the Planck constant and kg the
Boltzmann constant:

AGY = —RTIn(keaih/ks T)
AHY = B, — RT
ASt = (AHY - AGYH)T

—~ o~
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Results and discussion

Cd?* binding to sAP

Cd?* is utilized as a probe in this study because its
coordination chemistry closely resembles that of Zn**,
which lacks ligand field stabilization energy and has a
flexible coordination geometry due to its d' electronic
configuration. Despite their very different ionic radii
(1.09 and 0.88 A for six-coordinated Cd?** and Zn**,
respectively) [13], Cd** has been used successfully as a
probe for the investigation of the structure and mech-
anism of several Zn>* proteins [14]. The high activity
of the Cd**-substituted derivative of sAP (90% and
53% with and without 2 mM Ca?* at pH 8.0, respec-
tively) justifies its use as a probe for the study of sAP.
However, it is interesting to note that Cd** does not
restore to a great extent the activity of most enzymes
that have been studied [15]. The activity of the di-
Zn** aminopeptidase from bovine lens is also not
restored by Cd?* [16], whereas that of aAP is regener-
ate only to 22% by Cd?* [6]. Although several transi-
tion metal ions may also serve as useful probes for the
study of the spectroscopically silent Zn site in pro-
teins, distortion of the active site geometry has been
observed in some cases resulting from ligand field sta-
bilization energy contribution and different geometric
preferences, such as in Ni**-substituted derivatives of
carboxypeptidase A and astacin [17, 18]. The binding
of Co’* to sAP is selective and sequential at pH 6.1,
based on the results from optical, NMR, and activity
studies [4]. It would be interesting if this binding pat-
tern could be generalized for the interpretation of the
binding of Cd?* and other metal ions to sAP.

The binding of Cd** to sAP under various con-
ditions is monitored via activity toward the hydrolysis
of Leu-pNA. The binding of only two equivalents of
Cd?* to sAP is clearly shown at pH 8.0, in which the
activity reaches maximum at >2 equivalents of Cd**
(Fig. 2A). At pH 8.0 in the absence of Ca®* the
enzyme exhibits 33% activity upon binding of one
equivalent of Cd** relative to that with 2 equivalents
of Cd** (O, Fig. 2A), suggesting the formation of the
corresponding mole fraction of the active Cd,Cd-sAP.
At pH 6.0 in the absence of Ca®>* (O, Fig. 2B) the
binding of Cd** to sAP is also sigmoidal, which exhib-
its 20% relative activity with 1 equivalent Cd** bound
(reflecting that the formation of Cd,Cd-sAP is less
preferred at lower pH). The binding profiles are still
sigmoidal in the presence of Ca®* at both pH 8.0 and
6.0, showing 40% and 30% relative activity, respec-
tively, upon binding of 1 equivalent Cd** (@, Fig. 2).
An ideal selective metal binding to one of the two
binding sites should exhibit no activity with less than 1
equivalent of metal ion if the di-metal derivative is
the only active form of the enzyme, whereas a com-
pletely cooperative binding should afford ~50% activ-
ity with 1 equivalent of metal bound relative to that
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Fig. 2 Activity of 0.5 uM apo sAP upon titration of Cd** at A
pH 8.0 and B pH 6.0 in the presence (®) and absence (O) of
2 mM Ca?*. The solid traces are the best fits of the data to the
sequential metal binding model shown in Eq. 5

with 2 equivalents of metal. These Cd** binding-activ-
ity profiles are quite different from the nearly selec-
tive Co?* binding pattern reported previously [4].
Whether or not all of these activity profiles of differ-
ent metal ions under different conditions can be
described by a generalized metal-binding mechanism
is not obvious at this stage, which are further analyzed
in the next section.

Metal-binding modes of sAP

The sigmoidal activity profiles for Cd** binding sug-
gest the presence of a partial selectivity, as it is
approaching the ideal selective metal-binding mode
described above'. Since the two metal-binding sites
have very similar geometry and ligand type (Fig. 1),
the selectivity must be attributed by some neighboring
groups discussed in the Introduction. We attempt to
describe the several different metal-binding patterns
by the use of a straightforward two-step sequential
binding mode with a few assumptions based on Co**
binding that have been verified with activity and spec-
troscopies [4]:

! In other words, the sigmoidal binding patterns seem perfect to
be described by a cooperative binding mode. However, the clas-
sical cooperative binding describes the binding of ligands to
identical binding sites as in the case of multi-subunit proteins
like hemoglobin. Since the two metal-binding sites in SAP are in
fact different (despite their very similar ligand types), the term
“selectivity” is chosen to avoid confusion with the classical def-
inition of two identical sites in cooperative binding



1. The metal ion selectively binds to only one site, but
not to both the two sites in a parallel fashion.

2. The binding is sequential.

3. Once the first metal ion is bound, the binding of
metal ion to the empty second site proceeds.

4. The only active form is the di-metal form.
This sequential binding mode can be described by

the two equilibria shown in Eq. 5:

M) M(II)
SAP = M —sAP = M,M - sAP (5)
1 2

in which M(II) is assumed to bind selectively to one
site of the dinuclear center (the first equilibrium) fol-
lowed by the binding to the second site (the second
equilibrium) with two stepwise apparent formation
constants, K;=[M-sAP]/[sAP][M] and K,=[M,M-sAP]/
[M-sAP][M]. The amount of M,M-sAP formed can be
easily monitored with the activity. Selective and
sequential metal binding to a dinuclear center under
different conditions (e.g., pH and anions) has also
been previously observed in other proteins, including
the analogous aminopeptidase aAP [6, 7] and Cu,Zn-
superoxide dismutase [19, 20, 21]. Expression of the
activity in terms of [M,M-sAP] can be achieved by
substitution of [M-sAP] as a function of the initial
metal concentration. Despite the very different shapes
of the profiles acquired at two different pH values in
the presence and absence of Ca** (@ and O , respec-
tively, Fig. 2), they can all be satisfactorily fitted to
this sequential metal-binding mode (solid traces).

Although Co?* binding to sAP has been proved to
be selective and to produce an inactive Co;-sAP and
active Co,Co-sAP by means of optical and NMR spec-
troscopies and activity assay [4], it cannot be con-
cluded whether or not Cd** binds exclusively to one
site over the other to form an active or inactive mono-
Cd-substituted derivative (i.e., Cd,E-sAP or E’,Cd-
sAP with E the empty site, or a mixture of both deriv-
atives). In this case, the two formation constants
should be treated as apparent formation constants. An
alternative fitting of the Cd-binding profiles is also
attempted in which the mono-Cd-substituted deriva-
tives are assumed active, i.e., rate=fj[Cd;-sAP]+
f-[Cd,Cd-sAP]. Nearly identical K;, K,, and f, values
are obtained with very small or negligible f; values,
ie., fi,,=4.8% and ~0% at pH 8.0 with and without
Ca”*, and 0.85% and 0.02% at pH 6.0 with and with-
out Ca’', respectively. Significantly larger standard
deviations (>2-fold) are also obtained in these fittings.
The results suggest that the assumption that the
mono-Cd derivatives are inactive is valid to a great
extent, and is followed here for the discussion of Cd**
binding.

In the sequential binding model, the activity of the
enzyme should depend on both the magnitude and the
relative value of the stepwise formation constants K;
and K,. A large value of K, should result in a selec-
tive binding mode since only one metal-binding site is
preferentially filled to afford the “non-catalytic”
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M-sAP; and a large K, value should cause a deep rise
in activity upon metal binding (particularly at greater
than 1 equivalent) since the active M,M-sAP can be
formed effectively. This metal-binding model is
numerically simulated to afford a better visualization
of the correlation between the activity profile and the
two stepwise formation constants, and for better com-
parison of the data from the current and previous
studies (Fig. 3).
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Fig. 3A-D Simulations of metal binding to sAP according to
the equilibria in Eq. 5 with the two stepwise formation constants
K, and K,. An arbitrary full activity of 1.0 “activity unit” from
an enzyme sample of 1.0 “concentration unit” is chosen in all
the simulations, which affords relative magnitude of the values.
The values of K|/K, (solid traces from top to bottom at 2 equiv-
alents) are 100/100, 10/10, 5/5, and 2/2 in A, 100/100, 10/100,
5/100, and 2/100 in B, 100/100, 100/10, 100/5, and 100/2 in C, and
5/100, 5/10, 5/5, and 5/2 in D. The solid circle trace in C rep-
resents a completely selective metal binding to the first site and
a much weaker metal binding to the second site (i.e.,
K/K,=10°2), which can be fitted well to the sequential binding
model (dotted trace). Two extreme cases are shown, a sequential
binding with a full selectivity (i.e., no activity at <2 equivalents,
A in A) and a simultaneous binding of 2 metal ions with no
selectivity (i.e., with an extremely strong positive cooperativity,
¢ in B). The dotted traces are the best fits of these two cases
according to the sequential binding. The former can be perfectly
fitted whereas the latter cannot, reflecting the validity of the
model for the description of sequential metal binding. Normal-
ized metal-binding profiles for Co* (v in C [4]) and Cd** ( A
in C, from Fig. 2) at pH 6.0 in the presence of Ca?*, Cd** at
pH 8.0 with Ca** (® in D, from Fig. 2), and Zn?* at pH 8.5 with
Ca’> ( A in D [4]) are also shown for comparison
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A constant K,/K, ratio

In this case, both K; and K, are varied simultaneously.
It shows that the selectivity decreases when both con-
stants decrease (from top to bottom at 2 equivalents).
Under an extreme case where the binding of the two
metal ions is completely selective (i.e., activity is 0 at
[M] less than 1 equivalent; a in Fig. 3A), it can be
still perfectly fitted by the sequential binding pattern
(dotted trace), which demonstrates the validity of the
model.

K; =<K, (constant)

In this case, K, is kept constant while K, value is var-
ied to reveal the effect of K; on metal binding. It is
clearly shown that a smaller K, results in a significant
activity when 1 equivalent of metal ion is introduced.
This is because a smaller K; value would leave more
free metal ions available for the empty site to form
M,-sAP. It seems likely that the extreme case where 2
metal ions bind to the dinuclear site simultaneously
(i.e., with an extremely strong positive cooperativity;
¢ in Fig. 3B) might be fitted with a small K; and a
large K,. However, the fitting of the data to the model
in Eq. 5 is not satisfactory (dotted trace).

K; (constant) = K,

When K is relatively large, selective metal binding to
form the inactive M;-sAP becomes evident regardless
of the magnitude of K, (Fig. 3C). This is because only
a small amount of free metal ion is available for the
second site when less than 1 equivalent metal ion is
added. Consequently, when the K; value is extremely
large, the second site would be completely empty (and
no activity would be detected) until more than 1
equivalent of metal ion is added, as shown by the solid
circles in Fig. 3C. This hypothetical extreme case can
be perfectly fitted with the sequential binding model
(dotted trace), indicating the validity of the model. In
this case, the activity is solely dependent on the for-
mation constant K,. The selective binding of Co®* to
sAP observed previously [4] can also be described
quite well by the binding profiles shown in Fig. 3C
(4, normalized Co?* binding profile at pH 6.1 without
Ca®* [4], not fitted). The most selective Cd** binding
mode (pH 6.0 without Ca®") is also in this category
( o, normalized data from Fig. 2B, O), as shown by its
values of K;>K, (Table 1).

Small K; values
The variation of K, with respect to a small K, is

shown in Fig. 3D, in which the loss of selectivity to
form the inactive M;-sAP is obvious. The Zn’** bind-

Table 1 Stepwise formation constants for 0.2 yM Cd?*" binding
to 5.0 uM sAP obtained according to Eq. 5

Ky (M) Ky (uM™) f (min™)?
pH 8.0 (-Ca?*)  19.9+1.8 101.4+19.9 319
pH 80 (+Ca2*)  10.0+0.8 106.5+4.6 1230
pH 6.0 (-Ca?*)  81.2+27.7 1102 197
pH 6.0 (+Ca%)  17.2+82 1.5+0.6 647

# Conversion factor which reflects the relative initial rate result-
ing from each titration when the two metal-binding sites are
fully occupied by Cd?* under the experimental conditions

ing pattern observed previously [4] can also be
described with this binding situation ( o, normalized
Zn** binding profile at pH 8.5 in the presence of Ca’*
[4], not fitted). The activity profiles for Cd** binding
at pH 8.0 in the presence of Ca’* are similar to that of
Zn?* (however, with a smaller relative K, value, as
shown by the normalized binding profile @), suggest-
ing that Cd** can be a good substitute for the study of
Zn** binding and activation of sAP. Interestingly, the
binding pattern of the native metal ion Zn** reflects
that Zn”* can actually be very effective in activating
sAP, since the activity can be acquired with less than
1 equivalent Zn?*, particularly in the presence of Ca**
(cf. trace a). The Ca®* influence is further discussed
in a later section.

The Cd** binding profiles of sAP under different
conditions are seemingly quite distinct, as reflected by
their activity profiles. However, all can be fitted well
by the sequential binding model (solid traces, Fig. 2).
The stepwise formation constants for Cd?>* binding to
apo sAP obtained from the fittings of the activity pro-
files are listed in Table 1. At pH 8.0, K, values are
about the same with and without Ca®*, whereas K;
decreases by 50% in the presence of Ca”*, which
accounts for the decrease in metal-binding selectivity.
Both K; and K, change significantly when the pH is
lowered to 6.0 in the absence of Ca’', ie., K
increases by four times, which enhances the selectivity
of Cd** binding (cf. Fig. 3B), while K, decreases by
nearly 100 times, which accounts for the weak Cd>*
binding to Cd-sAP (thus requiring more than 2 equiv-
alents of Cd** to exhibit full activity)®. In the presence
of Ca> at pH 6.0, K, drops to the level of that at
pH 8.0, which accounts for the significant loss in met-
al-binding selectivity, whereas K, does not change sig-
nificantly. Cd?>* binding is much more influenced by
pH than by Ca?*. At pH 8.0, deprotonation of a coor-
dinated water may occur, which can reduce charge
repulsion between the two metal ions in the dinuclear
site. In the meantime, the deprotonated water (hy-

2 A 13Cd-reconstituted sAP at pH 6.0 did not exhibit character-
istic 3Cd NMR signals, reflecting the weak binding character-
istics of Cd** and the presence of a fast chemical exchange
between the free and bound Cd?*. This negative result also pre-
cludes the characterization of the one-Cd derivative as Cd,E-
SAP or E’,Cd-sAP, or a mixture of both



droxide) may be attracted to the Cd** in the second
site and form a bridging ligand, thus increasing the
second stepwise formation constant K.

Ca’* binding and effect

It is interesting to reveal that Ca** not only affects the
metal-binding pattern (@, Fig. 2), but also significantly
enhances the activity of Cd,Cd-sAP (by affecting k,
and K, see below), as in the case of the native
enzyme observed previously [1, 2, 22]. The combina-
tion of these influences makes Ca?* an ideal regulator
for sAP, since the enzyme can acquire the same level
of activities at lower metal ion concentrations in the
presence of Ca®" than is the case without Ca®* under
the same conditions. The influence of Ca’** on sAP
activation is clearly shown in the activity profiles at
pH 6.0 and 8.0 (Fig. 2 and Table 1), which can be also
visualized in Ca?* titration profiles. At pH 8.0, the
maximum activity is reached at [Ca’']=] mM (@,
Fig. 4). A fitting of the activity profile according to
the following equilibrium (Eq. 6) for a single Ca”*
binding gives a formation constant K;=20.4 mM™:

Ca(Il) + M,M — sAP = Ca(Il) - M, M — sAP (6)

At pH 6.0, however, the activity approaches maximum
at higher [Ca**]: ca. 10 mM with Ki=12 mM™ at
[Cd*]=0.1 mM (a), and 32 mM! at [Cd*]=2 uM
(M). The lower apparent affinity constants at pH 6.0
can be attributed to H* binding to the Ca?* binding
site, and the decrease in the magnitude at higher Cd**
concentration (0.1 mM, a) suggests that Cd’>* may
compete for the Ca®* binding site. Since Cd** has
been demonstrated to be a good substitute for Ca** in
several proteins [23], the exchangeability of these two
metal ions is further studied and discussed below.

The enzyme reaches nearly full activity with the
introduction of 2 equivalents of Cd** in the presence
of Ca?* at pH 8.0 (Fig. 2A). In the absence of Ca®',
however, an excess amount of Cd?* is needed to reach
the magnitude of activity approaching that in the pres-
ence of Ca** (O, Fig. 4). A fitting of the data to the
above equilibrium with Ca®* replaced by Cd?* affords
an affinity constant K;=44.1 mM! for the binding of
the “excess Cd**” to Cd,Cd-sAP. Similar activation by
the excess Cd** is also revealed at pH 6.0 ((J, Fig. 4),
yet with a smaller K; of 8.3 mM™'. This effective acti-
vation upon Cd** binding to the Ca’* site with a large
affinity constant suggests that Cd?* can serve as a
good substitute for Ca®* in sAP.

The kinetic parameters of Cd,Cd-sAP toward Leu-
pNA hydrolysis at pH 8.0 are dramatically affected by
Ca®, i.e., the second-order rate constant (in terms of
k.a/K,,) is greatly enhanced owing to a 2-fold increase
in k., and 7-fold decrease in K, (Fig. 5 and Table 2).
The influence of Ca’>* on the activity of native and
Co,Co-sAP was reported previously [1, 2, 4]. Howev-
er, the mechanism for this influence could not be con-
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Fig. 4 The Ca*'-dependent activity of 0.05 uM Cd,Cd-sAP at
pH 8.0 and [Cd?**]=0.125 uM (@), at pH 6.0 and [Cd**]=0.1 mM
(A), and at pH 6.0 and [Cd**]|=2 uM (M); and the Cd**-depend-
ent activity of 0.05 uM Cd,Cd-sAP at pH 8.0 (O) and pH 6.0
(d) in the absence of Ca?*. The solid traces are the best fits of
the data to the equilibrium of Eq. 6, giving formation constants
of 204, 1.2, 3.2, 44.1, and 8.3 mM!, respectively. Higher Ca?*
concentrations cause a decrease in the activity; thus the data are
not used in the fitting
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Fig. 5 Linear Arrhenius plots of Leu-pNA hydrolysis by sAP in
the presence (@) and absence (O) of 1 mM Ca?*. The activation
energy values are obtained by non-linear fittings of the data to
the Arrhenius equation (Eq. 1)

cluded, and was suspected to be due to an electrostatic
effect of the Ca?* ~25 A away from the active site
based on the crystal structure study [3]. In order to
gain further insight into the dramatic effects of Ca?*
on metal binding and activation of sAP, the inhibition
and temperature-dependent kinetics of the enzyme in
the presence and absence of Ca’* were further
analyzed and are discussed below.
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Table 2 Michaelis-Menten kinetic parameters and some thermodynamic parameters of activation (at 25°C) for the hydrolysis of
Leu-pNA by Cd,Cd- and Zn,Zn-sAP in the presence and absence of 2 mM Ca?* at pH 8.0

ket (57)  Ki (mM)

kel Ky M71s7Y) E, (kJ mol™)

AH* (k] mol™!)  48% J mol'K™) AG¥* (kJ mol™)

Cd,Cd-sAP 15.6 0.35 0.045x10°
Cd,Cd-sAP+Ca?* 35.6 0.050 0.71x10°
Zn,Zn-sAP [1, 2] 254 3.0 0.085x10° -
Zn,Zn-sAP+Ca?* 4332 0.552 0.79x10%
7Zn,Zn-aAP¢ 78.7 0.023 3.4x10°

53.3
531

41.3°
36.5

50.9 -56.3 67.6
50.6 —48.3 65.0
38.8° -53.3° 57.4°
34.0 -94.2 62.1

2 In the presence of 1 mM Ca®* [1, 2, 22], and was found to be
further enhanced in the presence of 2 mM Ca”* [27]

Inhibition studies

Inhibition of Cd,Cd-sAP by L-Leu-hydroxamate is
competitive both in the presence and absence of Ca**,
exhibiting inhibitor constants K; of 1.6+0.1 and 4.6+
1.0 uM, respectively. Ca?* clearly exerts a similar
influence on the binding of inhibitor and substrate,
i.e., a significant decrease in both the inhibitor con-
stant K; and the Michaelis constant K. This similarity
suggests that this inhibitor may be recognized by the
enzyme in a similar fashion as the substrate.

The bidentate hydroxamates of amino acids and
peptides have been widely used as inhibitors for metal-
loproteases through binding to the active site metal(s)
[24]. The crystal structure of a hydroxamate-bound
aAP has recently been solved, which showed that the
hydroxyl group acted as a bridging ligand while the car-
bonyl group interacted with only one Zn?* [10]. The
D-amino group of the hydroxamate was shown to form
a H-bond with Tyr225 in aAP. The corresponding posi-
tion in sAP is occupied by Asp200 [1, 2, 3, 9], which
would be too short and have a wrong stereochemistry
for such H-bonding. It seems unlikely that L-Leu-hy-
droxamate may bind to sAP in a similar fashion as the
binding of the D-form inhibitor to aAP. Nevertheless, a
direct binding of the inhibitor to the metal ion(s) can
be expected, as observed in other cases [24]. The exact
binding mode of hydroxamate with sAP remains to be
seen in future structural studies.

The inhibition of Cd,Cd-sAP by bestatin ([(25,3R)-
3-amino-2-hydroxy-4-phenylbutanoyl]-L-leucine) is also
competitive with and without Ca?*. This can be
expected as bestatin is a transition state analogue with
a tetrahedral f-hydroxyl moiety which is bound to the
active-site metal ions in a bidentate fashion through
the 2-hydroxyl and the 3-amino groups, as revealed in
the crystal structure of bestatin-bound bovine lens
aminopeptidase [25, 26]. This binding mode resembles
the transition-state a-amino-gem-diolate structure. The
K; values were found to be 7.1+5.3 and 73+12 nM in
the presence and absence of Ca®*, respectively. This
large Ca?* influence on K; corresponds well to the sig-
nificant Ca®* influence on K,,, which suggests that bes-
tatin binding to sAP may mimic substrate binding.

The mechanism for the dramatic Ca’* effect on
SAP catalysis is to stabilize the transition state com-

® Obtained from [27]
¢ See [6, 7, 11, 12]

plex via specific interactions (to increase k), and to
enhance effective substrate binding to the enzyme (to
decrease K,,). Interaction of Ca>* with the gem-diolate
moiety seems to be a reasonable mechanism to sta-
bilize the transition state. However, as the gem-dio-
late-like configuration is not present in both inhibitors,
Ca”* interaction with the gem-diolate may not be the
case. Further investigations are needed to reveal the
detailed interactions associated with the Ca** effect on
sAP catalysis.

Temperature dependence of kinetics

The temperature-dependent study of the hydrolysis
reveals that the difference in the catalytic rates in the
presence and absence of Ca®* is caused by the entropy
of activation AS*, as the enthalpy of activation AH* is
not changed (Table 2). The entropy change is
483 J K ' mol! in the presence of Ca®*, and
-56.3 J K™! mol™! without Ca®*. The less negative AS*
in the presence of Ca®* can be attributed to a tighter
substrate binding (with a smaller K, value, Table 2),
which results in a loss of molecular motion in the
ground state enzyme-substrate complex. This would
afford a smaller difference in entropy between the
ground and transition states, thus a less negative A4S,
which results in a smaller free energy of activation
AGH,

The thermodynamic parameters for the hydrolysis
of Leu-pNA by native Zn,Zn-sAP [27] in the presence
of Ca?* and by aAP [11, 12] are also reported for
comparison (Table 2). Although the entropy contribu-
tions of —53.3 and -94.2 J K™! mol™! in Zn,Zn-sAP and
aAP catalysis are less favorable than in Cd,Cd-sAP
catalysis under the same conditions, they are compen-
sated by much lower values of AH* to afford favorably
low Gibbs free energies of activation [11, 12, 27].

The thermal stability of sAP seems not to be
affected by Ca’* under the conditions in this study
(<65 °C). Thus, Ca** may not play a significant struc-
tural role, but acts more as a regulator in sAP action.
The crystal structures of sAP in the presence and
absence of Ca”* are virtually identical and the Ca**
binding site is intact in the absence of Ca?*, also
reflecting that Ca®* may not be involved in structural



stabilization. Moreover, the relatively weak Ca?* bind-
ing to Cd,Cd-sAP and to native sAP [1, 2] also sup-
port the regulatory role of Ca*.

Conclusion

The metal binding and activation properties of the
dinuclear sAP have been revealed in this study using
Cd** as a probe, which can also explain Co?* and Zn**
binding and activation patterns. The study indicates
that the metal binding is consecutive and its selectivity
is determined by the first stepwise formation constant
K, and is not influenced by K,. The influences of
Ca?* and pH on metal binding and activation of sAP
have been established quantitatively according to this
binding mode. Moreover, the Ca’* effect on catalysis
was found to be attributed to the decrease in the mag-
nitude of AS*. These significant Ca®* effects on sAP
properties do not seem to be satisfactorily explained
by the previously suspected electrostatic effect caused
by the Ca2* ca. 25 A away from the active site [1, 2,
22]. Further investigation on the unique Ca** effect is
needed.

We have recently observed that sAP exhibits an
unexpected “alternative activity” toward the hydroly-
sis of the phosphodiester bis(p-nitrophenyl) phosphate,
with an enormous ~10!° times enhancement of the
first-order rate constant [28]. Since Cd** and Zn?*
have different ligand preferences due to their different
softness, Cd,Cd-sAP may serve as a potential candi-
date for future investigation of this unique catalysis on
“alternative substrates” to provide further insight into
the mechanistically distinct dinuclear hydrolyses of
peptides and phosphoesters in chemical and biological
systems.
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