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1 While this manuscript was in preparation, the crystal structure
of this enzyme was published [13]

Abstract Streptomyces griseus aminopeptidase has
been characterized to have a dinuclear active site and
to follow a dinuclear hydrolytic mechanism by means of
activity assay, optical, and NMR spectroscopy. A se-
quential binding of Co2c to the dinuclear sites in
20 mM Mes buffer at pH 6.1 has also been established.
The results from these studies suggest that the two me-
tal sites have a five-coordination sphere, with at least
one coordinated His each. A di-Cu2c-substituted deri-
vative of the enzyme has been prepared which exhibits
a 1H NMR spectrum with sharp hyperfine-shifted sig-
nals, again indicating the presence of a dinuclear active
site. This 1H NMR spectrum with sharp hyperfine-
shifted features represents a first of its kind for a di-
Cu2c center in metalloproteins.
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Introduction

Aminopeptidases (APs) are a family of widely distri-
buted proteases which participate in many significant
biological processes, such as protein maturation, hor-
mone production, and peptide digestion [1–3]. While
several Zn peptidases are known to contain a single
Zn2c ion in their active site [4–6], a few metallo-APs,
including those from bovine lens (bAP) [7–10], Escher-
ichia coli (eAP) [11], Aeromonas proteolytica (aAP)
[12], and Streptomyces griseus (sAP)1 have been proved

by means of X-ray crystallography to contain a dinu-
clear metal active site. However, diverse structural fea-
tures and mechanistic properties have been revealed in
these dinuclear metallo-APs [14, 15]; including their
different tertiary and quaternary structures, the lack of
a conserved geometry and coordinated ligand type in
the active site, and the observation of dinuclear cataly-
sis in some APs and mononuclear catalysis in others.

Despite the presence of a dinuclear site in aAP [12]
and presumably in porcine kidney AP (pAP) [16], these
two APs have been observed to exhibit a “mononu-
clear” catalysis. These two enzymes have been pre-
viously shown to exhibit a selective metal binding prop-
erty, where a full hydrolytic activity was detected when
one metal ion was bound [16, 17]. A modulation of the
activity was observed when a second metal ion was in-
troduced, indicating a regulatory role [18, 19]. Nev-
ertheless, this mononuclear catalysis was not observed
in bAP action [7–10]. Further studies of other dinuclear
APs are therefore necessary to provide more mechanis-
tic information about this mononuclear and dinuclear
discrepancy in AP action.

The AP isolated from the culture medium of Strep-
tomyces griseus (sAP, MW F30 kDa) has been charac-
terized to contain two Zn2c ions per molecule [20, 21].
A previous metal-activation study using the slow sub-
strate Ala-p-nitroanilide revealed that Mn2c, Co2c, or
Zn2c was bound simultaneously to the two metal bind-
ing sites of the enzyme at pH 8 in the presence of 1 mM
Ca2c; i.e., the activity of the enzyme was parallel to the
amount of metal ion bound to the enzyme and reached
a plateau with two equivalent metal ions introduced
[20]. Since the two metal sites could not be selectively
filled with metal ions in the previous study, identifica-
tion of each metal site was not possible, and the role of
each metal ion in catalysis could not be easily revealed.
It is important to find out the conditions for a selective
metal binding to the metal sites, which is an inevitable
step to providing structural information and the catalyt-
ic role for each individual metal site by means of physi-
cal methods.
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We report here our study of the metal-binding prop-
erties, hydrolytic activity, and active-site structure of
sAP by means of activity assay and spectroscopic meth-
ods. A sequential Co2c binding to this enzyme in Mes
buffer at pH 6.1 has been concluded on the basis of op-
tical study, isotropically shifted 1H NMR features, and
activity assay. Moreover, we have documented in this
report a very rare case in which Cu2c ion, which is bet-
ter known as an NMR “relaxation probe”, can be uti-
lized as a “shift probe” for the study of metal-binding
sites in metalloproteins and affords sharp hyperfine-
shifted 1H NMR signals. The presence of a dinuclear
metal-active site in sAP has been established by means
of 1H NMR using Cu2c as a probe. This study also de-
monstrates that although sAP and aAP have nearly
identical active sites on the basis of their crystal struc-
tures [14, 15] (however, with a low sequence homology
F30% [22]), they exhibit quite different mechanisms in
that sAP shows a dinuclear hydrolytic catalysis whereas
aAP shows a mononuclear catalysis.

Experimental

Streptomyces griseus aminopeptidase and its apo form were pre-
pared according to established procedures [20, 21], and the pro-
tein fractions designated as AP-I in the literature (the first eluted
AP from the final DEAE column) were used. The enzyme con-
centration was determined according to the literature value
E280

1% p 15 [20, 21], which was consistent with that determined
by metal ion titration using standard Zn2c or Co2c solutions
where a full enzyme activity was reached after 2 equivalents of
metal ion was introduced. In all the preparations, apo-sAP sam-
ples of negligible residual AP activities could be easily obtained
(e.g., ~0.02%, on the basis of the initial rate in the assay). The
activity of AP was assayed at an enzyme concentration of
F0.02 mM using 0.8 mM substrate Leu-p-nitroanalide (Leu-pNA,
Sigma Chemical Co.) in 60 mM NaCl and 10 mM Tris buffer at
pH 8 on a Varian Cary 3 spectrophotometer at 25 7C. The initial
rate of the hydrolysis of the substrate was obtained by monitoring
the release of the chromophore pNA at 405 nm (ε p 10600 M–1

cm–1 under the assay conditions) [20, 21]. Since Ca2c was known
to affect the enzyme activity [20, 21], it was excluded from all the
activity assays in this report, unless otherwise indicated.

In the metal-activation studies of the enzyme, an increasing
amount of 0.25 mM Co2c solution (10 ml each time) was added to
an apo-sAP solution (F20–30 mM, 1 ml) and incubated at room
temperature for a few minutes, then a 10-ml aliquot was taken
each time for AP assay. Stock Co2c and Zn2c solutions were
prepared from atomic absorption standard solutions or from their
nitrate or chloride salts and standardized against a standard
EDTA solution. The use of enzyme solutions with relatively high
concentrations (110 mM) in the metal-binding studies in this re-
port has afforded consistent results. All the solutions were pre-
pared from deionized water of 118 MV from a MilliQ system
(Millipore, Bedford, Mass.). All the glassware and plastic wares
were treated with EDTA solution and rinsed with deionized wa-
ter prior to use.

The electronic spectra of the Co2c derivatives of sAP in
20 mM MES buffer at pH 6.1 were obtained on the Varian spec-
trophotometer. The sAP samples with 1 and 2 equivalents Co2c

bound that were used in the optical study were subsequently con-
centrated by the use of a Centricon-10 microconcentrator (Ami-
con, Beverly, MA) to F1 mM for the detection of hyperfine-
shifted 1H NMR signals. The 1H NMR spectra of the Co2c-sub-
stituted derivatives (20 mM MES buffer at pH 6.1) were obtained
at 303 K on a Bruker AMX360 operating at 360.13 MHz using a

907 acquisition pulse (F7.5 ms) and a presaturation pulse for wa-
ter suppression, 8 K data points, a repetition time of F200 ms,
with a total of 8000 transients. A 10%-shifted Gaussian window
function with a line-broadening factor of –50 Hz was applied to
the FIDs (free induction decays) prior to Fourier transformation
to improve spectral resolution in the near-diamagnetic region. An
NOE (nuclear Overhauser effect) difference spectrum was ob-
tained by subtracting the FID in which the signal of interest was
irradiated from the FID in which the irradiation was placed at a
reference position for every 400 scans until a difference spectrum
with a sufficient signal-to-noise ratio was obtained.

Results and discussion

Metal activation

Several factors such as pH and buffer are known to af-
fect the selectivity of metal binding to multi-metal bind-
ing sites in metalloproteins. Under appropriate condi-
tions, metal ions can be selectively introduced into a
dinuclear metal-binding site, such as that observed in
Cu,Zn-superoxide dismutase (CuZnSOD) [23–25], in
which a lower pH shows a better selective binding.
While selective metal binding in CuZnSOD can be
achieved owing to the different geometries of the two
metal-binding sites, a selective metal binding to two
nearly identical coordination sites in a dinuclear metal-
loprotein cannot always be expected. However, a selec-
tive metal binding to the dinuclear metal active site in
aAP was observed [17] despite the fact that the two me-
tal-binding sites have been shown to have almost iden-
tical coordination environments, i.e., both tetrahedral
with 1 His and 1 Glu in one site and 1 His and 1 Asp in
the other site plus the bridging Asp and water [12]. In
order to study separately the two metal-binding sites in
sAP, it is important to find out the conditions where a
selective metal binding can be achieved. On the basis of
the observations in the study of Cu,Zn-SOD, it seems
that the discrimination of metal binding in a multinu-
clear metalloprotein may become more pronounced at
lower pHs.

The di-Co2c-substituted derivative of this enzyme
exhibits a full activity; thus, Co2c ion with rich spec-
troscopic properties can be used as an ideal substitute
for the native Zn2c ion in mechanistic studies of the
native enzyme. Several activity profiles of apo-sAP
upon Co2c titration under different conditions are
shown in Fig. 1. A selective Co2c binding to sAP is
observed in 20 mM Mes buffer at pH 6.1 (trace 6 [).
This profile shows that a very low activity is detected
with less than 1 equivalent Co2c introduced, and a
breaking point is observed when metal/enzyme ratio
reaches 1 (to form a “one-Co derivative”, CoE-sAP,
with E being an empty site), which is then followed by a
dramatic increase of the activity thereafter. A plateau
of the metal activation is reached at a metal/enzyme ra-
tio greater than 2, affording a fully active “two-Co der-
ivative” CoCo-sAP. Virtually identical results were ob-
tained when a number of apo-sAP samples containing
different amounts of metal ions (0.2–4 equivalents)
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Fig. 1 The activity profile of Streptomyces AP upon Co2c bind-
ing without Ca2c in 20 mM MES buffer at pH 6.1 (trace [) and
in the presence of 5 mM Ca2c at pH 8.5 in 20 mM Tris buffer
(trace }), and upon Zn2c binding without Ca2c at pH 6.1 (g)
and with 5 mM Ca2c at pH 8.5 (G). The binding of Cu2c to CoE-
sAP under the same conditions as in trace (}) is shown as trace
(Y). An amount of 60 mM NaCl is present in all the solutions.
The corresponding electronic and 1H NMR spectra of the two
derivatives with 1 and 2 Co2c bound, CoE-sAP and CoCo-sAP,
respectively, are shown in Figs. 2 and 3

were prepared separately and incubated overnight at
room temperature. A similar pattern was also obtained
in the presence of the regulator Ca2c at pH 6.1 with a
slightly lower selectivity (data not shown). The binding
of Zn2c to apo-sAP in 20 mM Mes buffer at pH 6.1
(trace g) shows much less selectivity than in the case of
Co2c binding under the same conditions. Full activity
of the enzyme can be achieved only after 2 equivalents
of Zn2c have been introduced.

A pronounced increase in the activity after the intro-
duction of 10.75 equivalents of Co2c to apo-sAP is
possibly due to the competition of the second site for
the binding of the metal ion. This is evident in an ex-
periment where subsequent addition of the “inhibito-
ry” Cu2c (which activates sAP toward Leu-pNA hy-
drolysis to F0.2% of the native enzyme) to CoE-sAP
abolishes the residual activity, presumably due to the
binding of Cu2c to the second site and replaces the
Co2c in that site (Fig. 1, trace Y). These metal-binding
studies suggest that the second metal-binding site is
crucial for sAP activity. This is based on the observa-
tion that only the second equivalent Zn2c or Co2c ion
can restore the activity, while the second equivalent
Cu2c abolishes the activity. Hence, Streptomyces AP
can be concluded to exhibit a dinuclear catalysis similar
to bAP [7–10], but different from pAP [16] and aAP
[17], which exhibit mononuclear catalysis.

This selective metal binding to apo-sAP is seemingly
contradictory to what was reported previously [20]
where a simultaneous metal binding to the two metal
sites was observed. We have investigated the possible
causes of this discrepancy, including the different buf-
fers and pHs as well as the influence of Ca2c. The en-
zyme still shows a clear but less selective Co2c binding
in Tris buffer at pH 8.5 in the absence of Ca2c using
the specific substrate Leu-pNA. This selectivity is sig-

nificantly diminished in the presence of 5 mM Ca2c

(Fig. 1, trace }). A similar result is also observed for
Zn2c binding to this enzyme, where a less selective
binding is revealed at pH 8.5 in the presence of 5 mM
Ca2c (Fig. 1, trace G). These observations imply that
metal ions bind less selectively to the two metal-binding
sites at high pHs in the presence of Ca2c, consistent
with previous observations under similar conditions us-
ing the slow Ala-pNA substrate [20]. The influence on
transition metal binding by Ca2c indicates that this ion
plays an important role in sAP action as shown in the
activity profiles. However, the Ca2c modulation mech-
anism that activates the native enzyme while deactivat-
ing the Co2c derivative cannot be revealed at this
stage. The mechanism by which a Ca2c found at 22 and
25 Å away from the two metal sites [13] affects the en-
zyme activity and metal-binding properties deserves
further investigation.

Optical studies

The determination of the conditions for selective metal
binding described above allows us to investigate each
of the metal-binding sites by the use of electronic and
NMR spectroscopies. The introduction of one equival-
ent Co2c to apo-AP in 20 mM Mes buffer at pH 6.1 af-
fords the mono-Co2c-substituted derivative (CoE-
sAP) with a very low activity (~10%, presumably due
to Co2c binding to the second site, see above) whose
electronic spectrum is shown in Fig. 2 (Spectrum A,
lmax ; 540 nm with ε p 88 M–1 cm–1 and shoulders at
474 and 583 nm). The subsequent addition of the sec-
ond equivalent of Co2c (to give CoCo-sAP with a fully
active enzyme) causes a noticeable perturbation in the
electronic absorptions of CoE-sAP and exhibits a spec-
trum with lmax at 540 nm (158 M–1 cm–1) and shoulders
at 474, 498, and F590 nm (Fig. 2B). The differences be-
tween the spectra of the two derivatives can be more
clearly seen with a difference spectrum of B minus A
(Fig. 2C), where the absorptions due to the Co2c in the

Fig. 2 The electronic spectra of Streptomyces AP (F0.3 mM)
with the binding of (A) 1 and (B) 2 equivalents Co2c in 60 mM
NaCl and 20 mM Mes buffer at pH 6.1 at 25 7C. The spectrum C is
the difference spectrum of B minus A, representing the absorp-
tions of the Co2c in the second site in CoCo-sAP
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empty site of CoE-AP are revealed (lmax p 540 nm
with ε p 80 M–1 cm–1, and shoulders at 498 and
595 nm) which are quite distinct from those of the first
site. The two derivatives CoE-sAP and CoCo-sAP
show different spectral features, suggesting that Co2c

binds to the two metal sites in a sequential manner un-
der the experimental conditions. This corroborates with
the activity profiles (Fig. 1). Whether or not the two
metal sites are structurally correlated as a dinuclear site
cannot be concluded based on these spectra, as the
change in the electronic absorptions is not significant.
Nevertheless, the similar absorption features, e.g., lmax

and ε values, of the Co2c in the two metal-binding sites
indicate that the two metal-binding sites may have a
similar geometry and structure.

The intensity of the electronic transitions in Co2c-
substituted metalloproteins and complexes can reflect
the geometry about the Co2c in the order of their La-
porte-allowed transition probabilities, i.e., tetrahedral
1 five-coordinated 1 octahedral geometry in a range
of 1200 to ~50 M–1 cm–1 in most cases [26, 27]. The
intensity of the electronic absorptions for the Co2c

(80–90 M–1 cm–1 per Co2c) in these two derivatives of
sAP is best accounted for by a five-coordinated geome-
try. This suggests that the weaker Zn-Od2 bond (2.6 Å)
for Asp160 in one Zn site and Zn-Oε2 (2.7 Å) for
Glu132 in the other Zn site) observed in the crystal
structure1 have to be taken into account to afford two
five-coordinated Zn ions in the active site.

NMR studies

The binding status of Co2c, the ligand identity, and the
structure of the active site in Co2c-substituted sAP can
be revealed by the use of NMR spectroscopy via the
studies of hyperfine-shifted 1H NMR signals, even
though the large paramagnetism of the Co2c center is
generally considered not favorable for NMR studies
[28, 29]. A simultaneous Co2c binding to the two sites
of sAP should give rise to identical 1H NMR spectra
with 1 and 2 equivalents of Co2c introduced, in which
the latter should afford double the signal intensity. On
the contrary, we observed two completely different 1H
NMR spectra for sAP with 1 and 2 equivalents of Co2c

bound in 20 mM MES at pH 6.1 (Fig. 3A,B), indicating
the formation of two different derivatives, CoE-sAP
and CoCo-sAP, respectively. This is corroborative with
the conclusion derived from the optical and activity
studies discussed above.

When the 1H NMR spectrum of the derivative CoE-
sAP is acquired in a D2O buffer of 20 mM Mes at pD 6,
the isotropically shifted signal at 62.8 ppm disappears
(asterisked signal in spectrum A, Fig. 3). The chemical
shift of this signal is in the range for the ring NH proton
of a coordinated His ligand in the metal-binding site of
several Co2c-substituted metalloproteins [30]. This
suggests that there is one coordinated His in the first
metal-binding site. Similarly, the detection of two sol-

Fig. 3A–D The 1H NMR spectra (360.13 MHz and 303 K) of
Co2c-substituted derivatives of Streptomyces AP in 60 mM NaCl
and 20 mM MES buffer at pH 6.1. A CoE-sAP (F1 mM), B
CoCo-sAP (0.8 mM), C CuCu-sAP (1.5 mM) under the same con-
ditions as in A and B, and D CuCu-sAP from C in the presence of
1 equivalent 1,10-phenanthroline. The smaller signal-to-noise ra-
tio in spectrum B is attributable to the lower concentration of the
sample and broader features of the spectrum. The inset in A is an
NOE difference spectrum of CoE-sAP in which the signal at
53.5 ppm is irradiated for 30 ms, and a cross relaxation on the sig-
nal at 71.5 ppm is clearly revealed. The insets in C and D are the
spectra acquired using the selective excitation hard pulse se-
quence 1-3-3-1 to reveal full intensities for those fast-exchanging
solvent-exchangeable signals. The solvent-exchangeable signals
(marked with asterisks) were identified by acquiring the spectra
of the derivatives in D2O buffer solutions. The signals marked
with arrows in D are due to the bound 1,10-phenanthroline

vent-exchangeable signals at 81.3 and 51.0 ppm in the
spectrum of CoCo-sAP (Fig. 3B) reflects the presence
of two coordinated His residues in the active site. When
a solvent-exchangeable His ring NH proton exchanges
fast with water, its signal may become broader and pos-
sibly undetectable. Thus, the number of solvent-ex-
changeable His ring NH signals reflects the minimum
number of coordinated His residues.

The isotropically shifted signals, particularly the less
shifted features, in the derivative CoCo-sAP become
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broader at a concentration E1 mM, which may be attri-
butable to the formation of coagulates. This is noticea-
ble even at F0.5 mM, although to a much lesser extent.
A 0.8 mM sample shows a spectrum in which most of
the signals near the edges of the diamagnetic envelope
are resolved (Fig. 3B). Although the signal broadening
can be attributable to protein coagulation, it is also
likely to be due to a loosely bound Co2c in the second
metal site. (The loosely bound Co2c in the second site
can be removed simply by ultrafiltration.) This makes
the whole active site fluxional, which may result in the
broadening of the isotropically shifted signals. Upon
addition of one Co2c to apo-sAP, room temperature
magnetic susceptibility was estimated to be 3.1 Bohr
magnetons (BM) using the Evans method, suggesting a
mononuclear center [28]. The introduction of the sec-
ond Co2c did not allow us to see separated two refer-
ence signals. This might be attributable to a virtually
diamagnetic state (however, similar chemical shifts are
observed in both CoE- and CoCo-sAP) or an extensive
broadening of the reference signal due to a fluxional
second Co2c-binding site. The magnetic properties of
these Co2c derivatives cannot be described in detail at
this moment, and await further studies. Nevertheless,
the conclusion that two different Co2c derivatives can
be selectively prepared and that sAP is likely to have a
dinuclear center is still valid at this stage.

A 1D NOE difference spectrum of CoE-sAP ac-
quired with the signal at 53.5 ppm irradiated for 30 ms
shows a cross relaxation to the signal at 71.5 ppm (ca.
–20% NOE, Fig. 3A, inset). This intense NOE can be
generated only from a geminal pair, such as the Cb/gH2

geminal pair of a coordinated Asp or Glu, which can be
closer to the metal and thus show broader signals com-
pared with the coordinated His ring NH signal [31].
The broadness of these signals has prevented us from
obtaining useful coherence transfer information to es-
tablish a spin system.

The lack of other isotropically shifted signals in the
120 ppm region with comparable linewidths as the sig-
nal of the His ring NH proton (at a meta position to the
metal) in the CoE-sAP spectrum suggests that the His
residue is coordinated to the metal via its Nε nitrogen,
leaving the two ring CH protons close to the metal (at
ortho positions to the metal) and not able to show
sharp signals. When the ring NH signal at 62.8 ppm is
irradiated for 30 ms, there is no NOE detected on any
solvent non-exchangeable signal. This is consistent with
an Nε-binding mode for this coordinated His residue;
otherwise, an NOE between the NεH and CdH protons
can be revealed for a Nd-coordinated His residue
[32–35]. This His coordination mode is the same as that
found in the recently determined crystal structure.1 The
detection of a large number of isotropically shifted 1H
NMR signals in the upfield region of the two Co2c-
substituted derivatives is due largely to the presence of
the dipolar shift mechanism. This is suggestive of a dis-
torted five-coordination sphere about the Co2c, which
often exhibits a large magnetic anisotropy to afford a

significant dipolar shift [28–30], consistent with the con-
clusion based on the optical study described above.

The isotropically shifted 1H NMR features of CoE-
sAP are not reproduced in the spectrum of CoCo-sAP.
This indicates that the two metal sites are structurally
correlated with each other, likely a “dinuclear center”,
where the binding of Co2c to the empty second metal-
binding site in CoE-AP causes a significant perturba-
tion of the first site, and thus a change in its spectral
features. The presence of a dinuclear center can be fur-
ther proved by using Cu2c ion as a probe, where the
introduction of 2 equivalents of Cu2c to apo-sAP at
pH 6.1 produces a derivative that gives rise to several
well-defined isotropically shifted 1H NMR features in
the 40–60 ppm region (Fig. 3, spectrum C). Mononu-
clear Cu2c centers only show featureless or poorly de-
fined broad 1H NMR signals that are attributable to the
coordinated ligands [26, 27, 36]. The detection of the
relatively sharp isotropically shifted signals for the der-
ivative CuCu-sAP reflects that the two Cu2c ions are
magnetically coupled, mediated by the bridging Asp97
and the water/hydroxide revealed in the crystal struc-
ture [13], as observed in several dinuclear iron proteins
[37]. The presence of a dinuclear site in sAP can thus
be concluded as observed in the crystal structure1, and
a dinuclear catalysis in sAP action can be established
based on our metal activation and spectroscopic stud-
ies.1

There is only one solvent-exchangeable signal with a
low intensity observed in the 1H NMR spectrum of
CuCu-sAP (asterisked signal in spectrum C, Fig. 3).
This is inconsistent with the observation in the study of
CoCo-sAP, in which two isotropically shifted solvent
exchangeable signals are detected. Upon the addition
of one equivalent of the inhibitor 1,10-phenanthroline
to CuCu-sAP, a different spectrum is detected with all
eight protons of the inhibitor shown in a pattern of
pairs (marked with arrows in Spectrum D, Fig. 3).
Based on the linewidths of the signals starting from the
far shifted pair at F140 ppm, these signals can be as-
signed to the 2/9, 3/8, 4/7, 5/6 protons, respectively, of
the bound 1,10-phenanthroline. In this inhibitor-bound
complex, two isotropically shifted solvent-exchangeable
signals with low intensities are detected (asterisked).
The low intensity of these two His ring NH signals in
the di-Cu2c derivative is due to the application of a
presaturation pulse for water suppression where satura-
tion transfer from the saturated water to the solvent-
exchangeable signals occurs. This problem can be elim-
inated by using a selective excitation 1-3-3-1 pulse se-
quence for spectrum acquisition, in which the two NH
signals exhibit normal intensities (inset, Spectrum D).
Since there is no solvent-exchangeable proton in 1,10-
phenanthroline, the two solvent-exchangeable signals
in the enzyme-inhibitor complex are indicative of the
presence of two coordinated His residues in the active
site of sAP. This is consistent with the observation in
the di-Co2c derivative discussed above. These 1H
NMR spectra with sharp isotropically shifted signals
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that are due to a di-Cu2c center represent a first of its
kind in NMR studies of metalloproteins [38–42]2, and
are expected to stimulate future use of Cu2c as an
NMR probe for the study of other dinuclear metallo-
proteins.

Concluding remarks

In summary, we have proved by the use of optical and
1H NMR techniques and activity assay that Strepto-
myces AP contains a dinuclear active site, and have re-
vealed one His residue in each five-coordinated metal
site and one Asp/Glu ligand in one metal-binding site.
Although crystallographic studies showed that the
backbone folding and the active-site structure of sAP
and aAP are virtually identical [12, 13]1, we have de-
monstrated in this report that the actions of these two
APs in solution are completely different; i.e., while aAP
shows mononuclear activity [17], sAP exhibits a dinu-
clear catalysis. In addition, both optical and 1H NMR
spectra of the Co2c and Cu2c derivatives of these two
enzymes are quite different,2 reflecting their different
active-site structures and actions in solution. Since the
conditions for a selective Co2c binding to sAP have
been established in our study, which was impossible ac-
cording to previous studies [20, 21], the structural fea-
tures and the role of each metal ion in the dinuclear
active site can be studied selectively in solution by us-
ing optical and magnetic spectroscopic techniques. Par-
ticularly, the usefulness of Cu2cas an NMR probe for
the study of dinuclear centers in metalloproteins via hy-
perfine-shifted 1H NMR signals has been demonstrated
in this report. The presence of a multinuclear metal ac-
tive site in several functionally diverse hydrolytic en-
zymes indicates the significance of multinuclear centers
for hydrolytic reactions [14, 15]. Detailed structural and
mechanistic studies of dinuclear sAP are complementa-
ry to the studies of other dinuclear APs that exhibit dif-
ferent mechanisms [16, 17], and can provide more in-
sight into the mechanism of dinuclear hydrolytic reac-
tion.
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