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ABSTRACT: Bovine lens leucyl aminopeptidase (blLAP), a homohexameric metallopeptidase preferring
bulky and hydrophobic amino acids at the N-terminus of (di)peptides, contains two Zn2+ ions per subunit
that are essential for catalytic activity. They may be replaced by other divalent cations with different
exchange kinetics. The protein readily exchangeable site (site 1) can be occupied by Zn2+, Mn2+, Mg2+,
or Co2+, while the tight binding site (site 2) can be occupied by Zn2+ or Co2+. We recently reported that
introduction of Mn2+ into site 1 generates a novel activity of blLAP toward CysGly [Cappiello, M., et al.
(2004)Biochem. J. 378, 35-44], which in contrast is not hydrolyzed by the (Zn/Zn) enzyme. This finding,
while disclosing a potential specific role for blLAP in glutathione metabolism, raised a question about
the features required for molecules to be a substrate for the enzyme. To clarify the interaction of the
enzyme with sulfhydryl-containing derivatives, (Zn/Zn)- and (Mn/Zn)blLAP forms were prepared and
functional-structural studies were undertaken. Thus, a kinetic analysis of various compounds with both
enzyme forms was performed; the crystal structure of (Zn/Zn)blLAP in complex with the peptidomimetic
derivative Zofenoprilat was determined, and a modeling study on the CysGly-(Zn/Zn)blLAP complex
was carried out. This combined approach provided insight into the interaction of blLAP with sulfhydryl-
containing derivatives, showing that the metal exchange in site 1 modulates binding to these molecules
that may result in enzyme substrates or inhibitors, depending on the nature of the metal.

Aminopeptidases catalyze the removal of the N-terminal
amino acid from proteins and peptides. They are widely
distributed among prokaryotes and eukaryotes, where they
are thought to play a fundamental role in protein processing
or metabolism of bioactive peptides (1). Leucyl aminopep-
tidase (LAP)1 is one of the best characterized aminopepti-
dases with respect to sequence, structure, and mechanism
of action. Alterations in LAP activity have been found in a
variety of diseases, including cancer (2) and cataracts (3).
An increase in leucyl aminopeptidase activity has also been
reported in HIV-infected cells, suggesting that this enzyme
may have a role in early events of HIV infection (4). Previous
studies have shown that LAP from bovine lens (blLAP) is a

hexameric enzyme; each of its six identical 54 kDa subunits
contains two Zn2+ ions in the active site, which are
fundamental for catalytic activity and exhibit different metal
ion exchange kinetics. The so-called readily exchangeable
site (site 1) can be occupied by different metals (M1), Zn2+,
Mn2+, Mg2+, or Co2+, while the so-called tight binding site
(site 2) can be occupied by only Zn2+ or Co2+ (M2) (5-7).
It has also been shown that metal substitution in both binding
sites greatly affectskcat andKm values, suggesting that both
metal ions play a role in substrate binding and transition state
stabilization (7). The three-dimensional structure of (Zn/Zn)-
blLAP in complex with a series of inhibitors has been
determined, allowing for the identification of molecular
moieties involved in substrate recognition (8-11). On the
basis of the catalytic mechanism proposed for peptide
cleavage by various aminopeptidases, a series of sulfur-
containing blLAP inhibitors have been designed and tested
for kinetic properties (12-16). However, these studies
produced contradictory results with respect to the capability
of these derivatives to strongly interact with metal ions
present in the enzyme active site.

Recently, LAP has been identified as the main CysGly
hydrolyzing activity in rat liver and bovine eye lens (17, 18);
this activity has been related to the presence of the Mn2+

ion in site 1 (17). In this case, CysGly was reported to be as
good a substrate as conventional derivatives containing a
bulky hydrophobic amino acid at their N-termini (19).
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Molecular modeling studies describing the interaction of this
dipeptide within the (Mn/Zn)enzyme active site provided a
molecular explanation for this catalytic behavior (17).
Although unable to fit into the hydrophobic pocket, otherwise
occupied by the bulky side chain of the substrate N-terminal
amino acid in the (Zn/Zn)enzyme, CysGly was predicted to
be able to accommodate its sulfhydryl group in the
(Mn/Zn)blLAP active site by interacting with residue Lys262.
These findings disclosed a potential role for this enzyme in
glutathione metabolism and raised questions regarding mo-
lecular determinants controlling substrate recognition.

To further clarify the effect of the metal substitution on
the enzyme catalytic behavior, (Zn/Zn)- and (Mn/Zn)blLAP
forms were prepared and comparative functional-structural
studies were undertaken. In particular, a kinetic analysis of
various sulfur-containing derivatives with both protein forms
was performed. A competitive inhibitor specific for LeuGly
hydrolase activity of (Zn/Zn)blLAP was identified and
cocrystallized with the enzyme. Its determined three-
dimensional structure was used as a template for modeling
studies of complexes of (Zn/Zn)blLAP with other inhibitors.
This combined approach provided definitive insight into the
structural features controlling substrate-inhibitor interaction
with the enzyme, unveiling how (Mn/Zn)blLAP or (Zn/Zn)-
blLAP could alternatively hydrolyze or be inhibited by thiol-
containing compounds, respectively.

MATERIALS AND METHODS

Materials. CysGly and dithiothreitol (DTT) were pur-
chased from Sigma (St. Louis, MO). Ninhydrin was from
Merck (Darmstadt, Germany). Centricon 30 microconcen-
trators were from Amicon. All inorganic chemicals were
reagent grade and from BDH (Poole, U.K.). Zofenoprilat
{[1(S),4(S)]-1-(3-mercapto-2-methyl-1-oxopropyl)-4-
(phenylthio)-L-proline} was a gift from Menarini Ricerche
SpA (Pomezia, Italy). Calf eyes were obtained from freshly
slaughtered animals at the local slaughterhouse, and the
lenses were kept frozen until they were used.

Preparation of (Mn/Zn)blLAP and (Zn/Zn)blLAP.
(Mn/Zn)blLAP was purified as previously described (17),
with minor modifications to improve the yield and enzyme
stability. In fact, after ethanol precipitation, 0.02 M instead
of 0.1 M magnesium acetate was added, and 10 mM sodium
phosphate (pH 7.8) containing 2 mM DTT and 0.05 mM
manganese chloride was used as the eluent for chromato-
graphic separation on a Sephacryl S-300 column. These
protocol changes allowed us to obtain a 20-25% yield of
pure enzyme (final specific activity with CysGly as substrate
of 15 units/mg), which was stable for at least 2 months, at
-80 °C. (Zn/Zn)blLAP was prepared with the same proce-
dure, except that the eluent for chromatography on the
Sephacryl S-300 column was 10 mM sodium phosphate (pH
7.8) containing 2 mM DTT and 0.1 mM zinc sulfate. As
already reported for the (Zn/Zn)enzyme (19), (Zn/Zn)blLAP
had a reduced specific activity on LeuGly and was activated
by addition of Mn2+ ions (data not shown).

Protein concentrations were estimated by the Coomassie
blue binding assay (20) with bovine serum albumin as the
standard.

Enzyme Assays. CysGly hydrolase activity was assayed
by a colorimetric method that measures the produced

cysteine, following its reaction with ninhydrin in the presence
of an acetic acid/HCl mixture (17). Enzymatic activity toward
LeuGly was measured following the decrease in absorbance
at 225 nm associated with dipeptide hydrolysis. One unit of
enzyme activity is defined as the amount of enzyme
catalyzing the hydrolysis of 1µmol of dipeptide per minute,
under the assay conditions.

Inhibition Studies. Inhibition studies were performed by
varying the concentration of substrates at fixed concentrations
of the inhibitor. CysGly concentrations were varied from 0.2
to 2 mM and LeuGly concentrations from 0.25 to 8 mM.
The value of the apparentKi was obtained graphically by
plotting the slopes of double-reciprocal plots at different
inhibitor concentrations versus the inhibitor concentrations
in the case of competitive inhibition or by plotting the
y-intercepts of double-reciprocal plots at different inhibitor
concentrations versus the inhibitor concentrations in the case
of noncompetitive inhibition. The intercepts on thex-axis
of these plots gave the values ofKi (21).

Mn2+ Dependence of CysGly Hydrolase ActiVity of blLAP.
(Mn/Zn)blLAP was extensively dialyzed by ultrafiltration
on Centricon 30 microconcentrators against 10 mM sodium
phosphate buffer (pH 8.0) supplemented with 2 mM DTT
and 2 mM EDTA and then again dialyzed against the same
buffer without EDTA up to a nominal concentration of
EDTA of less than 0.01µM. Aliquots of this preparation
were preincubated with different concentrations of MnCl2

(ranging from 0.56 to 400µM) for 3 h, at 25°C, and then
assayed for CysGly activity.

Crystallization, X-ray Data Collection, and Refinement.
Crystals of the Zofenoprilat-(Zn/Zn)blLAP complex were
obtained by soaking enzyme crystals (8) (hexagonal crystal
form, space groupP6322) in a solution containing 20 mM
Zofenoprilat in the crystallization buffer. A complete data
set was collected at 1.85 Å resolution from a single crystal,
at 100 K, at Synchrotron source Elettra in Trieste, using a
Mar CCD detector. Diffracted intensities were processed
using the HKL crystallographic data reduction package
(Denzo/Scalepack) (22). A total of 409 593 reflections were
measured (unit cell parameters,a ) 128.94 Å,b ) 128.94
Å, and c ) 119.79 Å) and reduced to 50 083 unique
reflections (completeness, 99.9% in the 20.00-1.85 Å
resolution range;R-sym) 9.1%). Data processing statistics
are given in Table 1.

The structure of the Zofenoprilat-(Zn/Zn)blLAP complex
was analyzed by difference Fourier techniques, using PDB
entry 1LAM (8) as a starting model for refinement. Water
molecules were removed from the starting model prior to
structure factor and phase calculations. Crystallographic
R-factor andR-free, calculated in the 20.00-1.85 Å resolu-
tion range, based on the starting model coordinates, were
0.350 and 0.344, respectively. Fourier maps calculated with
3Fo - 2Fc and Fo - Fc coefficients exhibited prominent
electron density features in the active site region. After an
initial refinement, limited to the enzyme structure (R-factor
) 0.241 andR-free ) 0.258), a model for the inhibitor
molecule was easily built up and introduced into the atomic
coordinate set for further refinement, which proceeded to
convergence with continuous map inspections and model
updates. Refinement was carried out using CNS (23); model
building and map inspections were performed using O (24).
Final crystallographicR-factor andR-free values calculated
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for the 48 946 observed reflections (in the 20.00-1.85 Å
resolution range) were 0.177 and 0.156, respectively. The
refined model included 3736 complex atoms, 21 atoms
belonging to the inhibitor, and 478 water molecules. The
rms deviations from ideal values of bond lengths and bond
angles (25) were 0.005 Å and 1.29°, respectively. The
average temperature factor (B) for all atoms was 15.7 Å2.
The stereochemical quality of the model was assessed by
Procheck (26). The most favored and additionally allowed
regions of the Ramachandran plot contained 100% of the
non-glycine residues. The statistics for refinement are
summarized in Table 1.

Molecular Dynamics Simulations.Calculations were per-
formed with the Sander module of AMBER 6.0 (27), with
AMBER all-atom 1994 parametrization (28). Monomers of
LAP complexes with CysGly or Zofenoprilat were solvated
with the LEaP module of AMBER 6.0 (27, 28) in rectangular
boxes of TIP3 water molecules (29), whose sizes were chosen
by using a clearance of 10 Å in each direction after addition
of seven Na+ ions to ensure electrostatic neutrality and a
“closeness” parameter value of 1.0. They underwent an initial
round of constrained EM (1000 steps), constrained constant
volume-temperature molecular dynamics (MD) (120 ps),
and constrained constant pressure-temperature (nPT) MD
(80 ps) equilibration.

To evaluate potential problems of time stability and/or
geometric distortion of metal coordination, previously ob-
served in MD studies on complexes including doubly or
triply charged ions (especially in multinuclear centers) (30-
32) and currently undergoing intensive methodological
investigation, we performed a double approach based either
on fixing the relative orientations of Zn2+ ions and their
blLAP ligands, thus allowing local rearrangement of non-
covalent ligands only (restrained approach, RA, assuming
the exact knowledge of the metal coordination for the
complex under examination and preventing any dynamic
system characterization), or on gradually freeing all atoms,
ending with a totally unrestrained simulation (unrestrained
approach, UA, potentially affected by stability problems).

RA trajectory was obtained from an unconstrained nPT
MD production run (1 ns) with harmonic restraints on (Zn/
Zn)blLAP-ligand atom distances, using reference distance
values equal to those detected in the crystallographic structure
of the Zofenoprilat-(Zn/Zn)blLAP complex and force
constant values of 5 kcal mol-1 Å-2. Subsequently, restraints
were gradually removed in 100 ps, and a final unrestrained/
unconstrained nPT MD production simulation (1 ns) was run,
thus providing UA trajectory. Coordinates, velocities, and
energies in both production runs were collected every 500
steps for analysis. The last 500 ps of each production MD
was subjected to subsequent analysis. MD in a solvent box
was run with a dielectric constantε of 1 and a cutoff radius
of 8 Å for nonbonded interactions and the particle mesh
Ewald description of long-range electrostatic interactions (33)
(charge-grid density of 0.95 Å, cubic spline interpolation,
and a direct sum tolerance of 10-5). Covalent bonds involving
hydrogen atoms were constrained by the SHAKE algorithm,
which allowed the use of a 1.5 fs integration time step.
Simulations were performed in the nPT ensemble (T ) 300
K and p ) 1 atm). AMBER 6.0 modules and MOLMOL
(34) were used for structural analysis.

Monitoring of several geometrical parameters involving
the coordination sites indicated for both complexes the
occurrence of severe (>0.5 Å) distortions of Zn2+-Zn2+

distances at the end of the full equilibration time of both
UA simulations. In contrast, all Zn2+-ligand geometric
parameters were quite stable for all 1 ns unrestrained
simulations and exhibited an only<0.1 Å shortening in
comparison with corresponding distances in experimental
complexes. This small but systematic deviation, by ac-
cumulation of errors on both sides of the blLAP active site,
could be the origin of the observed elongation of the Zn2+-
Zn2+ distance. However, observed Zn2+ complexation and
H-bond patterns for Zofenoprilat and CysGly were fortu-
nately unaffected by these distortions, as the same binding
modes were observed for each ligand in RA and UA
simulations. In addition, preferred Zofenoprilat binding in
both approaches coincided with that experimentally observed,
thus supporting an at least semiquantitative interpretation of
our simulations.

RESULTS

Mn2+ Dependence of the CysGly Hydrolase ActiVity of
blLAP. The removal of metal ion from the blLAP readily
exchangeable site (see Materials and Methods) resulted in
the abolition of the CysGly hydrolase activity of the enzyme.
blLAP regained CysGly hydrolase activity after preincubation
in the presence of MnCl2 (Figure 1) but did not recover this
activity in the presence of ZnSO4 at concentrations up to
0.2 mM (data not shown). From the data in Figure 1, an
apparentK50 (i.e., the concentration of Mn2+ necessary to
obtain half-maximal reactivation) of 0.56( 0.14 µM was
obtained by nonlinear regression analysis.

Kinetic Analysis. To clarify the influence of the metal
present at site 1 on the enzyme’s ability to efficiently interact
with sulfhydryl-containing compounds, we comparatively
evaluated the functional properties of (Zn/Zn)- and (Mn/Zn)-
blLAP. CysGly, a good substrate of the (Mn/Zn)enzyme, was
tested as an inhibitor of LeuGly hydrolase activity of (Zn/
Zn)blLAP. This dipeptide was not hydrolyzed by (Zn/Zn)-

Table 1: Data Collection and Refinement Statistics

data collection (20.00-1.85 Å)
temperature (K) 100
total no. of reflections 409593
no. of unique reflections 50083
completeness (%)

overall 99.9
outermost data shell 100.0

R-syma (%)
overall 9.1
outermost data shell 24.7

meanI/σ(I)
overall 22.0
outermost data shell 9.2

refinement statistics (20.00-1.85 Å)
R-factorb (%) 15.6
R-freec (%) 17.7
rmsd from ideal geometry

bond lengths (Å) 0.005
bond angles (deg) 1.29

no. of protein atoms 3715
no. of water molecules 478
averageB factor (Å2) 15.7

a Rsym ) ∑|Ii - 〈I〉|/∑Ii, over all reflections.b R-factor ) ∑|Fo -
Fc|/∑Fo. c Rfree was calculated with 5% of the data withheld from the
refinement.
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blLAP and revealed a competitive inhibitory action, with a
Ki value of 16.4µM (Table 2). To ascertain the role of the
CysGly sulfhydryl group in its inhibitory properties toward
the (Zn/Zn)blLAP form, other sulfur-containing derivatives
were also evaluated (data not shown). Among these, Zofeno-
prilat, a peptidomimetic derivative used as an effective and
powerful inhibitor of angiotensin converting enzyme (35),
was found to present efficient inhibitory properties with
respect to other nonpeptidic compounds. Like CysGly,
Zofenoprilat revealed a competitive inhibitory action with
respect to the LeuGly hydrolase activity of (Zn/Zn)blLAP,
with a Ki value of 0.8µM (Table 2). On the other hand,
when Zofenoprilat was tested on (Mn/Zn)blLAP, kinetic
analyses of inhibition revealed an apparent noncompetitive
type of action, withKi values of 1.3 and 1.1 mM for CysGly
and LeuGly used as substrates, respectively (Table 2). The
possibility that the apparent noncompetitive behavior of
Zofenoprilat could arise from a slow off-rate compared to
the time scale of the activity assay was taken into account
but was ruled out. In this regard, (Mn/Zn)blLAP was
preincubated with 2 mM Zofenoprilat, at 37°C, for 20 min
and then immediately assayed after 5-fold dilution. Under
these conditions, the preincubated enzyme exhibited the same
extent of inhibition of an enzyme sample preincubated
without Zofenoprilat and then assayed in the presence of 0.4
mM inhibitor. Finally, the CysGly hydrolase activity of
(Mn/Zn)blLAP was competitively inhibited by LeuGly, with
a Ki value of 0.65 mM (Table 2). These kinetic data clearly
showed the competitive inhibitory action of (Mn/Zn)blLAP
thiol-containing substrates toward (Zn/Zn)blLAP, highlight-
ing the ability of Zofenoprilat to competitively inhibit
(Zn/Zn)blLAP.

The molecular bases responsible for the competitive
inhibitory properties of sulfhydryl-containing compounds
toward (Zn/Zn)blLAP were then investigated. In particular,
we determined the crystal structure of the Zofenoprilat-
(Zn/Zn)blLAP complex; this inhibitor was chosen because
of its stronger affinity for the enzyme. This structure was
used as a template for modeling studies on the CysGly-
(Zn/Zn)blLAP complex, further refined by molecular
dynamics approaches.

Crystallographic Studies. The Zofenoprilat-(Zn/Zn)blLAP
complex was prepared and crystallized as described in
Materials and Methods. The three-dimensional structure was
analyzed by difference Fourier techniques, the crystals being
isomorphous to those obtained for the native (Zn/Zn)blLAP
(8). Inspection of the electron density in the enzyme active
site, at various stages of the crystallographic refinement,
showed features compatible with the presence of a molecule
bound to the active site. The Zofenoprilat structure con-
formed perfectly to the shape of this electron density (Figure
2a). The main protein-inhibitor interactions are depicted
schematically in Figure 2b. According to this figure, the
inhibitor molecule presented a peculiar spatial arrangement
with respect to the structure of the inhibitor-(Zn/Zn)blLAP
complexes described previously (8-11). In particular, the
Zofenoprilat molecule presented the sulfhydryl S atom
coordinating both metal ions. On the other hand, the
carbonylic oxygen of the inhibitor was hydrogen bonded to
the Lys262 NE atom (2.74 Å), while its carboxylate group
was exposed to the solvent. Finally, the prolyl and phenyl
moieties of Zofenoprilat were stabilized by a large number
of strong van der Waals interactions (<4.5 Å) with residues
Asn330, Asp332, Ala333, Arg336, and Ile421. Binding of
Zofenoprilat to the (Zn/Zn)blLAP active site did not sig-
nificantly perturb the enzyme structure, even in the proximity
of the ligand. As a matter of fact, the rms deviation,
calculated over all the CR atoms of the Zofenoprilat-
(Zn/Zn)blLAP complex with respect to the unbound enzyme,
was 0.36 Å. Interactions between the protein and two zinc
ions were entirely preserved. In particular, both metal ions
were coordinated by five ligands in the first coordination
sphere, with a metal-metal distance of 3.1 Å.

Figure 3 shows a structural overlay of (Zn/Zn)blLAP
bound to Zofenoprilat, amastatin, LeuP, and leucinal, as
determined by the superposition of blLAP active site
residues. This figure clearly shows that the sulfhydryl S atom
of Zofenoprilat presented a position that was very close to
that of the bridging OH group of the other bound inhibitors
in the corresponding structures. However, as opposed to
amastatin-, LeuP-, and leucinal-enzyme complexes that
all presented Zn2+ in site 2 (Zn2+2) as a hexacoordinated
ion, the Zofenoprilat-(Zn/Zn)blLAP complex exhibited a
pentacoordination for this ion, as in the case of the unbound
enzyme. Hexacoordination was due to the presence of the
N-terminal amino acid nitrogen atom of amastatin, LeuP,
and leucinal, not present in the Zofenoprilat structure.
Moreover, as in the unbound enzyme, a Zn2+-Zn2+ distance
of 3.1 Å was observed for the Zofenoprilat-(Zn/Zn)blLAP
complex; this distance was 3.3, 3.4, and 3.2 Å in amastatin-,
LeuP-, and leucinal-enzyme complexes, respectively.

Ab initio energy minimization of the Zofenoprilat structure
detected in its enzyme complex showed that this conforma-
tion substantially corresponded to a stable Zofenoprilat

FIGURE 1: Mn2+ dependence of CysGly hydrolase activity of
blLAP. blLAP (0.75 unit/mL) was treated as described in Materials
and Methods for the removal of metal ion from the readily
exchangeable site. Aliquots of this preparation were preincubated
with different concentrations of MnCl2 (ranging from 0.56 to 400
µM) for 3 h, at 25°C, and then assayed for CysGly activity. A
Vmax value of 44.6( 0.2 milliunits/mL was obtained by nonlinear
regression analysis of the data.

Table 2: Inhibition Pattern of (Zn/Zn)- and (Mn/Zn)blLAP

enzyme substrate inhibitor
type of

inhibition Ki (µM)

(Mn/Zn)blLAP CysGly Zofenoprilat noncompetitive 1320( 170
(Mn/Zn)blLAP LeuGly Zofenoprilat noncompetitive 1080( 190
(Mn/Zn)blLAP CysGly LeuGly competitive 650( 10
(Zn/Zn)blLAP LeuGly Zofenoprilat competitive 0.8( 0.2
(Zn/Zn)blLAP LeuGly CysGly competitive 16.4( 4.1
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conformer, with the exception of its CH2-S moiety. In fact,
observed changes in theø(N-C-C-CH2)-ø(C-C-CH2-
S) dihedral angle pair from 96° and 52° (crystallographic
complex structure) to 138° and 75° or 89° and -168°,
respectively (ab initio structures of isolated mono- and
dianionic forms, respectively), only determined a rotation
of the CH2-S moiety with respect to the Zofenoprilat
backbone. While these combined values in the ab initio
monoanionic conformer still kept the S atom∼1.8 Å from
its position in the crystallographic structure, this distance
almost doubled (3.4 Å) in the ab initio dianionic structure
to minimize electrostatic repulsion between S and amide/
carboxylate O atoms. These overall results strongly suggested
that the van der Waals interactions mentioned above between
Zofenoprilat prolyl/phenyl moieties and several hydrophobic
blLAP residues did not affect the intrinsic conformational
preference of Zofenoprilat. In contrast, interactions with
enzyme Zn2+ ions seemed to be sufficiently strong to locally
perturb the Zofenoprilat conformation. Moreover, the ob-
served relative position of the thiol group suggested its
occurrence either in a protonated state or in a partially
negatively charged form with a net reduction of its charge

density upon interaction with neighboring atoms. Both
findings supported the hypothesis of a large contribution of
this S atom in binding of Zofenoprilat to blLAP.

Modeling Studies. The possible occurrence of a different
mode of binding of CysGly to (Zn/Zn)blLAP, due to the
presence of the N-terminal amino acid nitrogen atom, was
investigated by modeling and molecular dynamics ap-
proaches. The CysGly molecule was docked in the (Zn/Zn)-
blLAP active site using as a template the coordinates of the
enzyme-Zofenoprilat complex.

The structural and energetic features of Zofenoprilat- and
CysGly-(Zn/Zn)blLAP complexes were compared by a
simulation with a MD approach in explicit solvent. In the
case of Zofenoprilat, the bicarbonate ion observed in the
crystallographic structure of this complex was also included.
To extend equilibration and simulation times, monomers of
the two complexes, rather than hexamers, were simulated.
A comparison of the final UA structure of the Zofenoprilat
complex with the corresponding crystallographic structure
showed that rmsd values of 0.62, 0.31, and 0.42 Å were
detected after 1 ns of MD on selected backbone (403
residues, excluding two terminal residues at each end and

FIGURE 2: Stereoview of the active site region in the Zofenoprilat-(Zn/Zn)blLAP complex. (a) A simulated annealing omit|2Fo - Fc|
electron density map (23), relative to the inhibitor molecule, is shown. (b) Residues coordinating the two metal ions and participating in
recognition of the inhibitor molecule are reported. Hydrogen bonds are shown.

FIGURE 3: Stereoview of the (Zn/Zn)blLAP active site in the presence of Zofenoprilat (yellow), amastatin (red) (PDB entry 1BLL), leucinal
(cyan) (PDB entry 1LAN), and LeuP (blue) (PDB entry 1LCP) brought to optimal structural overlay.
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eight flexible loops), active site backbone, and all heavy
active site atoms, respectively. A general result of MD
simulations for both Zofenoprilat- and CysGly-(Zn/Zn)-
blLAP complexes was the ligand mobility and flexibility
observed inside the enzyme active site. However, while in
the case of Zofenoprilat this dynamic feature derived mostly
from the presence of a single (although bifurcated) anchoring
site for the Zn2+-Zn2+ dinuclear complex, for CysGly this
ligand mobility mainly depended on the lack of those bulky
hydrophobic groups characterizing the best natural LAP
substrates and synthetic ligands. This combination of mobility
and flexibility induced fluctuations also in Zn2+ complex-
ation, in particular for S atoms, oscillating between mono-
and bidentate Zn2+ coordination patterns. However, while
the bidentate Zn2+-S-Zn2+ form represented more than 90%
of the population for the Zofenoprilat-(Zn/Zn)blLAP com-
plex, a monodentate interaction with Zn2+ in site 1 (Zn2+1)
occurred in more than 95% of the CysGly-(Zn/Zn)blLAP
complex structures that were sampled. The observed coin-
cidence of crystallographic and calculated model structures
for the Zofenoprilat-(Zn/Zn)blLAP complex validated our
MD simulation approach, thus ensuring the reliability of the
calculated CysGly-(Zn/Zn)blLAP complex model. For this
latter complex, the most frequently represented (>75% of
simulated time) CysGly arrangement inside the enzyme
active site exhibited three coordinating interactions with Zn2+

ions (Figure 4a). In addition to the binding of Zn2+1 through
the S atom, N-terminal nitrogen atom and Cys carbonylic O
atom interactions with Zn2+2 were also observed. The latter
interactions also occurred for other inhibitors complexed to
blLAP and are assumed to contribute to binding and
activation mechanisms of blLAP substrates. However, the
simultaneous occurrence of the S atom in the Zn2+1
coordination site displaced the water (or OH-) molecule
playing a fundamental role in all proposed peptide bond
hydrolyzing mechanisms (36). At the same time, this
interaction moved the Cys carbonylic O atom toward Zn2+2
and away from the symmetrical bridging coordination site
also observed in models of the LeuGly-(Zn/Zn)blLAP
complex (data not shown), increasing the Zn2+-Zn2+

distance of 0.2-0.4 Å. Finally, the CysGly-(Zn/Zn)blLAP
complex was stabilized by an H-bond interaction between
the peptide C-terminal carboxylate group and the Arg336
guanidinium group.

Previously reported modeling studies (17) showed that
CysGly exhibited a completely different behavior when
bound to (Mn/Zn)blLAP, showing a dipeptide orientation
within the enzyme active site, which strongly resembled the
orientation observed for amastatin, LeuP, and leucinal in the
corresponding complexes with (Zn/Zn)blLAP. In particular,
the dipeptide amino-terminal group was coordinated to Zn2+2
(Cys N-Zn2+ distance of 2.20 Å), while the carbonylic
oxygen strongly interacted with both catalytic ions (Cys
O-Mn2+ distance of 2.20 Å and Cys O-Zn2+ distance of
2.45 Å) (Figure 4b).

DISCUSSION

Metalloaminopeptidases are ubiquitous enzymes which
play a key role in the modification, degradation, and
metabolism of protein/peptide substrates. They utilize con-
served amino acid residues to generate a scaffold capable
of binding one or two metal ions. Biochemical and crystal-
lographic analyses have indicated that for some of these
enzymes two metal ions are required for full activity (1). In
other instances, only a single metal ion is essential for
catalysis, while the second metal modulates activity either
positively or negatively (1). These mononuclear and cocata-
lytic binuclear metal centers mediate catalysis by providing
sites for substrate binding, activating the nucleophile of the
reaction, and stabilizing the reaction transition state (36).
blLAP is an aminopeptidase hydrolyzing substrates with large
hydrophobic residues (Leu, Met, Ile, and Val) in position
P1 (36). Crystallographic investigations have confirmed the
occurrence of two nonequivalent metal ions within the
enzyme active site, occupying sites with different affinities
(M1 and M2) (37). Both metal ions are essential for catalytic
activity. Metals are liganded in a distorted trigonal-pyramidal
coordination sphere by residues Asp255, Asp332, and
Glu334 (M1) and Lys250, Asp255, Asp273, and Glu334
(M2), respectively. In (Zn/Zn)blLAP, a water molecule was
found to bridge metal ions. Hydrogen bonding interactions
occur from this bridging molecule to Lys262 via an interven-
ing solvent molecule and to Arg336 through a bicarbonate
ion. This interaction facilitates the generation of a nucleophile
solvent molecule within the active site, allowing effective
functioning of the enzymatic catalytic machinery. Moreover,
crystallographic studies of various inhibitor-(Zn/Zn)blLAP
complexes and mutational investigations demonstrated the

FIGURE 4: Models of the CysGly-(Zn/Zn)blLAP (a) and CysGly-(Mn/Zn)blLAP (b) complexes from MD simulations. The following
atoms and bonds are shown: blLAP backbone bonds (light blue lines), side chain heavy atom bonds of residues coordinating the two metal
ions (cyan sticks with spheres for metal binding atoms), Arg336 side chain (light blue sticks, with spheres indicating atoms involved in the
H-bond with CysGly), metal ions (pink spheres), and heavy atom plus polar hydrogen bonds of CysGly (ball and stick, colored per atom
type). Thick dashed sticks (colored cyan when coincident in both models and according to ligand color in other cases) represent metal
coordination interactions, and thin dashed sticks represent lost ion interactions in the model. Medium dashed lines represent H-bonds
between C-terminal oxygens of CysGly and Arg336. A pink transparent sphere surrounds the LAP exchangeable ion site.
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direct interaction of Lys262 and M1 with the P1 carbonyl
substrate and the subsequent stabilization of the reaction
transition state. On the other hand, M2 was shown to interact
with the N-terminus of the substrate (8-11). The differences
in binding affinities of M1 and M2 in blLAP allowed the
sequential addition of metal ions (Zn2+, Mn2+, Mg2+, Ni2+,
and Co2+) and the creation of metallohybrids. Kinetic
analysis of different metallohybrids showed the complex
effects of metal substitution on activity toward different
substrates. Thus, the addition of Mg2+ or Mn2+ to blLAP
containing either Zn2+ or Co2+ in site 2 resulted in enzyme
activation, with a 10-fold increase in thekcat and kcat/Km

values for Leu-containing substrates (36).
We recently reported that blLAP can hydrolyze CysGly

with a catalytic efficiency similar to that observed for
peptides usually considered good substrates (17). The CysGly
hydrolase activity of blLAP is strictly dependent on Mn2+

(Figure 1). To further clarify the effect of the metal
substitution in site 1, the kinetic properties of both (Zn/Zn)-
and (Mn/Zn)blLAP forms with respect to sulfur-containing
compounds were comparatively evaluated in this study. Our
experiments showed that metal exchange in site 1 dramati-
cally alters enzyme specificity, transforming (Mn/Zn)blLAP
substrates in competitive inhibitors of (Zn/Zn)blLAP. From
our kinetic results emerged the ability of an angiotensin-
converting enzyme inhibitor, namely, Zofenoprilat, to com-
petitively inhibit (Zn/Zn)blLAP.

Resolution of the crystal structure of the Zofenoprilat-
(Zn/Zn)blLAP complex provided an explanation for the poor
hydrolyzing activity of (Zn/Zn)blLAP toward Cys-containing
substrates. In fact, in this complex, the S atom of the inhibitor
coordinates both metal ions occupying a position that is very
close to that held in the native structure by the water molecule
essential for the hydrolysis mechanism. These data were
further confirmed by modeling studies on the CysGly-
(Zn/Zn)blLAP complex. In this case, although the Cys S
atom coordinated only a single Zn2+ ion in the enzyme active
site with respect to that observed for Zofenoprilat-(Zn/Zn)-
blLAP complex, the presence of the S atom at the Zn2+1
coordination site similarly displaced the water molecule
fundamental for catalysis and did not allow a CysGly
orientation within the enzyme active site that is productive
for dipeptide hydrolysis. In conclusion, both crystallographic
and modeling data support the hypothesis that the presence
of a Zn2+ ion in the readily exchangeable site, as a result of
its great affinity for the sulfur atom, does not allow an
orientation effective for the hydrolysis of S-containing
compounds (Figure 4a). In contrast, the occurrence in site 1
of a Mn2+ ion, which prefers oxygen or nitrogen-containing
ligands, does allow a productive orientation of the sulfur-
containing compounds (17) (Figure 4b), thus determining
their transformation into good substrates.

Examples of changes in substrate specificity upon metal
substitution are abundant in the literature (38-40). However,
in most cases, significant quantitative variations inkcat and
Km values for various substrates were observed, although
examples of a totally new enzymatic activity have not yet
been reported. In this sense, the on-off mechanism here
reported for (Mn/Zn)blLAP and (Zn/Zn)blLAP with Cys-
containing substrates seems worth mentioning. In general,
changes in substrate specificity seem to be related to subtle
structural modifications in enzyme active sites upon metal

substitution, and not to a specific affinity of the metal for a
particular coordinating species (39, 40). The structure of
(Mn/Zn)blLAP in comparison with that of the (Zn/Zn) form
would definitively provide valuable information about the
metal site and shed light on substrate and inhibitor specificity
among the metal-substituted blLAP forms (38).

A careful evaluation of the data reported in the literature
about the dissociation constants measured for the readily
exchangeable site of blLAP (KMn2+/KZn2+ ) 35) (41) and the
intracellular Zn2+ and Mn2+ concentration values in various
tissues (42-46) suggests that the most abundant enzyme
form is probably (Zn/Zn)blLAP. However, independent from
the relative amount of the two blLAP forms, a specific
cysteinylglycine-hydrolyzing activity was clearly measured
in lens homogenates, purified, and identified as being
associated with (Mn/Zn)blLAP (17). The biological relevance
of our findings was confirmed by a parallel investigation of
Josch and co-workers, which reported a blLAP-catalyzed
cysteinylglycine-hydrolyzing activity also in rat liver (18).
This activity, although probably associated with the limited
amount of (Mn/Zn)blLAP present in both tissues with respect
to the total (Zn/Zn)blLAP content, was significant and
essential in controlling the concentration of an important
molecule with pro-oxidant properties, namely, cysteinyl-
glycine. The observation that blLAP can exhibit different
enzymatic activities, depending on metal ion nature, suggests
that this enzyme could have multiple roles in many normal
and physiopathological processes. In fact, the subtle equi-
librium between cationic species in the various tissues could
inhibit or facilitate LAP enzymatic activity toward specific
substrates with respect to others. Recent studies reported an
increase in the Zn2+ concentration (43-45) and a decrease
in the Mn2+ concentration in cataractous lenses (46). These
findings, together with the observation that an abnormal
blLAP activity is strongly correlated to cataract development
(3), seem to suggest that the catalytic activity of (Mn/Zn)-
blLAP toward CysGly may play a role in preventing
cataractogenesis. In fact, it has been suggested that abnormal
CysGly levels may determine a pro-oxidant activity, thus
affecting protein redox status and altering lens functioning
(47, 48). This hypothesis is supported by the recent observa-
tions that an unbalanced redox potential can determine
cataractogenesis (49). Thus, an enzyme capable of catabo-
lizing CysGly, namely, (Mn/Zn)blLAP, could play a funda-
mental role in lens redox regulation. Finally, increased
plasma levels of CysGly have been recently reported to be
associated with protease inhibition (50). The clinical con-
sequences as well as the involvement of (Mn/Zn)blLAP in
this alteration of thiol metabolism remain to be further
investigated.
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Ö., and Karel, F. (1999) Nickel, chromium, manganese, iron and
aluminum levels in human cataractous and normal lenses,Oph-
thalmic Res. 31, 332-336.

47. Enoiu, M., Aberkane, H., Salazar, J. F., Leroy, P., Groffen, J.,
Siest, G., and Wellman, M. (2000) Evidence for the pro-oxidant
effect ofγ-glutamyltranspeptidase-related enzyme,Free Radical
Biol. Med. 29, 825-833.

48. Dominici, S., Valentini, M., Mallearo, E., Del Bello, B., Paolicchi,
A., Lorenzini, E., Tongiani, R., Comporti, M., and Pompella, A.
(1999) Redox modulation of cell surface protein thiols in U937
lymphoma cells: The role ofγ-glutamyl transpeptidase-dependent
H2O2 production and S-thiolation,Free Radical Biol. Med. 27,
623-635.

49. Lou, M. F. (2003) Redox regulation in the lens,Prog. Retinal
Eye Res. 22, 657-682.

50. Badiou, S., Bellet, H, Lehmann, S., Cristol, J.-P., and Jaber, S.
(2005) Elevated plasma cysteinylglycine levels caused by cila-
statin-associated antibiotic treatment,Clin. Chem. Lab. Med. 43,
332-334.

BI052069V

3234 Biochemistry, Vol. 45, No. 10, 2006 Cappiello et al.


