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ABSTRACT The tightly binding and readily exchanging
metal binding sites in the active site of bovine lens leucine
aminopeptidase (biLAP; EC 3.4.11.1) have been differentiated
and identified by x-ray crystallography. In native biLAP, Zn2+
occupies both binding sites. In solution, site 1 readily exchanges
Zn2+ for other divalent cations, including Mg2+. The Zn2+ in
site 2 is unavailable for metal exchange under conditions which
allow exchange at site 1. The Zn2+/Mg2+ metal hybrid of
bILAP (Mg-blLAP) was prepared in solution and crystallized.
X-ray diffraction data to 2.9-A resolution were collected at
-150TC from single crystals of Mg-blLAP and native blLAP.
Comparisons ofomit maps calculated from the Mg-blLAP data
with analogous maps calculated from the native blLAP data
show electron density in one of the metal binding sites in
Mg-blLAP which is much weaker than the electron density in
the other binding site. Since there are fewer electrons associ-
ated with Mg2+ than with Zn2+, the difference in electron
density between the two metal binding sites is consistent with
occupancy of the weaker electron density site by Mg2+ and
identifies this metal binding site as site 1, defined as the readily
exchanging site. The present identification of the metal binding
sites reverses the previous presumptive assignment of the metal
binding sites which was based on the structure of native blLAP
[Burley, S. K., David, P. R., Sweet, R. M., Taylor, A. &
Lipscomb, W. N. (1992) J. Mol. Biol. 224, 113-140]. Accord-
ing to the residue-numbering convention of native blLAP, the
new assignment of the metal binding sites identifies the readily
exchanging site 1 with Zn-488, which is within interaction
distance of one side-chain carboxylate oxygen from each of
Asp-255, Asp-332, and Glu-334 and the main-chain carbonyl
oxygen of Asp-332. The more tightly binding site 2 is identified
with Zn-489, which is within interaction distance of one
side-chain carboxylate oxygen from each of Asp-255, Asp-273,
and Glu-334 and the side-chain amine nitrogen of Lys-250.

One of the most intruiging aspects of catalysis by bovine lens
leucine aminopeptidase (blLAP), which cleaves the N-ter-
minal residue from polypeptide substrates, is its dependence
on two divalent metal cations. These metals occupy two
distinct binding sites at the active site. In the native blLAP
protomer, six of which comprise the hexameric holoenzyme,
both metal binding sites are occupied by Zn2+. These two
sites differ greatly in their affinities for various divalent metal
cations. Site 1, the readily exchanging site, exchanges Zn2+
for many other divalent cations, including Mg2+, Mn2+, and
Co2+, in solution. Site 2 binds Zn2+ much more strongly than
does site 1, retaining its Zn2+ under conditions which allow
exchange ofthe Zn2+ in site 1. The site 1 Zn2+ exchanges with
other divalent cations in solution -15 times faster than does
the site 2 Zn2+ (1). Site 2 also appears to be more specific for
Zn2+ than site 1 is. Although many different divalent cations
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bind in site 1, Co2+ is the only divalent cation other than Zn2+
which has been reported to bind stoichiometrically in site 2
(1, 2). Particularly relevant to the present study, Mg2+ is not
bound in detectable amounts to inactive metal-free biLAP
under conditions in which Zn2+ binds stoichiometrically to
metal-free blLAP (metal cation concentration of 10 mM).
Thus, it appears that Mg2+ binds only to site 1, and then only
if site 2 is occupied by a divalent metal (1, 3). The nature of
the metal binding sites in the closely related porcine kidney
LAP (pkLAP) is very similar to that of blLAP (4). The
hexameric holoenzyme of pkLAP also contains two metal
binding sites per protomer (4-6). One of these sites readily
exchanges its metal in solution, accommodating many diva-
lent cations, including Zn2+, Mn2+, Mg2+, Ni2+, and Cu2+.
The other site binds its metal more tightly. Although Cd2+
appears to bind partially to this more tightly binding site, the
Zn2+ content of this site in native pkLAP is unaffected by
conditions which allow metal replacement at the readily
exchanging site (4).
For both blLAP and pkLAP, each metal substitution at

either site 1 or site 2 results in a change in the enzyme activity
(1, 4). Further, for certain substrates, it appears that the
catalytic functions of the two metals differ, since the enzy-
matic activities ofthe two Zn2+/Co2+ metal hybrids ofblLAP
are not the same. When L-leucineamide is the substrate, Km
and kcat of the site 1 Co2+/site 2 Zn2+ blLAP are 20 mM and
39 ,umol-min-1mg-1, whereas Km and kcat of the site 1
Zn2+/site 2 Co2+ blLAP are 3.1 mM and 23 ,umol min-1mg-1
(1). Earlier studies on the kinetics of blLAP and pkLAP
indicated that kcat was affected predominantly by site 1 metal
substitution, and Km predominantly by site 2 metal substitu-
tion (2, 4, 7). These conclusions were based on the hydrolyses
of L-leucineamide and L-leucine anilides. Later studies on
pkLAP-catalyzed hydrolyses of more physiologically rele-
vant substrates having amino acid residues on both sides of
the scissile bond indicated that both Km and kcat were
significantly affected, though not to the same extent, by site
1 metal substitution (8). More recent studies of metal sub-
stitutions in blLAP have also concluded that changes in Km
and kcat are not as clearly attributable to either site 1 or site
2 metal substitution as previously believed (1).
The recently reported x-ray crystal structures of native

blLAP and its complex with the tight-binding inhibitor be-
statin have revealed the two metal binding sites (9-11).
However, electron density maps did not indicate which metal
is more weakly or strongly bound. A presumptive assignment
of the site 1 and site 2 metal binding sites was made based on
the protein ligand environment of each of the Zn2+ ions in
native blLAP (11). According to the residue-numbering con-
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vention of native bILAP, Zn-489 was assigned as the site 1
Zn2+ and Zn-488 was assigned as the site 2 Zn2+.
Because of the critical importance of the active-site metals

in catalysis, the further understanding of bILAP requires
some knowledge of the functions of these two metals and, at
least, a secure assignment of the two metal binding sites. We
report here the differentiation and identification of the two
metal binding sites in blLAP by x-ray crystallographic studies
of the Zn2+/Mg2+ metal hybrid blLAP (Mg-blLAP). The
electron density maps of Mg-blLAP show that the electron
density in one of the metal binding sites is much weaker than
that of the other as compared with analogous maps of native
blLAP, which show approximately equal electron density for
both metal binding sites. Due to the difference in the number
of electrons associated with Zn2+ and Mg2+, the electron
density seen in the metal binding sites of Mg-blLAP is
consistent with occupation of the stronger electron density
site by Zn2+ and the weaker electron density site by Mg2+.
Since it is known that only site 1, the readily exchanging
metal binding site, accommodates Mg2+ (1, 3), the site with
the weaker electron density as seen in the Mg-blLAP maps
has been identified as site 1. From these electron density
maps, it is clear that Zn-488 occupies site 1 and Zn-489
occupies site 2 in native blLAP. The results of this study
reverse the previous presumptive assignment of the metal
binding sites (11).

MATERIALS AND METHODS
Bovine calf eye lenses were purchased from Pel-Freez Bio-
logicals, and received packed on wet ice, 1 day after slaugh-
ter. The isolated blLAP (1) was further purified by gel
filtration chromatography. Typically, 2 ml of protein solution
(10 mg/ml) in a storage buffer (50mM Tris/50 ,uM ZnSO4/200
mM NaCl, pH 7.8) was separated over a Sephadex G-100
column (55 cm x 2 cm) in the same buffer at a flow rate of 0.3
ml/min at 4°C. Fractions (1 ml) were monitored for protein by
A280. For native blLAP samples, those fractions containing
the purified blLAP, as judged by SDS/15% PAGE, were
pooled and concentrated to 6 mg/ml in storage buffer.
Mg-blLAP was prepared as reported (3). The fractions

containing purified blLAP from the Sephadex G-100 column
were pooled and dialyzed against 50 mM Tris/50 mM
MgSO4/200 mM NaCl, pH 9.0, at room temperature and then
dialyzed against this same buffer at 38°C for 5 hr. Under these
conditions, Mg2+ will replace the Zn2+ in metal binding site
1, but not the Zn2+ in site 2. The protein sample was finally
dialyzed at room temperature against 50 mM Tris/50 ,uM
MgSO4/200 mM NaCl, pH 9.0, and then concentrated to 6
mg/ml. The exchange of Zn2+ with Mg2+ was verified by
activity assays using L-leucineamide as substrate. Consistent
with this metal exchange, the cleavage of L-leucineamide
monitored at 238 nm at room temperature indicated much
higher activity for the presumptive Mg-blLAP than for native
blLAP (refs. 1 and 3; data not shown). The crystals used for
data collection were grown from Mg-blLAP and native
blLAP preparations which had specific activities of 200 and
27 ,umol min-l mg-1, respectively.

All of the data were collected from a single Mg-blLAP
crystal and a single native blLAP crystal. Crystals of Mg-
blLAP and native blLAP were grown by vapor diffusion at
room temperature. A hanging 20-,ul drop of protein solution
(6 mg/ml) was allowed to equilibrate against a 500-ml reser-
voir of a 1:1 (vol/vol) mixture of 2-methyl-2,4-pentanediol
(MPD) and either 50 mM Tris/50 AM MgSO4/pH 9.0, for
Mg-blLAP, or 50 mM Tris/50 ,aM ZnSO4/pH 7.8, for native
blLAP (12). Hexagonal rodlike crystals appeared within 1
week. The Mg-blLAP crystals were at best 0.15 mm in
diameter and 0.5 mm long. Although we have recently
developed a macroseeding method (refs. 13 and 14; unpub-

lished results) by which we can routinely obtain native blLAP
crystals at least 0.35 mm in diameter and 1.0 mm long, this
method was unsuccessful in increasing the size of the Mg-
blLAP crystals. The native blLAP crystal from which x-ray
diffraction data were collected was 0.2 mm in diameter and
0.6 mm in length. This crystal was grown without the aid of
macroseeding.
X-ray diffraction data were collected at -150°C on a

Siemens (Iselin, NJ) X-100A multiwire area detector. Graph-
ite-monochromated Cu Ka radiation was produced by a
Rigaku (Danvers, MA) RU-200 rotating-anode x-ray gener-
ator with a 300-Am focus cup operating at 50 kV and 80 mA.
A Siemens LT-2 apparatus was used to maintain the temper-
ature. For data collection, the crystals were mounted in a
freestanding thin film of the MPD crystallization solution
(15). Solutions with high MPD concentrations have been
reported as good cryoprotective solvents (16). Since the
crystallization and cryoprotective buffers were the same for
these crystals, there was no danger of crystal damage due to
osmotic shock in transferring the crystals from the hanging
drops in which they grew, onto the cryoprotective freestand-
ing thin film. The unit cell parameters of the Mg-blLAP
crystal were a = 129.1 A, c = 120.2 A, and the cell parameters
of the native blLAP crystal were a = 129.8 A, c = 120.7 A,
as determined by the data collection software BUDDHA (17).
The space group of both crystals was P6322. For Mg-bILAP,
134,829 reflections between 30.0-A and 2.9-A resolution were
recorded, of which 13,523 were unique (98% completeness).
The merging R factor [Rmerge = Akl(XiII - Ili I)] for the
Mg-blLAP data was 0.162. The 10,797 reflections between
10.0-A and 2.9-A resolution with intensity > 2a were used in
the refinement ofthe Mg-blLAP structure. For native blLAP,
70,404 reflections between 30.0-A and 2.9-A resolution were
recorded, of which 13,052 were unique (94% completeness).
Rmerge for the native blLAP data was 0.136. The 10,195
reflections between 10.0-A and 2.9-A resolution with inten-
sity > 2a were used in the refinement of the native blLAP
structure.
The structures of Mg-blLAP and native blLAP were de-

termined by molecular replacement and refined by Powell
minimization, using the apoenzyme (metal-free enzyme) por-
tion of the blLAP-amastatin complex (unpublished results) as
the starting model. This model was chosen instead of the
previously reported structure of native blLAP (11) because
the blLAP-amastatin structure was refined against data col-
lected at - 150°C whereas the previously reported native
blLAP structure was refined against data collected at room
temperature. After Powell minimization refinement of the
apoenzyme portions ofMg-blLAP and native blLAP, F. - Fc
electron density maps clearly showed the difference in elec-
tron density in the metal binding sites between the two
structures. In the Mg-blLAP maps, the electron density
associated with one of the metal binding sites was much
weaker than that of the other, whereas in analogous native
blLAP maps, the electron densities associated with both
metal binding sites appeared approximately equal. Zn2+ was
built into the stronger electron density site and Mg2+ was
built into the weaker electron density site of Mg-blLAP, and
the entire structure was subjected to further Powell minimi-
zation refinement and B-factor refinement to a final crystal-
lographic residual [Rfactor = Xhkl( I I Fol - IFc I /Fo)] of 0.189.
The rms deviations from ideality for bond lengths and bond
angles are 0.016 A and 3.60. The average B factor for the
Mg-blLAP structure is 12 A2. Likewise, Zn2+ was built into
both metal binding sites of native blLAP, and further Powell
minimization and B-factor refinement resulted in an Rfactor of
0.188. The rms deviations from ideality for bond lengths and
bond angles are 0.016 A and 3.6°.The average B factor for the
native blLAP structure is 10 A2. No waters were built into
either structure. For both the Mg-blLAP and the native
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biLAP structure, the amino acid chain ofthe enzyme consists
of residues 1-11 and 15-484. Residues 12-14 and the three
C-terminal residues 485-487 occur in solvent-exposed re-
gions and have not been located in any of the x-ray crystal
structures of blLAP (9-11). All crystallographic refinements
were executed by X-PLOR (18, 19) on a (Digital) DECstation
3100. All model building was done on an Evans and Suther-
land (Salt Lake City) PS390 graphics system interfaced with
a (Digital) VAXstation 3200 using FRODO (20). In spite of the
modest resolution of the data and the rather high Rmerge
values, the final Rfactor values for both structures are reason-
able, even without building in waters. Further, the stereo-
chemical deviations are within acceptable limits, and the
protein is clearly traceable from the density.

RESULTS AND DISCUSSION
Comparisons ofFo - Fc maps calculated from the Mg-blLAP
and native blLAP data for which the metals have been
omitted from the structure-factor calculations clearly show a
difference between the electron densities associated with the
metal binding sites in the two structures (Fig. 1). In the native
bILAP maps, the electron densities at both metal binding sites
appear approximately equal. In the Mg-blLAP maps, the
electron density at one of the metal binding sites is much
weaker than that at the other site. This difference in electron
density is undoubtedly due to the replacement of Zn2+, with
its 28 associated electrons, by Mg2+, with its 10 associated
electrons, in the weaker electron density site. Since Mg2+
replaces only the Zn2+ in site 1, the readily exchanging metal
binding site (1, 3), the weaker electron density site has been
clearly identified as site 1. The metal in this site is within

LYS

interaction distance of one side-chain carboxylate oxygen
from each of Asp-255, Asp-332, and Glu-334, and the back-
bone carbonyl oxygen of Asp-332. The other metal binding
site, which shows persistently strong electron density in omit
maps calculated from both Mg-bILAP and native bILAP data,
has concomitantly been identified as site 2, the tightly binding
site. The metal in this site is within interaction distance ofone
side-chain carboxylate oxygen from each of Asp-255, Asp-
273, and Glu-334 and the side-chain amine nitrogen of Lys-
250. According to the residue-numbering convention of na-
tive blLAP, the site identified as site 1 corresponds to Zn-488
and the site identified as site 2 corresponds to Zn-489 in native
blLAP (Fig. 2; Table 1). This reverses the presumptive
identification ofthe metal binding sites based on the structure
ofnative blLAP in which Zn-488 was presumed to occupy site
2 and Zn-489, site 1 (11).
The B-factor refinement ofthe structure in which Zn2+ ions

were built into both metal binding sites against the Mg-blLAP
data provides further evidence for the replacement of Zn-488
in native blLAP with Mg2+ in Mg-blLAP. When Zn2+ was
introduced in place ofMg-488 in the Mg-blLAP structure, the
X-PLOR-refined B factor of Zn-488 was unacceptably high.
For the structure of native blLAP refined against native
blLAP data, the B factor for Zn-488 (site 1) is 9 A2 and that
for Zn-489 (site 2) is 16 A2. For the structure of Mg-blLAP
refined against Mg-blLAP data, the B factor for Mg-488 (site
1) is 5 A2 and that for Zn-489 (site 2) is 17 A2 (this assumes
complete occupancy of site 2 by Mg2+). For the di-Zn2+
structure refined against Mg-blLAP data, the B factor for
Zn-488 (site 1) is 35 A2 and that for Zn-489 (site 2) is 13 A2.
These results indicate that with respect to the Mg-blLAP
data, Mg2+ is more appropriate than Zn2+ in position 488,
which has been identified with metal binding site 1.

250 LYS

ASP

332 ASP

\ At
GLU *8 MG 334 GLU

32 ASP

LYS

GLU

<)3 2~~~~~ASP 2)3 ASP

,VQ LY.i FIG. 1. (Upper) Stereoview of the ac-
tive-site metal binding sites in Mg-blLAP.
Shown is the electron density contoured at
7or (broken lines) and 10a (solid lines) of the
F. - F, map in which the metals were
omitted from the structure-factor calcula-
tions. The refined coordinates of Lys-250,
Asp-255, Asp-273, Asp-332, Glu-334, Mg-
488, and Zn-489 are superimposed onto the
map. (Lower) Stereoview of the active-site

CIol, metal binding sites in native bILAP. Shown
334 GLU is the electron density contoured at 7cr (bro-

ken lines) and 9cr (solid lines) of the F. - Fc
map in which the metals were omitted from
the structure-factor calculations. The refined
coordinates of Lys-250, Asp-255, Asp-273,
Asp-332, Glu-334, Zn-488, and Zn-489 are
superimposed onto the map.
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250 LYS

FIG. 2. Stereoview of the active-site
334 GLU Zn2+ coordination environment in native334 GLU blLAP. The coordinates of Lys-250, Asp-

255, Asp-273, Asp-332, Glu-334, Zn-488, and
Zn-489 are taken from the 2.32-A resolution
structure of native blLAP (11). The amino
acid-Zn2+ interactions listed in Table 1 are
indicated by broken lines.

Even though the metals are within interaction distances of
the amino acid atoms listed in Table 1, the geometries of all
of these interactions are not optimal for metal coordination.
The interactions ofthe metals with the side-chain carboxylate
groups of Asp-255 and Asp-332 are not syn and in the plane
of the carboxylates as Zn2+ ions are typically bound by
carboxylates (21). Zn-488, the site 1 metal, is anti to the
carboxylate of Asp-332 and 1.2 A out of the plane of this
carboxylate in the 2.32-A structure of native blLAP (11).
Zn-489, the site 2 metal, is anti to the carboxylate of Asp-255
and 2.0 A out of the plane of this carboxylate in the 2.32-A
structure of native blLAP. The coordination of Zn-488 by the
carboxylates of Asp-255 and Glu-334 and the coordination of
Zn-489 by the carboxylates of Asp-273 and Glu-334 are syn
and in the plane of the carboxylates. The unfavorable coor-
dination geometries of Asp-332 to Zn-488 and of Asp-255 to
Zn-489 most likely result in weaker binding for these inter-
actions than for the other carboxylate-Zn2+ interactions.
The present identification of Zn-488 as the more weakly

bound metal appears to be consistent with the protein ligand
environment of the metals. One of the factors leading to the
previous assignment of the metal binding sites was the
ligation of Zn-489 by the side-chain amine nitrogen of Lys-
250. It was believed that the tendency of the amine nitrogen
to become protonated would disfavor its binding to the Zn2+.
Zn-488, which is coordinated by oxygens only, appeared to
have the more stable ligands. However, if there is a weak
ligand atom to one of the metals in these two sites, it is
probably the backbone carbonyl oxygen of Asp-332, which
coordinates to Zn-488 (or to Mg-488 in Mg-blLAP). The
typical pKa values of amine nitrogens, carboxylate oxygens,
and carbonyl oxygens are 9-11, 4-5, and -4-0, respectively
(22-26). The relative acidity of the carbonyl oxygen, com-
bined with the poor binding geometry of the carboxylate,
would most likely make Asp-332 a weak ligand of metal
cations compared with the other residues listed in Table 1.

Table 1. Zinc coordination environment in native blLAP
Zinc Ligand Distance, A

Zn-488 (site 1) Asp-255 081 2.3 (2.2)
Asp-332 backbone 0 2.3 (2.4)
Asp-332 082 2.1 (2.2)
Glu-334 OE2 2.0 (2.2)

Zn-489 (site 2) Lys-250 NC 2.3 (2.3)
Asp-255 O06 2.6 (2.2)
Asp-273 Or" 2.0 (2.2)
Glu-334 Oel 2.1 (2.2)
Zn-488 2.9 (2.9)

The first distance listed for each interaction is from the 2.32-A
resolution structure of native blLAP (11). The distances in paren-
theses are from the present structure of native bILAP.

Although it may be rather unusual to see a metal bound by a
lysine side chain as Zn-489 is, the coordination of metal
cations by alkylamines, such as ethylenediamine, in small-
molecule complexes is not uncommon (27). Because the
side-chain amine of Lys-250 is in the interior of the protein
and near a Zn2+, it is probably less susceptible to protonation
than the side-chain amine of a lysine on the surface of the
protein. At the basic pH values, 7.8 and 9.0, under which
these experiments were done, the side-chain amine of Lys-
250 in biLAP may exist to some extent in its unprotonated
form, which would make it a plausible ligand for the metal.
Based on preliminary results on the refinement of the

structure of the blLAP-amastatin complex (unpublished re-
sults), the dipeptide substrate L-leucyl-L-valine (LV) and its
putative gem-diolate transition state (LVTS) were modeled
into the active site of blLAP to determine plausible roles for
the active-site metals in catalysis. It appears that in LAP
catalysis, one of the metals, most likely the site 2 metal, is
more important than the other. Although pkLAP, like blLAP,
contains two metal binding sites, native pkLAP is active even
though it contains only one bound metal. The lone metal, a
Zn2+, presumably occupies the tighter-binding metal site in

pkLAP, which corresponds to site 2 in bILAP (4, 6). In the
blLAP-LV model, there is a close interaction (2.1 A) be-
tween the terminal amino nitrogen ofLV and the site 2 Zn2 .

One aspect of the requirement of the site 2 metal in LAP
catalysis appears to be the role of this metal in substrate
binding via interactions with the terminal amino group of the
substrate. A poor interaction between the substrate terminal
amino and the site 2 metal may account for the observation
that N-blocked species such as acetyl-L-tyrosineamide are
not hydrolyzed by pkLAP whereas their corresponding spe-
cies bearing a free N terminus are rapidly hydrolyzed (28).
The scissile carbonyl oxygen ofLV in the blLAP-LV model
interacts with both active-site Zn2+ ions and also with the
guanidinium nitrogens of Arg-336. By its interaction with the
scissile carbonyl oxygen of LV, the site 1 metal may be
involved in activating the substrate via an electrophilic po-
larization of the scissile carbonyl. Such a substrate carbonyl
polarization would be enhanced by the guanidinium group of
Arg-336. The presence of Arg-336 as an additional electro-
phile may obviate the requirement of the site 1 metal as in
native pkLAP catalysis. The amino acid sequence of pkLAP
is not known, so the presence of Arg-336 in pkLAP is not
certain. However, Arg-336 is found in the pepA-encoded
aminopeptidase from Escherichia coli and Salmonella typhi-
murium (29), so this residue may be conserved in other LAP
as well.
The metals may also be involved in activating a water for

nucleophilic attack on the scissile carbonyl of the substrate
and in stabilizing the resulting gem-diolate transition state.

LYS

334 GLU
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FIG. 3. Stereoview of the putative gem-diolate LVTS modeled into the active site of bILAP. The coordinates of Lys-250, Asp-255, Asp-273,
Asp-332, Glu-334, Arg-336, Zn-488, Zn-489, and LVTS are shown. The gem-diolate oxygen Oa of LVTS is to the upper right of the gem-diolate
oxygen Ob of LVTS in this view. Oa is assumed to be the former carbonyl oxygen of LV and Ob is assumed to be the water which attacks the
scissile carbonyl carbon ofLV from the left side of the active site in this view. Ob interacts with both Zn2+ ions and with N1 of the guanidinium
group of Arg-336. The interaction distance between the terminal amino nitrogen ofLVTS and Zn-489 is 2.2 A. The interaction distances between
gem-diolate Ob of LVTS and Zn-488 and Zn-489 are 2.4 and 2.7 A, respectively. The interaction distances between gem-diolate °a of LVTS
and N,.2 of Arg-336 and between gem-diolate Ob of LVTS and N,.1 of Arg-336 are 3.6 and 3.2 A, respectively. These enzyme-ligand interactions
are indicated by broken lines. The enzyme portion of this stereoview comes from preliminary refinement of the structure ofthe blLAP-amastatin
complex (unpublished results). The conformation of the Arg-336 side chain in the blLAP-amastatin complex is shown in thin lines.

The current proposal for the mechanism of blLAP invokes a
water to attack the scissile carbonyl of the substrate, leading
to a gem-diolate transition state which is noncovalently
bound to the enzyme (10). It is likely that such an attacking
water is activated to a more nucleophilic hydroxide-like state
via interactions with one or both of the metals. The pKa
values of metal-bound waters in proteolysis model systems
have been measured to be as low as 7 (30). It is not clear
whether one or both of the metals are involved in a possible
water activation, since none of the x-ray crystallographic
structural studies to date on blLAP indicates the presence of
a metal-bound water (9-11). It may be that the site 2 metal is
more important than the site 1 metal in water activation, since
pkLAP is active even when only site 2 is occupied (4).
Perhaps the binding of an active-site water to one or both of
the metals in blLAP is too disordered to see at the 2.32-A
resolution limit of x-ray crystallographic studies on blLAP
(11). Another possible explanation for the absence of a water
in the x-ray crystal structures ofblLAP is that the binding site
for water develops as the substrate binds and is activated.
The gem-diolate LVTS which would result from a water
attack on LV was modeled into the active site of blLAP (Fig.
3). Both Zn2+ ions can participate in the stabilization of the
tetrahedral intermediate via interactions with one of the
gem-diolate oxygens. Further stabilization of LVTS can be
provided by Arg-336. A modeled conformational change in
the side chain of this residue allows it to participate in the
stabilization of LVTS via a coplanar salt bridge between its
positively charged guanidinium group and the negatively
charged gem-diolate group of LVTS. The interactions of
gem-diolate oxygen Ob (Fig. 3 legend) of LVTS with the
active-site Zn2+ ions and Arg-336 may be a model for a water
binding site which develops during catalysis.
A detailed proposal for the mechanism ofblLAP catalysis,

one featuring not only the metals but also important protein
residues, must await further study. Additional aspects of
LAP catalysis may be determined by further analyses of
blLAP structures, such as the blLAP-amastatin complex
which is currently under refinement.
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