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ABSTRACT: The structure of the complex of bovine lens leucine aminopeptidase (bILAP) with the slow-,
tight-binding inhibitor amastatin has been determined by X-ray crystallography. X-ray diffraction data
were collected at —150 °C from a single bILAP-amastatin crystal which under the data collection conditions
was of the space group P6;22 with unit cell parameters @ = 130.3 A and ¢ = 121.9 A. The structure of
the bILAP-amastatin complex was determined by molecular replacement, using the structure of native
bILAP as the starting model. Refinement of the blLAP-amastatin model plus 132 water molecules against
data from 10.0- to 2.4-A resolution resulted in a final structure with a crystallographic residual of 0.198.
The binding mode of amastatin is similar to that of bestatin, the structure of whose complex with bILAP
has previously been determined. Of particular note, the N-terminus-to-C-terminus orientation of the two
bound inhibitors is the same. The two N-terminal residues of amastatin and bestatin occupy the same
binding sites, which are most likely Sy and S’;. The slow binding of amastatin and bestatin may be partially
attributable to a binding mechanism in which the two active site metals are sequentially coordinated by
the P; amino and hydroxyl groups of these inhibitors. A catalytic mechanism for bILAP is proposed based
on the binding modes of amastatin and bestatin and plausible binding modes of a dipeptide substrate and
its putative gem-diolate transition state which were modeled into the active site of bILAP after the binding
mode of amastatin. The proposed catalytic mechanism invokes roles for the catalytic metals in binding
and activating the substrate and in stabilizing the transition state. The mechanism also includes roles for
Asp-255 as a general base, Arg-336 as an additional electrophilic substrate activator and transition state
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stabilizer, and Lys-262 as a proton shuttle.

Leucine aminopeptidase (LAP)! is a cytosolic aminoex-
opeptidase which cleaves the N-terminal residue from polypep-
tide substrates. The three-dimensional structures of LAP
isolated from bovine lens (bILAP) and its complex with the
inhibitor bestatin have recently been determined by X-ray
crystallography (Burley et al,, 1990, 1991, 1992; Kim, et al.,
1993). As part of our continuing X-ray crystallographic
investigations of bILAP, we now report the X-ray structural
determination of bILAP complexed with the inhibitor am-
astatin.

Native bILAP is a hexamer of total molecular weight
324 000. Each of the six identical protomers is a single-chain
protein of 487 amino acid residues (MW 54 000) and two
Zn%*s which are crucial in catalysis (Melbye & Carpenter,
1971; Carpenter & Vahl, 1973). The amino acid sequence
of bILAP, determined by both protein and DNA sequencing
(Cuypersetal., 1982; Wallner and Taylor, unpublished data),
appears to be well conserved in LAPs and some other
aminoexopeptidases from different organisms. Although the
amino acid sequences of the human and porcine LAPs have
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! Abbreviations: LAP, leucine aminopeptidase; bILAP, bovine lens
leucine aminopeptidase; pkLAP, porcine kidney leucine aminopeptidase;
LV, L-leucyl-L-valine; LVTS, putative gem-diolate transition state for
the proteolysis of L-leucyl-L-valine; MPD, 2-methyl-2,4-pentanediol; rms,
root mean square; F, and F, observed and calculated structure factors.

not been reported, immunodiffusion tests have shown that the
differences in amino acid sequences between bovine and porcine
LAPs, and bovine and human LAPs, are 8.5% and 19%,
respectively (Tayloretal., 1984a,b). Theaminoacid sequence
of bILAP also shows an overall 31% identity of residues and
a 52% identity of residues in the C-terminal domain to that
of the pepA-encoded aminopeptidase from Escherichia coli
and Salmonella typhimurium (Stirling et al., 1988, 1989). In
bILAP, the C-terminal domain contains the active site (Burley
et al., 1990, 1991, 1992; Taylor et al., 1992). Furthermore,
the residues involved in metal coordination and inhibitor
binding in bILAP, as revealed by the structure of the bILAP-
bestatin complex, are conserved in the pepA-encoded ami-
nopeptidase (Burley et al., 1992). Such high sequence
homology strongly suggests similarities in structure among
these aminoexopeptidases. A database of sequence homology-
derived protein structures showed that for very long sequence
alignment lengths, ~80 residues or longer, a 25% sequence
identity is sufficient to infer structural homology (Sander &
Schneider, 1991). Because of the apparent similarity not only
inoverall primary structure, but also in key active site residues
among these aminoexopeptidases, it may be that conclusions
drawn from structural studies of bILAP can be applied to
other aminoexopeptidases as well.

The competitive, noncovalent LAP inhibitors amastatin and
bestatin (Umezawa et al., 1976; Aoyagi et al., 1978) (Figure
1) have been widely studied since they are among the strongest
known inhibitors of LAP. The X; of bestatinis 1.3 X 10° M
with respect to bILAP (Taylor et al., 1993), and the K of
amastatin is 2 X 10-7 M with respect to porcine kidney LAP
(pkLAP) (Rich et al., 1984). Numerous studies have sought
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FIGURE 1: (Top) The LAP inhibitor amastatin {(2S,3R)-3-amino-
2-hydroxy-5-methyl-hexanoyl-L-valyl-L-valyl-L-aspartic acid]. (Mid-
dle) The LAP inhibitor bestatin [(25,3R)-3-amino-2-hydroxy-4-
phenylbutanoyl-L-leucine]. (Bottom) The dipeptide substrate of LAP
L-leucyl-L-valine (LV). The arrow indicates the scissile bond of LV.
The residual portions of the ligands are also indicated.

todetermine the binding modes of these inhibitors which have
been assumed to be transition-state analogues for LAP-
catalyzed proteolysis. Particular interest has been placed on
the interaction of the nonproteinaceous hydroxyl group of the
P, residue? with the active site metals (Nishino & Powers,
1979; Nishizawa et al., 1977; Rich et al., 1984; Ocain & Rich,
1988; Harbeson & Rich, 1988; Gordon et al., 1988). The
structure of the blLAP-amastatin complex shows that the
binding mode of amastatin, a tetrapeptide analogue inhibitor,
is similar to that of bestatin, a dipeptide analogue inhibitor
(Burleyetal., 1991,1992;Kimetal., 1993). The N-terminus-
to-C-terminus orientation of both bound inhibitors is the same
and most likely also applies to substrates and reaction
intermediates of bILAP.

On the basis of the binding mode of amastatin, the dipeptide
substrate L-leucyl-L-valine and its putative gem-diolate tran-
sition state were built into the active site of bILAP. These
modeled binding modes suggest a plausible general base
mechanism of catalysis. The mechanism proposed from these
crystallographically determined binding modes of amastatin
and bestatin and the modeled binding modes of a substrate
and its transition state includes important catalytic roles for
the two active site metals which are known to affect bILAP
catalysis (Hanson & Frohne, 1976; Carpenter & Vahl, 1973;
Thompson & Carpenter, 1976; Allenetal., 1983). Inaddition
to the Zn?*s, amino acid residues of bILAP certainly also
have some roles in catalysis. One enzymic residue implicated
in catalysis by the blLAP-amastatin structure is Arg-336.
The side chain of this residue clearly adopts two different
conformations in the structure of the complex. One confor-

2 The enzyme binding subsite designations S; and S/;, and the ligand
residue designations P; and P, follow the convention of Schechter and
Berger (1967).

Kim and Lipscomb

mation, which appears to be more catalytically productive
than the other, allows the guanidinium group of the Arg-336
side chain to interact with the scissile carbonyl oxygen of the
substrate in the modeled binding mode of the substrate. This
modeled interaction may indicate that Arg-336 acts as an
electrophile in catalysis to polarize the scissile carbonyl for
nucleophilic attack.

Amastatin and bestatin are also slow-binding inhibitors of
LAP (Wilkes & Prescott, 1985). A possible mechanism for
the slow binding of these inhibitors is suggested by the binding
mode of amastatin in light of the recent reassignment of the
twometal binding sitesin bILAP. The X-ray crystal structure
of the Zn2+*-Mg?* metallohybrid bILAP showed that Zn-488
occupies the readily exchanging metal site 1 and Zn-489
occupies the more tightly binding metal site 2 in native bILAP
(Kim & Lipscomb, 1993). This result reversed the previous
presumptive assignment of the two Zn2*s which was based on
the structure of native bILAP (Burley et al., 1992). The
arrangement of the metals as predicated by the new assignment
of the metal binding sites suggests a possible late stage binding
mechanism involving sequential coordination of the metals
by amastatin and bestatin which may contribute to the slow
binding of these inhibitors. This binding mechanism is
consistent with low temperature kinetic studies which have
indicated that there are at least two distinct pre-steady-state
intermediates in the hydrolysis of a dansyl dipeptide substrate
by pkLAP (Van Wart & Lin, 1983; Lin et al., 1988b).

MATERIALS AND METHODS

bILAP was isolated from bovine calf eye lenses according
to the method of Carpenter (Allen et al., 1983). The lenses
were purchased from Pel-Freez Biologicals and were received
packed on wet ice, 1 day after slaughter. Theisolated bILAP
was further purified by gel filtration chromatography. Typ-
ically, 1 mL of 10 mg/mL protein solution in a storage buffer
of 50 mM Tris/50 uM ZnSO,/200 mM NaCl/pH 7.8 was
separated over a 55 cm X 2 cm (diameter) Sephadex G-100
column using the same storage buffer at a flow rate of 0.3
mL/min at 4 °C. Fractions of 1 mL were monitored for
protein by UV absorption at A = 280 nm, and those fractions
containing the purified bILAP as judged by 15% SDS-PAGE
were pooled and concentrated to 7 mg/mL protein in the
storage buffer.

Crystals of the blLAP-amastatin complex suitable for X-ray
diffraction studies were grown from solutions of bILAP-
amastatin complex by vapor diffusion and macroseeding
(Eicheleetal., 1979; Thalleretal., 1981) at room temperature.
A 200-fold molar excess of amastatin hydrochloride, purchased
from Sigma Chemical Co. and used without further purifi-
cation, was added to an aliquot (typically 500 uL) of purified
bILAP solution. After overnight incubation at 4 °C, the
blLAP-amastatin solution was passed through a Millex-GV
filter. Theinitial bILAP—amastatin seed crystals were grown
from this blLAP-amastatin solution at room temperature by
hanging drop vapor diffusion against a crystallization buffer
of 1:1 (v:v) 50 mM Tris/50 uM ZnSO,/pH 7.8:2-methyl-
2,4-pentanediol (MPD) (Jurnaketal., 1977). The MPD was
purchased from Sigma Chemical Co. and used without further
purification. Within 1 week, small hexagonal rod-like crystals
approximately 0.1 mm in diameter and 0.3 mm in length
appeared. One of these crystals was then removed toa 10-uL
drop of MPD crystallization solution and allowed to reequil-
ibrate at room temperature against a reservoir of 50 mM
Tris/50 uM ZnSO,/pH 7.8 by hanging drop vapor diffusion.
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Table I: Data Intensity Statistics by Resolution Shell

cumulative percentages

res (A) no. of refl Ruerge I<1e I<26 1< 3¢ I>3c
8.90 490 0.036 0.4 1.4 37 96.3
6.44 786 0.052 1.3 2.8 5.3 94,7
5.30 994 0.073 0.7 33 5.7 94.3
4.61 1171 0.059 0.3 2.6 4.5 95.5
4.13 1320 0.062 0.5 2.3 4.5 95.5
3.78 1458 0.074 0.8 2.7 5.1 94.9
3.50 1570 0.087 0.8 2.7 5.4 94.6
3.28 1688 0.099 2.1 4.9 9.2 90.8
3.09 1797 0.111 2.3 7.0 13.1 86.9
2.93 1898 0.126 3.2 9.0 16.0 84.0
2.80 1959 0.137 3.4 10.9 20.8 79.2
2.68 2012 0.151 5.5 15.7 26.3 73.7
2.58 2064 0.165 6.9 20.0 33.6 66.4
2.48 2090 0.178 8.5 23.8 38.8 61.2
2.40 2019 0.183 12.0 29.1 45.4 54.6
overall 23316 0.089 4.0 11.2 19.0 81.0
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FIGURE 2: Stereoview of the F, — F, map showing the electron density of amastatin bound in the active site of bILAP. The phases used in
this map were calculated after refinement of the enzyme portion and prior to inclusion of amastatin in the model. The contour level of the
map is 2.00. The final refined coordinates of Lys-250, Asp-255, Lys-262, Asp-273, Asp-332, Glu-334, Arg-336, Leu-360, Gly-362, Ala-363,
Arg-425, Zn-488, Zn-489, Wat-594, and amastatin have been superimposed onto the map. The solvent cavity center of the bILAP hexamer

is approximately to the upper right of this figure.

After 1 week, the seed crystal was removed to a 20-uL drop
of fresh bILAP-amastatin solution and allowed toreequilibrate
at room temperature by hanging drop vapor diffusion against
a reservoir of MPD crystallization buffer. Within 2 weeks,
the seed crystal would typically grow to a hexagonal rod 0.35
mm in diameter and 1.0 mm in length. Other small crystals
which could subsequently be used as seeds would also appear
in the seeded drop. This method of macroseeding to grow
large bILAP-amastatin crystals could also be used to grow
crystals of native bILAP which were consistently at least 0.35
mm in diameter and 1.0 mm in length. X-ray precession
photographs taken at room temperature identified the space
group of these bILAP-amastatin crystals as P6322 with unit
cell parameters @ = 132.3 A and ¢ = 123.1 A. There is one
protomer of bILAP-amastatin complex in the asymmetric
vnit. This macroseeding method yielded large crystals of
bILAP within 3—4 weeks of the preparation of a purified bILAP
solution. X-ray diffraction studies were greatly facilitated by
this crystallization method compared with the previous Li,-
SO, crystallization method which required 1-3 months to
grow bILAP crystals which on rare occasions were 0.25-0.3

mm in diameter (Burley et al., 1992).

X-ray diffraction data were collected at —150 °C on a
Siemens X-100A multiwire area detector. Graphite mono-
chromated Cu Ko radiation was produced by a Rigaku RU-
200 rotating anode X-ray generator with a 500-um focus cup
operating at 50 kV and 150 mA. A Siemens LT-2 low-
temperature apparatus was used to maintain the temperature.
The blILAP-amastatin crystal was mounted in a wire loop
free-standing thin film of the MPD crystallization solution
(Teng, 1990). Solutions with high concentrations of MPD
have previously been reported as good cryoprotective solvents
(Petsko, 1975). Since the crystallization and cryoprotective
buffers were the same for the bILAP—amastatin crystal, there
was no danger of crystal damage due to osmotic shock in
transferring the crystal from the hanging drops in which they
grew onto the cryoprotective free-standing thin film. Under
these conditions of data collection, the unit cell of the bILAP—
amastatin crystal was determined by the data collection
software BUDDHA (Blum et al., 1987) to be @ = 130.3 A
and ¢ = 121.9 A. Such small changes in the unit cell
parameters from those determined at room temperature are



8468 Biochemistry, Vol. 32, No. 33, 1993

262 LYS

Kim and Lipscomb

3 ASP 250 LYS

262 LYS

425, ARG 4 ARG

FIGURE 3: Stereoview of the active site of the bILAP-amastatin complex. This view is different from that of Figure 2. The solvent cavity
center of the bILAP hexamer is approximately to the lower right of this figure. The enzyme-inhibitor interactions indicated by dashed lines

are denoted by a’s in Table II.
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FIGURE 4: Stereoview of the active site of the bILAP-amastatin complex (thick lines) and the active site of the bILAP-bestatin complex (thin
lines) after superposition of the C, chain of the bILAP-amastatin complex onto the C, chain of the bILAP-bestatin complex.

to be expected due to subtle changes in the packing of the
protein with varying temperature (Tiltonet al., 1992). Crystal
decay due to radiation damage which hampers data collection
at room temperature was practically absent under these low-
temperature data collection conditions. A total of 940 area
detector data frames were recorded from a single bILAP-
amastatin crystal. The mean intensity of the reflections of
the last 10 frames was only 6% lower than the mean intensity
of the reflections of the first 10 frames. The complete data
set includes 93 426 reflections between 30.0- and 2.4-A
resolution of which 23 316 reflections were unique (95%
completeness). The merging R [Rmerge = Laki(Zdl — 1|/ Z:1)]
for all reflections was 0.089. The Rpmerge by resolution shell
forthedata is givenin TableI. The 20 436 reflections between
10.0- and 2.4-A resolution with intensity greater than 2¢ were
used in the refinement of the bILAP-amastatin structure.
The position of the blLLAP-amastatin complex in the unit
cell was determined by rigid body refinement using the 2.7-A
structure of native bILAP as the search model (Burley et al.,
1990). The transformation relating the two structures involved
essentially no rotation, and translations along the crystallo-
graphic x, y, and z axes of approximately 1, 0.4, and 0.7 &,
respectively. After rigid body refinement, the enzyme, without
amastatin and waters, was refined by simulated annealing to
a crystallographic residual [Riyotor = Zari{||Fol = |Fell/|Fo)] of

0.225. At this point, difference electron density maps (F, -
F.) revealed amastatin bound in the active site (Figure 2).
Amastatin and 132 waters were then built into the structure
according to the difference electron density. Powell mini-
mization and B-factor refinement of the entire structure
resulted in a final structure with an Rgeer of 0.198. All
crystallographic refinements were executed by X-PLOR
(Briinger et al., 1987; Briinger, 1990) on a Digital DECstation
3100. All model building was done on an Evans and
Sutherland PS390 graphics system interfaced with a Digital
VAXstation 3200 using the program FRODO (Jones, 1985).

RESULTS

The final refined structure of the bILAP-amastatin complex
contains amino acid residues 1-11 and 15-484 and the two
active site Zn?*s of bILAP, the 33 non-hydrogen atoms of
amastatin, and 132 waters. The deviations from ideal bond
lengths and ideal bond angles are 0.015 A and 3.4°,
respectively. The expected uncertainty in coordinates is
between 0.2 and 0.3 A as indicated by a Luzatti plot (Luzatti,
1952; data not shown). Amino acid residues 12—-14 and the
three C-terminal residues 485-487 occur in solvent-exposed
regions. Electrondensities for these residues were not located
in the previously reported structures of native bILAP and the
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Table II: Selected bILAP-Amastatin Interactions

enzyme atom inhibitor atom distance (A)
Zn-489 (site 2) terminal amino N 2.1¢
Lys-250 N, terminal amino N 3.2
Asp-255 0,1 terminal amino N 31
Asp-273 Oyl terminal amino N 3.0
Asp-273 052 terminal amino N 2.4
Thr-359 carbonyl O terminal amino N 29
Zn-488 (site 1) P, hydroxyl O 2.14
Zn-489 (site 2) P, hydroxyl O 2,24
Lys-250 N¢ P; hydroxyl O 4.0
Aop332002 P iydrony] O 37

sp- 5 1 hydroxy .
Asp-332 carbonyl O P, hydroxyl O 3.2
Glu 334 0,1 P, hydroxyl O 34
Glu-334 0,2 P, hydroxyl O 3.6
wr  pyems i

rg- " 1 hydroxy! .
Zn-488 (site 1) P, carbonyl O 39
Asp-255 Oyl P; carbonyl O 4.1
Lys-262 N; P; carbonyl O 2.7¢
Aop332 002 P, carbomyl 0 36

sp- s 1 carbony! .
Zn-488 (site 1) P’y amide N 4.0
Asp-332 carbonyl O P’, amide N 3.2
Arg-336 N,1 P’y amide N 34
Leu-360 carbonyl O P’; amide N 3.9¢
Gly-362 amide N P’; carbonyl O 2.8
Wat-594 O P’y carbonyl O 2.84
Wat-ggj 8 g:z carl?nl{} 0o 3.;
Wat- 3 amide 3.
Arg-425 carbonyl O P’; carboxylate O;1 33
Arg-425 carbonyl O P’; carboxylate Od, 2.44
Gly-428 amide N P’; carboxylate O;2 3.7
Wat-594 O P’; carboxylate O;2 4.2
Gly-362 carbonyl O terminal carboxylate Ol 3.3
Ala-363 amide N terminal carboxylate O1 3.1
Wat-594 O terminal carboxylate O1 4.1

@ These interactions are indicated by dashed lines in Figure 3.

bILAP-bestatin complex which were determined from X-ray
diffraction data collected at room temperature (Burley et al.,
1992). Electron densities for these residues were also absent
in bILAP-amastatin electron density maps, although it was
hoped that these regions would be stabilized enough to be
located in maps calculated from X-ray diffraction data
collected at —150 °C. Either these regions are intrinsically
disordered or they are sufficiently disordered in the crystals
at room temperature that flash-freezing the crystals at —150
°C may have stabilized multiple conformations of these
residues. Since these six residues could not be located in any
electron density maps, they were not included in the refinement
of the bILAP-amastatin complex. The enzyme structure of
the bILAP-amastatin complex is very similar to those of native
bILAP and the blLAP-bestatin complex. Superposition of
the blLAP-amastatin C, chain onto the native bILAP C,
chain shows an rms deviation of 0.4 A between the backbone
atoms of the two structures. A similar comparison between
the blLAP-amastatin complex and the bILAP-bestatin
complex also results in an rms deviation of 0.4 A.

One molecule of intact amastatin binds in the active site
of bILAP (Figures 2 and 3). The binding mode of this
tetrapeptide analogue inhibitor is similar to that of bestatin,
a dipeptide analogue inhibitor (Burley et al., 1991, 1992; Kim
et al., 1993) (Figure 4; Table II). For both inhibitors, Zn-
489, the tightly bound site 2 metal, is coordinated by both the
terminal amino nitrogen and the nonproteinaceous P, hydroxyl
oxygenof theinhibitors. These twoinhibitor functional groups
of both amastatin and bestatin chelate the site 2 Zn2* as was
proposed by Takita (Nishizawaetal., 1977). The P, hydroxyl
oxygen actually coordinates to both active site Zn?*s as the
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two hydroxyl oxygen—Zn2?* distances are equal within ex-
perimental error for both bILAP—inhibitor complexes. Fur-
thermore, the hydroxyl oxygen of amastatin also tends toward
aninteraction with the guanidinium group of Arg-336, whose
side chain adopts two distinct conformations. One confor-
mation of the Arg-336 side chain is directed more toward the
active site than that seen in the 2.32-A structure of native
bILAP (Burley et al., 1992) (Figure 5). This conformation
brings the guanidinium group of Arg-336 closer to the two
active site Zn?*s and the amastatin hydroxyl oxygen than
does the other conformation, which resembles more that of
the 2.32-A structure of native bILAP. Completing the
enzyme~inhibitor interactions involving the inhibitor P, portion
in the bILAP-amastatin complex are the polar interaction
between the P, carbonyl oxygen and the amino group of the
Lys-262 side chain and the binding of the P, isobutyl side
chain in the hydrophobic pocket formed by Thr-359, Met-
270, Thr-361, and Leu-360. For the P/, portion of amastatin,
hydrogen bonding interactions are seen between the amide
nitrogen of amastatin and the backbone carbonyl oxygen of
Leu-360 and between the carbonyl oxygen of amastatin and
the amide nitrogen of Gly-362. The isopropyl side chain of
the P’; valine residue of amastatin makes very little contact
with the enzyme. The closest residues to this side chain are
Asp-332 and Arg-336, which are respectively, 3.6 and 3.8 A
away.

Beyond the P’; portion, the bound amastatin is very near
the solvent cavity at the center of the bILAP hexamer (Burley
et al., 1990), and thus there are few enzyme—inhibitor
interactions for the P’; and P’; portions of amastatin. Although
the electron density corresponding to the P/, and P/; residues
of amastatin is poorer than that for the P; and P’; residues,
it is sufficient to establish unambiguously the direction of
orientation of amastatin in the active site binding groove. The
density is particularly weak at the P’; residue where no density
is seen for the backbone terminal carboxylate, whose con-
formation was modeled to maximize hydrogen bonding
interactions with the enzyme. Alternatively, the P’; residue
can be modeled so that the terminal carboxylate fits into the
electron density which is occupied by the side chain carbox-
ylate, and the side chain carboxylate fits into the small bit of
electron density in front of the C, of this residue, toward the
reader, in Figure 2. This alternative binding mode for the P’3
residue is achieved primarily by a 120° rotation about the
N-C, bond of the P’; residue. Both carboxylates of the P/;
residue fit into some electron density in this alternative binding
mode, but there are no enzyme—inhibitor contacts for the side
chain carboxylate. These two modes together reinforce the
prominent electron density, while decreasing the density
elsewhere. Since the P’; residue of amastatin is very near the
surface of the bILAP protomer, it is likely that the binding
of this residue is relatively disordered compared with the rest
of the inhibitor. The conformation of the P; residue depicted
in Figures 2 and 3, and the alternative conformation of this
residue, may be two of several conformations assumed by this
residue in the blLAP-amastatin complex. The conformation
of the P’; residue depicted in Figures 2 and 3 was chosen for
the refinement of the structure of the blLAP-amastatin
complex because this conformation showed the best fit into
electron density for the side chain carboxylate and also aliowed
for the most enzyme—inhibitor interactions.

The Zn2?* coordination environments of the bILAP-
amastatin structure, the bILAP-bestatin structure, and the
native bILAP structure are similar (Figure 6). One small
difference is the separation between the two Zn?*s. The
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FIGURE 5: Stereoview of the F, — F; electron density map calculated from the bILAP—amastatin data for which Arg-336 was omitted from
the structure factor calculations showing the two conformations of Arg-336 in the blLAP-amastatin complex. The coordinates of the two
refined conformations of Arg-336 and the active site Zn2*s are superimposed onto the map. The conformation drawn in solid lines appears
to be more catalytically productive than that drawn in dashed lines. The contour level for the map is 2.5¢.
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FIGURE 6: Stereoview of the active site Zn?*s and the Zn?* coordinating residues in the 2.32-A structure of native bILAP (thick lines; Burley
et al., 1992) and in the structure of the bILAP-amastatin complex (thin lines) after superposition of the C, chain of the bILAP-amastatin

complex onto the C, chain of the 2.32-A native bILAP structure.

distance between the two Zn2*s increases slightly upon
inhibitor binding. Innative bILAP,the Zn?*-Zn?* separation
is2.9A. Thisdistanceincreasesto3.1and 3.3 A, respectively,
for the bILAP-bestatin (Burley et al., 1992; Kim et al., 1993)
and the bILAP-amastatin complexes. This increased sepa-
ration between the two Zn?*s may be due to the coordination
of both Zn?*s by the P, hydroxyl oxygens of the inhibitors,
perhaps driving the two Zn2*s apart from each other. The
increased separation between the two Zn?*s in the bILAP-
amastatin structure does not appear to be an effect of the low
temperature at which the data were collected. The X-ray
structure of native bILAP determined from data collected at
low temperature (Kim & Lipscomb, 1993) shows the same
2.9-A Zn?*-Zn?* separation as does the structure of native
bILAP which was determined from data collected at ambient
temperature (Burley et al,, 1992). In spite of the slight
differences in Zn2*—Zn2* separation, the Zn?* coordination
by enzymic amino acid residues is conserved among all bILAP
X-ray structures.

DISCUSSION

Amastatin Binding Mode. The binding mode of amastatin
in the active site of bILAP is very similar to that of bestatin

{(Burley et al., 1991, 1992; Kim et al., 1993) (Figure 4). Most
notable is that these two inhibitors exhibit the same N-ter-
minus-to-C-terminus orientation in the active site binding
groove. Amastatin and bestatin are slow-binding inhibitors
of LAP (Wilkes & Prescott, 1985). It had previously been
speculated that the step responsible for slow-binding inhibition
by bestatin involved the reversal of initial binding about its
C2scissile bond analogueinthe S;and S’y subsites. Areversal
of binding step is conceivable for bestatin because bestatin is
a dipeptide analogue inhibitor. Since bILAP is an aminoex-
opeptidase, it can be reasonably assumed that the active site
binding groove is asymmetric, lacking an S, binding subsite
(Harbeson & Rich, 1988). Sterically, the N-terminal binding
pocket of bILAP can accommodate either the N-terminal or
C-terminal residue of a dipeptide analogue inhibitor binding
in either a true or reversed N-terminus-to-C-terminus ori-
entation. A longer peptide analogue inhibitor would preclude
any nonspecific reversal of binding about the scissile bond
analogueifitisassumed that the “dead end” N-terminal pocket
of the bILAP active site binding groove accommodates only
one ligand residue. Since the binding mode of amastatin, a
tetrapeptide analogue, shows the same N-terminus-to-C-
terminus orientation as that of bestatin, the slow binding of
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FIGURE 7: Stereoview of the modeled fit of amastatin in a reversed N-terminus-to-C-terminus orientation with respect to the orientation of
amastatin in Figures 2 and 3. The electron density is from the F, — F. map depicted in Figure 2. The valine side chain of the P/, residue
is labeled, and the unfavorable (1.6 A) interaction between the P’; and P/, carbonyl oxygens is indicated by dashed lines.

amastatin and bestatin is likely not due to a reversal of binding
about the scissile bond analogues of these inhibitors which
results in the binding modes seen in the structures of these
bILAP-inhibitor complexes. It had also been previously
speculated that bestatin, again because of its dipeptide nature,
was binding to bILAP nonspecifically in an N-terminus-to-
C-terminus orientation opposite to that of a true peptide
substrate (David, 1991). Since the N-terminus-to-C-terminus
orientation of the binding modes of bestatin and amastatin
are the same, this backbone orientation likely also applies to
peptide substrates of bILAP.

The possibility that amastatin was binding to bILAP in a
nonspecific reversed binding mode about the midpoint of its
backbone, and not about its C2 scissile bond analogue, was
alsoconsidered. The relative stericsymmetry of the sidechains
of amastatin, Leu-Val-Val-Asp, raised the possibility that it
was incorrectly modeled into its electron density. Amastatin
was thus remodeled into the difference electron density in the
active site of bILAP in an N-terminus-to-C-terminus orien-
tation which is opposite to that depicted in Figure 2 (Figure
7). Although the backbone of amastatin in this reversed
binding mode fits reasonably well into the electron density,
the P/, valine residue of amastatin is severely mismodeled, as
indicated by the failure of the side chain of this residue to fit
the electron density. Inaddition, there are some unfavorable
molecular conformations in amastatin in this reversed binding
mode. The peptide bond linking the P, and the P’; residues
of amastatin deviates 50° from the energetically favorable
planar trans conformation. This modeling also places the
carbonyl oxygens of the P/; and the P’; residues only 1.6 A
fromeach other. Furthermore, in this reversed binding mode,
the specificity of the S; subsite of LAP for amino acid residues
with hydrophobic side chains (Smith & Spackman, 1955)
would be violated since this subsite would be occupied by the
aspartic acid of amastatin. The N-terminus-to-C-terminus
orientation depicted in Figure 2 is clearly correct for bILAP-
bound amastatin.?

The positions of the two active site Zn?*s and the
N-terminus-to-C-terminus orientation of binding of amastatin
and bestatin may account for some aspects of the slow binding
of these inhibitors. The active site binding groove is located
in the bILAP protomer such that, in the bILAP hexamer, the
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FiGURE 8: (Top) Transition state intermediate in the general base
mechanism for proteolysis by a metalloaminopeptidase. The general
base is depicted as a carboxylate-bearing residue which has abstracted
a proton from the nucleophilic water. (Bottom) Transition state
intermediate in the anhydride mechanism for proteolysis by a
metalloaminopeptidase. The scissile carbonyl attacking species is
depicted as a carboxylate-bearing residue. ENZ =enzyme. Covalent
bonds are drawn as solid lines, and hydrogen bonds are drawn as
dashed lines.

six active site binding grooves line the solvent cavity interior
of the hexamer (Burley et al., 1990). Relative to the solvent
cavity, the site 2 Zn?* is deeper in the active site binding
groove than is the site 1 Zn?*, The crystallographically
determined binding modes of amastatin and bestatin indicate
that these inhibitors most likely enter the active site binding
groove N-terminus first. As these inhibitors enter the active
site binding groove, they would encounter the site 1 Zn2*
before the site 2 Zn2*., It may be that these inhibitors
coordinate the site 1 Zn?* before they settle into their
crystallographically determined binding modes in which they
coordinate the site 2 Zn2*. A slow step in binding would then
entail dissociation from the site 1 Zn2* and subsequent

3 By these X-ray crystal structures, we cannot, however, exclude an
early stepin the binding of amastatin and bestatin in which these inhibitors
are bound in the N-terminus-to-C-terminus orientation opposite to that
depicted in Figure 2. In such an N-terminus-to-C-terminus orientation,
the inhibitors bind to one or both Zn?*s by their C-terminal carboxylates,
or by the P’; side chain carboxylate of amastatin (Figure 7), and
subsequently reverse in order to increase the enzyme~inhibitor interactions.
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FIGURE 9: Stereoview of the substrate L-leucyl-L-valine (LV) modeled into the active site of bLLAP. The coordinates of Lys-250, Asp-255,
Asp-273, Lys-262, Asp-332, Glu-334, Arg-336, Zn-488, Zn-489, and LV are shown. The interactions indicated by dashed lines are denoted

by a’s in Table III. This is LV binding mode I as described in the text.

coordination to the site 2 Zn2+, Previously, Rich had proposed
a mechanism for the slow binding of amastatin and bestatin
which invoked two enzyme-inhibitor species, a collision
complex followed by a tightened complex (Rich et al., 1984).
From the structures of the blLAP-amastatin and bILAP-
bestatin complexes, it is plausible that the site 1 metal-bound
inhibitor is the collision complex and the site 2 metal-bound
inhibitor is the tightened complex. A recent study on bestatin
inhibition of bILAP determined that the dissociation constants
of the “initial” and “final” bILAP-bestatin complexes are
approximately 1.1 X 107 and 1.3 X 102 M, respectively
(Taylor et al.,, 1993). These dissociation constants may
correspond to the site 1 metal- and site 2 metal-bound inhibitor
complexes proposed herein. This type of “metal relay” binding
mechanism may also account for the two intermediates
detected in the proteolysis of a C-terminal dansyl modified
dipeptide substrate by pkLAP at low-temperature nonturnover
conditions (Van Wart & Lin, 1983; Lin et al., 1988b). Ifa
peptide substrate enters the active site binding groove of bILAP
N-terminus first, its terminal amino nitrogen, and possibly
alsoits scissile carbonyl oxygen, could sequentially coordinate
to the two active site Zn?*s as amastatin and bestatin are
proposed to do. It is possible to model two binding modes for
the dipeptide substrate L-leucyl-L-valine (LV) in the active
site binding groove of bILAP in which the terminal amino and
the scissile carbonyl of LV coordinate to Zn-488 in one binding
mode, and to Zn-489 in the other. Consistent with this binding
mechanism, only a single pre-steady-state intermediate was
detected in proteolysis of a dansyl dipeptide substrate by site
l-unoccupied pkLAP under conditions which revealed two
intermediates in proteolysis by di-metal pkLAP (Lin et al.,
1988b). This result would be expected by this “metal relay”
binding mechanism, since the ligand would bypass the
unoccupied metal binding site 1 and bind directly to the site
2 metal.

Mechanism of Catalysis. Although there is much that
remains unknown about the mechanism of LAP catalysis,
most of the studies of LAP thus far, including the X-ray
structural determinations of bILAP, tend toimplicate a general
base mechanism for catalysis. Insucha mechanism, thescissile
carbonyl of the intact substrate is attacked by an active site
water. A water can be activated to a more nucleophilic
hydroxide-like state by its interactions with metals and amino
acid residues acting as general bases. The transition state in
such a general base mechanism is a tetrahedral gem-diolate,
and there are no covalent bonds between amino acid residues
of the enzyme and reaction intermediate species during
catalysis (Figure 8). Amastatin and bestatin have generally

been assumed to behave as transition-state analogues in their
binding to LAP (Nishizawa et al., 1977; Nishino & Powers,
1979; Ricci et al.,, 1982; Harbeson & Rich, 1988). The
tetrahedral sp3-hybridized hydroxyl-bearing C2 carbon is
thought to mimic the tetrahedral hydrated scissile carbonyl
in a general base mechanism. Another widely suggested
catalytic mechanism for peptidases is the anhydride pathway
in which the scissile carbonyl of the substrate is attacked
directly by a nucleophilic enzymic residue. Such an attack
results in a covalent acyl enzyme-ligand intermediate as in
proteolysis of certain substrates by serine proteases (Sweet et
al., 1974; Blow, 1976). The structures of native bILAP and
its complexes with amastatin and bestatin do not show any
nucleophilic amino acid residues in the active site which are
ina position to execute direct nucleophilic attack on the scissile
carbony! of a substrate, assuming that the C2 of amastatin
and bestatin are the analogues of the scissile carbonyl carbon
in a true peptide substrate. An anhydride mechanism for
catalysis appears to be unlikely for bILAP due to the
arrangement of its active site residues.

In order to develop a catalytic mechanism for bILAP in
which the transition state could be mimicked by the binding
mode of amastatin, the dipeptide substrate L-leucyl-L-valine
(LV) and its putative gem-diolate transition state (LVTS)
were modeled into the active site of bILAP based on the
structure of bILAP-bound amastatin (Figures 9 and 10). LV
was chosen as the substrate model since the P; and P/, residues
of amastatinare leucine-like and valine, respectively. Initially,
LV was modeled into the active site of bILAP so that the
bonds flanking its scissile carbonyl were maximally super-
imposed onto C1-C2-C3 of amastatin while the enzyme
portion of the bILAP-amastatin complex was left unchanged.
This preliminary modeled binding mode resulted in unac-
ceptably close contacts between the P’; valine side chain of
LV and the side chain of Arg-336. Such an unfavorable
interaction is not seen in the blLAP-amastatin complex due
to the nonproteinaceous C2 of amastatin which effectively
displaces the atoms to its C-terminus side away from the Arg-
336 side chain and toward the solvent cavity center of the
bILAP hexamer. To alleviate unreasonably close contacts
with the enzyme, LV was raised ~0.5 A from the active site
Zn?*s and Arg-336, resulting in the final modeled binding
mode of LV in the active site of bILAP, LV binding mode I
(Figure 9; Table III).

No proposal for a catalytic mechanism for LAP can be
complete without roles for the active site metals, both of which
have been shown to affect catalysis by bILAP (Allen et al.,
1983). Metal-free apo-blLAP has no enzymatic activity



Crystal Structure of the blILAP-Amastatin Complex

ASP

262 LYS

334 GLU

336 ARG

Biochemistry, Vol. 32, No. 33, 1993 8473

250 LYS

262 LYS

334 GLU 336 ARG

g

+ 488 ZN

+ 488 ZN

+ 488 ZN
+ 488 ZN

FIGURE 10: (Top) Stereoview of the putative gem-diolate transition state of L-leucyl-L-valine (LVTS) modeled into the active site of bILAP.
The coordinates of Lys-250, Asp-255, Lys-262, Asp-273, Asp-332, Glu-334, Arg-336, Zn-488, Zn-489, and LVTS are shown. The interactions
indicated by dashed lines are denoted by a’s in Table IV. O, of the gem-diolate is to the right of O, in this view. (Bottom) Stereoview of
the modeled LVTS binding mode (thin lines) superimposed onto the crystallographically determined binding mode of amastatin (thick lines).
O, of the gem-diolate of LVTS is above Oy in this view. The coordinates of the Zn2*s from the bILAP-amastatin complex are also shown.

Table III: Selected bILAP-LV Interactions

enzyme atom substrate atom distance (A)
Zn-488 (site 1) terminal amino N 3.9
Zn-489 (site 2) terminal amino N 2.14
Lys-250 N; terminal amino N 3.6
Asp-2550;1 0 terminal amino N 2.6
Asp-273 051 terminal amino N 3.1
Asp-273 052 terminal amino N 2.8
Asp-255 0yl scissile carbonyl C 3.5¢
Zn-438 (site 1) scissile carbonyl O 2.94
Zn-489 (site 2) scissile carbonyl O 3.2¢
Asp-255 Ol scissile carbonyl O 35
Asp-332 carbonyl O scissile carbonyl O 3.2
Arg-336 N,1 scissile carbonyl O 3.1a
Arg-336 N,2 scissile carbonyl O 3.9¢
Leu-360 carbonyl O scissile carbonyl O 3.2
Lys-262 N; P’y amide N 33

@ These interactions are indicated by dashed lines in Figure 9.

(Hanson & Frohne, 1976). The crystallographically deter-
mined binding modes of amastatin and bestatin, and the
modeled binding mode of LV, show that the N-terminal
nitrogens of these ligands are coordinated to Zn-489, the tightly
bound site 2 metal. For the closely related pkLAP, it has

been shown that although the enzyme has two metal binding
sites, the site 1 metal is not necessary for catalysis (Him-
melhoch, 1969; Shen & Melius, 1977; Van Wart & Lin, 1981).
This result may also apply to bILAP, although we are unaware
of any reports of kinetic studies of single-metal bILAP. It
appears that one aspect of the absolute requirement of the site
2 metal in LAP catalysis is its role in substrate binding via
the N-terminal amine nitrogen of the substrate. A poor
N-terminal amine-site 2 Zn2+ interaction may account for
the observation that N-blocked species are not hydrolyzed by
PkLAP while their corresponding compounds with free
N-termini are hydrolyzed by pkLAP (Smith & Spackman,
1955). The proximity of the N-terminal amine nitrogens of
amastatin and bestatin to the site 2 Zn?*, 2.1 and 2.3 A,
respectively, indicates that the N-terminal amines of these
bound inhibitors are most likely in their neutral, unprotonated
forms. The pH dependencies of inhibition and kinetic pa-
rameters for the inhibitor L-leucinal and the substrate leucine-
p-nitroanilide show inflections near pH 8, which is near the
terminal amino pK, values in solution for these compounds
(Anderssonetal., 1985). Although this pH result presumably
reflects that the terminal amine of a ligand should be in its
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unprotonated form for binding to occur, this presumption is
not proven by this pH result since the indicated pH could be
associated with theionization of an enzymic amino acid residue
or a metal-bound water.

The active site Zn2*s are also involved in binding the
hydroxyl oxygens of amastatin and bestatin and also the scissile
carbonyl oxygen of LV. Due to the S configuration of the C2
of amastatin, the hydroxyl oxygen of amastatin points toward
the Zn?*s while the oxygen of the planar scissile carbonyl
group of LV in its modeled binding mode points away from
the Zn?*s, The orientation of the scissile carbonyl of LV
consequently places the scissile carbonyl oxygen of LV within
hydrogen bonding distance of the guanidinium group of Arg-
336, in addition to its interactions with the Zn2?+s (Table II1).
Such an interaction between the ligand and Arg-336 is much
weaker in the blLAP-amastatin complex as the hydroxyl
oxygen points away from Arg-336 and is 3.8 and 4.0 A from
its guanidinium nitrogens (Table II). Thisinteractionappears
to indicate a role for Arg-336 in binding and activating the
substrate during catalysis.

F,—F_electron density maps in which Arg-336 was omitted
from the structure factor calculations revealed that the side
chain of Arg-336 assumes two distinct conformations in the
blLAP-amastatin complex (Figure 5). One conformation
brings the guanidinium group of this residue much closer to
the active site Zn2*s and the amastatin hydroxyl oxygen than
does the other conformation. The bILAP-amastatinstructure
was refined with the side chain of Arg-336in the conformation
closer to the two Zn?*s and the amastatin hydroxyl oxygen
since this conformation of the Arg-336 side chain appeared
to be more catalytically productive than the alternative
conformation. The alternative conformation of the Arg-336
side chain, whose electron density appears to beslightly weaker,
resembles more that of the 2.32-A structure of native bILAP.
The side chain of Arg-336 was rebuilt to fit this alternative
density and the enzyme-only portion of the bILAP-amastatin
complex was rerefined by simulated annealing. The resulting
structure was identical to the enzyme portion of the bILAP-
amastatin structure shown in Figures 2 and 3, save for the
conformation of the Arg-336 side chain. The multiple
conformations of the Arg-336 side chain and the model of the
bILAP-LYV complex appear to indicate that the side chain of
Arg-336 can move upon substrate binding to interact with
and polarize the scissile carbonyl, thereby promoting nucleo-
philic attack. Such an electrophilic role may be shared with
Zn-488, the readily exchangeable site 1 Zn?*, which also
interacts with the scissile carbonyl oxygen of LV. The presence
of Arg-336 may preclude the absolute requirement of the site
1 metal in catalysis, as in the case of native pkLAP (Van
Wart & Lin, 1981). Arg-336 is found in the amino acid
sequence of the pepA-encoded aminopeptidases from E. coli
and S. typhimurium, so it may be conserved in other
aminoexopeptidases as well (Stirling et al., 1988, 1989). A
similar electrophilic role for an active site arginine and an
active site histidine has previously been proposed for the
mechanisms of carboxypeptidase A and thermolysin, respec-
tively (Matthews, 1988; Christianson & Lipscomb, 1989; Kim
& Lipscomb, 1991).

The putative gem-diolate transition state of LV (LVTS)
was then modeled into the active site of bILAP by transforming
the trigonal planar sp?-hybridized scissile carbonyl group of
LV into the tetrahedral sp3-hybridized gem-diolate group of
LVTS which would resuit from-the nucleophilic attack of a
water on the scissile carbonyl carbon of LV (Figure 10; Table
IV). As depicted in Figure 9, the modeled binding mode of

Kim and Lipscomb

Table IV: Selected bILAP-LVTS Interactions

transition state atom  distance (A)

enzyme atom

Zn-488 (site 1) terminal amino N 39
Zn-489 (site 2) terminal amino N 2.2¢
Lys-250 N; terminal amino N 37
Asp-2550;10 terminal amino N 26
Asp-273 Ol terminal amino N 3.1
Asp-273 02 terminal amino N 2.8
Arg-336 N,;2 gem-diolate O, 3.64
Leu-360 backbone carbonyl O  gem-diolate O, 3.0
Zn-488 (site 1) gem-diolate O, 244
Zn-489 (site 2) gem-diolate O, 2.78
Asp-255 051 gem-diolate O, 2.9a
Asp-332 carbonyl O gem-diolate O, 3.1
Arg-336 N,1 gem-diolate Oy 3.24
Arg-336 N,2 gem-dillate O, 4.0
Lys-262 N¢ P/, amide N 298

¢ These interactions are indicated by dashed lines in Figure 10.

LV necessitates that the nucleophilic attack by a water on the
scissile carbonyl carbon of LV comes from the left side of the
active site due to the orientation of the LV carbonyl group.
A water executing a nucleophilic attack from this side of the
active site binding groove could be activated by one or both
of the Zn?*s. The pK,s of Zn?*-bound waters in model systems
intended to mimic proteolysis have been measured to be as
low as 7 (Groves & Olson, 1985). In addition, Asp-2535, via
its side chain carboxylate oxygen O;l, is in position to act as
a possible general base in catalysis. O;1 of Asp-255is 3.5 A
from the scissile carbonyl carbon of LV in the bILAP-LV
model (Figure 9; Table III). This oxygen is also within
interaction distance of both active site Zn2*s (Figure 6). The
coordination geometry of its side chain carboxylate group
indicates that Asp-255 is probably much more involved in
coordinating Zn-488 than Zn-489. Zn-488 is syn to the
carboxylate and within the plane of the carboxylate, whereas
Zn-489 is anti to the carboxylate and more than 1.0 A out of
the plane of the carboxylate (Kim & Lipscomb, 1993), The
Zn-488 binding role of Asp-255 may seem to preclude this
residue from additional catalytic roles since such roles would
likely require a disruption of the O;1-Zn-488 interaction.
However, the other side chain carboxylate oxygen of Asp-
255,052, isin position to interact with Zn-488. Inthe bILAP-
amastatin structure, the O;2—Zn-488 distance is 2.9 A. It
may be that Asp-255 acts as a general base upon a
conformational change in its carboxylate side chain which
frees O;1 fromits Zn-488 binding role and allowsit to abstract
a proton from an active site water. Concomitantly, O;2 of
Asp-255 may be brought into position to bind Zn-488, thus
preserving the coordination number of this metal during
catalysis.

The gem-diolate of LVTS would bear a formal negative
charge on the oxygen which was once the carbonyl oxygen of
LV. This gem-diolate oxygen of LVTS arising from the scissile
carbonyl oxygen of LV will be referred toas O,. As previously
suggested, a negatively charged tetrahedral gem-diolate species
occurring in bILAP catalysis could be stabilized by several
components of the enzyme (Burley et al., 1991) (Figure 11).
Both Zn?*s are in position to stabilize the gem-diolate via
interactions with the lone pair electrons of the oxygen which
was once the nucleophilic water. This gem-diolate oxygen of
LVTS will be referred to as O,. In addition to the Zn?*s,
LVTS can be stabilized by the side chain of Arg-336, which
can be modeled to assume a conformation allowing more
favorable interactions between its guanidinium group and the
gem-diolate oxygens. This conformation of the Arg-336 side
chain is different from the two conformations seen in the
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blLAP-amastatinstructure (Figure 11). Inthisconformation,
the guanidinium group of Arg-336 and the gem-diolate group
of LVTS are approximately coplanar, allowing both N,
nitrogens of Arg-336 tointeract with both gem-diolate oxygens
of LVTS in a salt link. The interaction of gem-diolate O of
LVTS with this conformation of the Arg-336 side chain may
also represent a binding site for a nucleophilic water which
develops during catalysis with such subtle conformational
changes in the enzyme (Kim & Lipscomb, 1993). Decom-
position of LVTS to products would be facilitated by an active
site proton donor to the P/ backbone nitrogen of LVTS, which
would make the incipient C-terminal product a better leaving
group. Lys-262 appears to be a likely candidate for this proton
shuttling role. Its interactions with the P; carbonyl of
amastatin in the crystallographically determined bILAP-
amastatin complex and the P’; backbone nitrogen of LVTS
in the modeled bILAP-LVTS complex indicate that its side
chain amino group is in a position to provide a proton to the
product leaving group (Figures 3 and 10; Tables I and IV).
A schematic representation of the current X-ray structure-

4 An intriguing possibility is that the binding of substrates to single-
metal “native” pkLAP creates a binding site for a second divalent metal.
A certain substrate analogue inhibitor of porcine kidney fructose-1,6-
bisphosphatase binds in the active site of this enzyme with either two
Zn2*s or two Mn2*s, but, at the same metal concentrations, a different
ligand binds with only one metal (Zhang et al., 1993). For pkLAP, it
may be that, in vivo, the concentrations of free divalent metals are
sufficiently high [ ~400 uM total Zn2* in pig kidney (Wagstaffe et al.,
1979; Long, 1961)] to allow the binding of a second metal upon substrate
binding. Alternatively, the invivometal concentrations may be sufficiently
high to keep both metal binding sites in pkLAP continually occupied, in
contrast with the controlled metal concentrations of the in vitro studies
of metal-substituted pkLAP (Van Wart & Lin, 1981; Lin et al., 1988a).

o
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FIGURE 11: Stereoview of the modeled stabilization of the gem-diolate group of LVTS by the Zn?*s and Arg-336 in bILAP (thick lines). As
explained in the text, this model of transition state stabilization requires a conformational change in the side chain of Arg-336 from those seen
in the crystallographically determined structure of the blLAP—amastatin complex. The two conformations of the Arg-336 side chain in the
bILAP-amastatin complex are also shown (thin lines, broken lines). gem-Diolate oxygen O, is to the right of gem-diolate oxygen O; in this
view.

based mechanism for bILAPis depicted in Figure 12. Because
a possible nucleophilic active site water has not been located
in any bILAP structures, it is unknown which, or both, of the
Zn?*s activates the water for its proposed attack on the
substrate. Zn-489, the site 2 metal, may be more involved in
such a crucial activation of a water than Zn-488, the site 1
metal, is since pkLAP is active even when site 1 is unoccupied*
(Van Wart & Lin, 1981). The proposed mechanism assumes
that the nucleophilic water is activated predominantly by Zn-
489.

Although the proposed mechanism is plausible and con-
sistent with the structure of the bILAP active site, it is certainly
not proven. One of the difficulties in formulating a mechanism
for bILAP catalysis is that no catalytically important enzymic
amino acid residues have yet been identified by biochemical
methods, such as site-directed mutagenesis. The enzymic
amino acid residues featured in the proposed mechanism have
been identified by their crystallographically determined
interactions with amastatin and bestatin. Inspiteofthedearth
of more concrete biochemical studies detailing the mechanism
of bILAP catalysis, the mechanism proposed in Figure 12 is
compatible with some previous biochemical results. The pH
profile of bILAP activity with respect to the substrate
L-leucineamide indicates activity between pH 6 and 11 with
asingle maximum at pH 9 (Melbye & Carpenter, 1971). This
pH profile is compatible with the roles proposed for Asp-255
and Arg-336. At pH 9, the carboxylate group of Asp-255,
with a pK, of ~4, would be in its unprotonated form, consistent
with its proposed role as a general base. Also at this pH, the
guanidinium group of Arg-336, with a pKj of ~13, would be
in its protonated formally monocationic state as depicted in
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FIGURE 12: Proposal for the mechanism of bILAP catalysis. Covalent
bonds are drawn as solid lines and noncovalent bonds are drawn as
dashed lines. (a) The substrate L-leucyl-L-valine (LV) is bound to
the site 2 Zn2* (Zn-489) in the active site via its terminal amino
nitrogen. A site2 Zn?*-bound water is activated toa more nucleophilic
hydroxide-like state by the site 2 Zn2* (possibly in conjunction with
thesite 1 Zn?*) and Asp-255 acting as a general base. Thisactivated
water attacks the scissile carbonyl of LV which is polarized by binding
interactions with the site 1 Zn?* (Zn-488) and Arg-336. (b) A
tetrahedral gem-diolate transition state is formed, resulting in a
noncovalent enzyme-ligand intermediate. O, is the gem-diolate
oxygen which was formerly the scissile carbonyl oxygen of the
substrate. O, is the gem-diolate oxygen which was formerly the
attacking water. The gem-diolate is stabilized by interactions with
theactive site Zn?*sand Arg-336. Decomposition of thisintermediate
to products is facilitated by the protonation of the amino group of
the leaving L-valine by Lys-262. (c) The original protonation states
of the enzymic amino acid residues can be restored by the transfer
of the carboxylate proton of Asp-255 to the side chain amino group
of Lys-262. The O;1 carboxylate oxygen of Asp-255 and the N;
amino nitrogen of Lys-262 are 4.0 A apart in the bILAP-amastatin
structure. Although in this figure the positive charge of the
guanidinium group of Arg-336 is depicted as localized to one of the
guanidinium nitrogens, this charge is essentially delocalized over all
three guanidinium nitrogens.

Figure 12, consistent with its proposed electrophilic role. The
side chain amine group of Lys-262, the third named enzymic

Kim and Lipscomb

residue in the proposed mechanism, has a pK, of ~10. Itis
likely that neither the protonated nor the unprotonated form
of Lys-262 greatly predominates at pH 9. The presumptive
protonation lability of the Lys-262 side chain amine at this
pH is consistent with its proposed proton shuttling role. There
are also some biochemical studies which support the overall
general base aspect of the proposed mechanism. o-Ami-
noaldehydes and a-chloromethylketones have been investi-
gated as reaction coordinate analogue inhibitors of LAP
(Andersson et al., 1982, 1985; Frick & Wolfenden, 1985;
Birchetal., 1972). The results of these studies indicated that
these inhibitors bound noncovalently to the enzyme in their
hydrated forms, as would be expected for a general base
mechanism, and not covalently to the enzyme, as would be
expected for an anhydride mechanism. Studies of the bILAP-
catalyzed transpeptidation reaction in H,!20 also concluded
that bILAP catalysis proceeds through a noncovalently bound
enzyme-ligand intermediate, and not a covalently bound one
(Antonov et al., 1981).

On the basis of the crystallographically determined binding
modes of amastatin and the modeled binding modes of LV
and LVTS, the P, hydroxyl oxygen of amastatin appears to
be the analogue of the attacking water in the present proposed
mechanism for bILAP catalysis (Figures 3, 10, and 12). The
interactions of the hydroxyl oxygen of amastatin with the
enzyme are more like those of the gem-diolate O; oxygen of
LVTS than those of the scissile carbonyl oxygen of LV or the
gem-diolate O, oxygen of LVTS (Tables II-IV). An aspect
of the tight-binding nature of amastatin (or bestatin) appears
to be that the interactions of its hydroxyl oxygen with the
active site Zn2*s in bILAP mimic the interactions of a metal-
bound nucleophilic water and the subsequent gem-diolate
oxygen of the transition state. The importance of the hydroxyl
groupinamastatin binding is demonstrated by deoxyamastatin
(amastatin minus the C2 hydroxyl group), which binds over
three orders of magnitude less tightly to pkLAP than does
amastatin (Rich et al., 1984). LV can, however, be modeled
in an alternative binding mode, binding mode I, which results
in similar binding interactions between the hydroxyl oxygen
of amastatin and the scissile carbonyl oxygen of LV (Figure
13). The molecular conformation of LV modeled in either
binding mode I or II is constrained by the peptide bond which
is in the energetically favorable trans conformation. Water
attack on the scissile carbonyl carbon of LV in either binding
mode could result in the modeled binding mode of the gem-
diolate transition state LVTS as depicted in Figure 10, since
nucleophilicattack on the scissile carbonyl carbon of LV would
destroy the conformationally constraining peptide bond.
Mechanistically, however, LV binding modes I and II are
different in that the scissile carbonyl carbon is accessible to
nucleophilic attack by a water from different sides of the active
site binding groove in the two modeled binding modes. With
respect to the orientation of the active site as depicted in Figure
9, LV modeled in binding mode I would be attacked from the
left (Zn2*) side of the active site binding groove. A water
launching a nucleophilic attack from this vantage would be
in position to be activated by one or both Zn2*s and Asp-255
acting as a general base. Furthermore, in modeled binding
mode I, Arg-336 could polarize the scissile carbonyl of LV for
nucleophilic attack. In modeled binding mode II, the scissile
carbonyl of LV points more toward the Zn2* side of the active
site binding groove and away from the Arg-336 side than in
modeled binding mode I (Figure 13), making the scissile
carbonyl more amenable to nucleophilic attack from the right
side of the active site binding groove than from the left. Water
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FIGURE 13: Stereoview of LV modeled into the active site of bILAP in binding mode II as described in the text. The coordinates of Lys-250,
Asp-255, Lys-262, Asp-273, Asp-332, Glu-334, Arg-336, Zn-488, Zn-489, and LV are shown.

attacking LV from the right side would be in a less favorable
position to be activated by the Zn2*s, The gem-diolate O, of
LVTS in the modeled bILAP-LVTS complex would represent
the attacking water in the bILAP-catalyzed proteolysis of LV
in binding mode II (Figure 10). This oxygen is 4.5 A from
both Zn2*s. Additionally, on the right side of the active site,
there are no likely enzymic residues which could act as a
general base, as Asp-255 could in hydrolysis of LV in binding
mode I. The orientation of the scissile carbonyl of LV in
binding mode II also appears to be less favorable for a
polarizing interaction with the guanidinium group of Arg-
336. In formulating a general base mechanism for the
hydrolysis of LV, modeled binding mode I appears tobe more
consistent with the arrangement of reactive enzymic com-
ponents than does modeled binding mode II.3

The catalytic mechanism proposed herein for bILAP s based
on the mechanism which was previously proposed following
the determination of the X-ray crystalstructure of the bILAP-
bestatin complex (Burleyetal., 1991). Since thedetermination
of the bILAP-bestatin structure, the X-ray crystallographic
identification of the two metal binding sites (Kim & Lipscomb,
1993) and the present determination of the bILAP—amastatin
structure, in conjunction with previous biochemical data, have
allowed a fuller development of the previously proposed
catalytic mechanism for bILAP. Taylor (Taylor et al., 1993)
has recently proposed a catalytic mechanism for bILAP based
on bestatin inhibition studies. Although this mechanism of
Taylor is much like the blLAP-bestatin structure-based
mechanism (Burleyetal., 1991), thereare aspects of the former
mechanism which are inconsistent with thestructure of bILAP.
In the mechanism of Taylor, Zn-489 is assigned to be the
morereadily exchangeablessite 1 metal and isinvoked toinitiate
the reaction and stabilize the tetrahedral intermediate. No
catalytic role is proposed for Zn-488. The X-ray crystallo-
graphic determination of the structure of the Zn?*-Mg?*
metallohybrid bILAP has shown that Zn-489 is in fact the
more tightly bound site 2 metal (Kim & Lipscomb, 1993). In
addition, it must be stressed that not only our X-ray
crystallographic studies but also numerous biochemical studies

5 Another possible binding mode for LV is one in which the scissile
carbonyl of LV coincides with the P; carbonyl of amastatin. Such a
binding mode appears to be unproductive since the scissile carbonyl would
be far from the catalytically important Zn2*s. The P, carbonyl oxygen
of amastatinis 3.9 A from Zn-488 and 5.0 A from Zn-489. Furthermore,
in such a binding mode, as is the case for LV binding mode I1, the scissile
carbonyl would be accessible to nucleophilic attack by a water from the
right side of the active site binding groove, which appears to be less
compatible with the arrangement of reactive enzymic components than
does water attack from the left side.

of LAP have indicated that both metals can have important
roles in bILAP catalysis. Furthermore, Arg-336, which
appears to be a very important catalytic residue from the
X-ray crystal structures of bILAP, is not mentioned in the
mechanism of Taylor, except to be invoked in a questionable
Zn?* binding role. The depiction of the enzymic Zn2t
coordination in the mechanism of Taylor is also inconsistent
with X-ray crystallographic studies of bILAP. In the mech-
anism of Taylor, Glu-334 is depicted to bind both Zn?*s using
only one of its side chain carboxylate oxygens, while Asp-332
chelates one of the Zn2+s with both of its side chain carboxylate
oxygens. The X-ray crystal structures of bILAP show that
both side chain carboxylate oxygens of Glu-334 bind one to
each of the Zn?*s, and that only one of the side chain
carboxylate oxygens of Asp-332 is within interaction distance
of a Zn?* (Zn-488) (Figure 6).
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