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SUMMARY

M1 aminopeptidases comprise a large family of bio-
logically important zinc enzymes. We show that pep-
tide turnover by the M1 prototype, leukotriene A4 hy-
drolase/aminopeptidase, involves a shift in substrate
position associated with exchange of zinc coordinat-
ing groups, while maintaining the overall coordination
geometry. The transition state is stabilized by resi-
dues conserved among M1 members and in the final
reaction step, Glu-296 of the canonical zinc binding
HEXXH motif shuffles a proton from the hydrolytic
water to the leaving group. Tripeptide substrates
bind along the conserved GXMEN motif, precisely oc-
cupying the distance between Glu-271 and Arg-563,
whereas the Arg specificity is governed by a narrow
S1 pocket capped with Asp-375. Our data provide de-
tailed insights to the active site chemistry of M1 ami-
nopeptidases and will aid in the development of novel
enzyme inhibitors.

INTRODUCTION

Leukotriene (LT) A4 hydrolase (LTA4H) is an M1 aminopeptidase
(AP) with high affinity for N-terminal arginines of various tripepti-
des (Orning et al., 1994). It constitutes the only eukaryotic enzyme
of this family with a known crystal structure (Thunnissen et al.,
2001). M1 APs define a subset of the MA(E) clan of metallopepti-
dases, the gluzincins. Despite the fact that APs remove only a
single N-terminal residue, these enzymes exhibit a variety of im-
portant biological functions, including the processing of surface
antigens, the regulation of hypertension, and involvement in
tumor angiogenesis (see Table S1 available online). APs are wide-
spread in nature and are found in organisms ranging from bacte-
ria and plants to vertebrates.

LTA4H also catalyzes the formation of the potent chemotaxin
LTB4, a key lipid mediator of the innate immune response
(Haeggstrom, 2004; Samuelsson, 1983). In terms of catalytic

parameters, the two activities of LTA4H are very similar, with
keat/Kim values of about 10° M~'s™", suggesting important roles
for both activities, although the precise physiological role of
the AP activity remains to be determined.

LTA4H folds into an N-terminal domain, a catalytic domain,
and a C-terminal domain, each with ~200 amino acids (Thunnis-
sen et al., 2001). The interface of the domains forms a cavity,
where the active site is located. At the zinc binding site the cavity
narrows, forming a tunnel into the catalytic domain. The opening
and the wider parts of the cavity are highly polar; the tunnel is
more apolar. The cavity as a whole is mostly defined by the cat-
alytic and C-terminal domains; only a small part of the narrow
tunnel is defined by the N-terminal domain.

Both enzymatic activities of LTA4H depend on the integrity of
the catalytic zinc site, HEXXH, conserved in M1 and across the
entire MA(E) clans of metallopeptidases (Rawlings et al., 2004).
In the M1 family, the zinc binding signature is HEXXH-(X)1g-E;
the two histidines and the last glutamic acid are the zinc binding
ligands. All MA metallopeptidases utilize a water nucleophile,
presumably activated by the glutamic acid in HEXXH, for peptide
hydrolysis. The classic MA(E) peptidase is the endopeptidase
thermolysin (EC 3.4.24.27), whose catalytic domain is structur-
ally similar to that of LTA4H, despite only 7% sequence identity.
Superimposing thermolysin onto LTA4H indicate that the cata-
lytic key residues of LTA4H occupies similar positions relative
to the substrate as the corresponding residues of thermolysin
(Matthews, 1988), particularly with respect to residues of the
conserved HEXXH motif. In any event, an even higher degree
of structural similarity can be expected among the more closely
related members of M1 APs such as APA (EC3.4.11.2), APN
(EC3.4.11.7), and APB (EC3.4.11.6). Mutagenetic analysis has
indicated that His-295, His-299, and Glu-318 coordinate the
zinc, and Glu-296 is the general base catalyst in LTA4H (Medina
et al., 1991; Minami et al., 1992; Wetterholm et al., 1992).

The crystal structure of LTA4H is one of three known crystal
structures of zinc APs and constitutes the only eukaryotic one.
None of these structures contains a bound substrate. Further-
more, a high-quality structure of any eukaryotic MA metallopep-
tidase complexed with a complete substrate is lacking. In fact,
the only two examples of similar complexes are structures of
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Table 1. Data Collection and Refinement Statistics

Data collection

Protein E296Q E296Q Wild-type Wild-type

Ligand Arg-Ser-Arg Arg-Ala-Arg RB3040 RB3041

Diffraction limits (A) 1.46-18.3 2.3-43.4 1.81-15.7 1.89-20

A A) 1.085 1.000 1.089 0.97

Rmerge” (%) 5.9 (26.1) 8.5 (38.1) 6.0 (25.5) 7.8 (26)

Completeness (%) 98.2 (88.4) 90.9 (87.0) 99.2 (95.7) 97.5 (94.9)

Mean I/c 7.8 (2.7) 8.0 (3.2) 10.8 (2.8) 14.6 (5.8)

Unique reflections 116405 30761 61817 53141

Multiplicity 4.3 (3.8) 2.54 (2.54) 4.1 (3.9) 5.7(5.7)

Space group P242424 P242424 P242424 P2,2424

Cell axes (A) a=78.51,b=287.35, a=78.49, b =287.78, A =78.33, b =86.94, a=78.21,b=287.23,
c=99.77 c=99.92 c=99.11 c=99.23

Cell angles (°) a=B=v=90 a=B=vy=90 a=B=y=90 a=B=vy=90

Refinement

R 12.5 [12.5]¢ 20.9 14.9 17.5

Riree® 16.9 27.2 18.5 22.7

Rmsd, bond distance (A) 0.015 0.03 0.017 0.019

Rmsd, bond angle (°) 2.5 2.5 1.66 1.72

Number of H,O 794 31 674 395

Values for the highest resolution shell are shown in parentheses.

#Rmerge = Sy Zilli(hkl) — < I(hkl) > |/=nay=d{hkl), where I(hkl) is the ith observation of reflection (hki) and < /(hkl) > is the weighted mean of all measure-

ments of (hkI).

® Reactor = 3|Fobs — Feaio)l/Z|Fobs|, Where Fops and Fqc are the observed and calculated structure factor amplitudes.
°Riree is the Ryactor Calculated for the test set of reflections, omitted during refinement.

9R factor including all data in a final round of least-squares refinement.

the very distant prokaryotic MA endo-peptidases anthrax lethal
factor and botulinum neurotoxin type A (Breidenbach and
Brunger, 2004; Turk et al., 2004). Thus, structural information
underlying the catalytic mechanism for APs (exo-peptidases) of
the M1 family is very limited.

We used LTA4H as a model system for M1 AP and determined
its structure in complex with two tight slow-binding LTA4H inhib-
itors, RB3040 and RB3041, and two different natural peptide
substrates of LTA4H, Arg-Ser-Arg (RSR) and Arg-Ala-Arg (RAR)
complexed with an inactive form of LTA4H ([E296Q]LTA4H).The
backbone of the inhibitors exactly match the substrate in length
and are accurate analogs of the intermediate of tripeptide hydro-
lysis with a tetrahedral phosphinic-CH, linkage replacing the first
peptide bond. This moiety provides strong zinc chelation resem-
bling that of the tetrahedral intermediate of peptide hydrolysis
(Chen et al., 1998, 2000). Together with enzyme kinetic data
and molecular modeling, these structures unravel the chemical
details of peptide binding and hydrolysis by LTA4H and other
members of the M1 family of APs.

RESULTS AND DISCUSSION

Zinc metallopeptidases of the M1 family and MA(E) clan are
a large group of enzymes involved in an array of biological func-
tions. In spite of their cellular abundance and roles in normal
homeostasis as well as in pathology, structural information and
details of their catalytic machineries are scarce. One important
exception is human LTA4H for which a high-resolution crystal

structure is available (Thunnissen et al., 2001). In this study, we
used LTA4H as a prototype for the M1 family of APs and deter-
mined its structure in complex with natural tripeptide substrates
and transition-state mimics to detail the chemistry for substrate
recognition, binding and peptide bond hydrolysis. To allow bind-
ing of peptide substrates to the active site, we used crystals of
[E296Q]LTA4H, a mutant in which the peptidase activity is dras-
tically reduced (Andberg et al., 2000; Wetterholm et al., 1992).

X-ray Data Collection and Structure Refinement

Data processing and structure refinement statistics are given in
Table 1. The final models for LTA4HeRB3040, LTA4HeRB3041,
and [E296Q]LTA4HeRSR were of good quality, with well-defined
electron density for all but a few terminal and surface residues.
The electron densities for the ligands were clearly visible in the ini-
tial Fo-Fc difference maps of the starting models. Hence, ligands
could be modeled unambiguously with full occupancies. The final
atomic B-factors for the inhibitors were in the same scale as the
surrounding protein atoms. The Phi- and Psi-torsion angles of
the models exhibit normal variability. The [E296Q]LTA4HeRAR
data were of lower resolution, but the bound ligand could be read-
ily modeled into the initial Fo-Fc difference map.

Enzyme Kinetics and Inhibition Assays

Assessment of catalytic parameters showed that mutation of
Asp-375 into an Ala, (e.g., [D375A]LTA4H) had little effect
on Ala-p-NA (Alanine-para-nitroanilide) hydrolysis but nearly
abolished Arg-p-NA (Arginine-para-nitroanilide) hydrolysis
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Table 2. Kinetic Parameters

Wild-type LTA4H [D375A]LTA4H [E296Q]LTA4H
Substrate Km + SE Keat + SE Km + SE Koat + SE Km + SE Koat + SE
Ala-p-NA 1.9+03mM 17+02s" 3.0+1.8mM 0.5+0.05s" 1.9+05mM 0.001 + 0.0006 s~
Arg-p-NA 1.5+0.2mM 19+02s" K gat/ K ~50 M~ s ™1 2.2+ 0.4 mM 0.002 + 0.0005 s~
2Arg-Ser-Arg 1.3+ 0.1 uM 0.56 + 0.02 57" CInhibition °Inhibition ND ND

ND, not determined (activity below the detection limit of the tripeptidase assay).
@ As a comparison, data determined previously for Arg-Ser-Arg are presented (Tholander and Haeggstrém, 2007).
P Activity was low and did not obey saturation kinetics within the substrate range tested, suggesting increased K., and reduced k.. Only a rough

estimation of k../K,, possible.

°The substrate was not turned over at a measurable rate and instead competitively inhibited hydrolysis of Ala-p-NA.

(Table 2). Furthermore, the peptidase activity of human
[E296Q]LTA4H was reduced more than 1500-fold for both Arg-
p-NA and Ala-p-NA.

Progress curve analysis indicated that RB3040 and RB3041 are
slow-binding inhibitors of LTA4H—that is, the effect of the
inhibitors increased slowly over time (Figure S1). The on rate for
RB3040 was 8,100 + 700 s™'M~" and the off rate was (160 =
20) - 107%7", yielding a K; of 20 + 4 nM. The estimated K; of
RB3041 was similar with corresponding values of 112,000 +
4,000s 'M~"and (730« 100) - 108", yieldingaK;of 6.5 + 1 nM.

Overall Binding of the RSR and RAR Peptides

to [E296Q]JLTA4H

The tripeptides are bound in an extended B-structure conforma-
tion, located antiparallel to the B strand defined by residues of
the GXMEN motif, with the N-terminus anchored by the zinc moi-
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ety and Glu-271 and the C terminus by Arg-563. The zinc ion of
the enzyme is chelated between the a-amino group, via a direct
coordinate bond, and the oxygen of the P1 (nomenclature ac-
cording to Schechter and Berger [1967]) carbonyl group of the
bound peptide (Figure 1). Considering only directly coordinating
ligands (the four closest), the coordination of the zinc ion is dis-
torted tetrahedral, whereas accounting also for the more distant
carbonyl oxygen of the substrate yields a distorted trigonal
bipyramidal geometry. Apart from its interaction with the zinc
ion, the P1 carbonyl oxygen also forms a hydrogen (H) bond to
the hydroxyl group of Tyr-383. In addition, the z-amino group
of the bound peptide is within H-bond distance of the carboxyl-
ate oxygens of Glu-271 and Glu-318 (Figure 1).

The P1’ amide nitrogen is 2.9A from the carbonyl oxygen of
Gly-269, and the P1’ carbonyl oxygen is 2.8A from the amide
nitrogen of Gly-268; both residues are in the conserved motif

Figure 1. Binding of RSR and RAR to
[E296Q]LTA4H

(A) Key binding interactions. Gray, protein carbon
atoms; pink and green, RSR and RAR substrate car-
bon atoms, respectively. The zinc ion is shown as a re-
flecting sphere. Black lines, zinc coordinating bonds;
green dotted lines, H bonds.

(B) Schematic representation of key interactions.
Black, protein; gray, bound peptide. Nonbonding in-
teractions are shown as dotted lines with indicated
distances. Curved lines indicate subpockets.
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GXMEN. The P2’ amide nitrogen does not appear to form strong
H bonds with the protein, since the closest group, the hydroxyl
group of Tyr-378, is 3.5A away, and at an angle incompatible
with a strong H bond (N-HN-OH angle ~80°). Both oxygens of
the terminal carboxylate group bind to the guanidinium group
of Arg-563, a common packing arrangement.

The P1’ arginine side chain packs between Tyr-378 and Tyr-
267, with H-bond distances between nitrogens of the guanidi-
nium group and the hydroxyl group of Tyr-267 and the side chain
carbonyl oxygen of GIn-136. Because the guanidinium group is
close to the aromatic pi-clouds of Tyr-267 and Tyr-378, aromatic
stacking and H bonding provide additional binding energy. Asp-
375is the closest residue (4.5/& away) that can provide ion pairing
with the arginine side chain and contributes by H bonding medi-
ated by a bridging water molecule.

Esi H299  H295

R563~"

Figure 2. Binding of RB3040 to LTA4H

(A) Key binding interactions. Gray, protein carbon atoms;
pale green, substrate carbon atoms. The zinc ion is shown
as a reflecting sphere. Black lines, zinc coordinating
bonds; green dotted lines, H bonds.

(B) Schematic representation of key interactions. Black,
protein; gray, bound inhibitor. Nonbonding interactions
are shown as dotted lines with indicated distances. Dou-
ble arrow indicates the potential interaction for a hydrated
peptide. Curved lines indicate sub pockets. Inset: Alterna-
tive description of the phosphinic moiety.

The P1’ serine side chain of RSR forms a clear
H bond with the Og1 atom of GIn-296. Despite
the lack of this H-bond RAR binds in a very sim-
ilar manner. For the P2’ arginine side chain, the
hydroxyl group of Ser-380 is the H-bonding
partner for the guanidinium group. As with the

R563

HNYNHZ
+ I

_2.8-HyN P1 residue, a distant charged residue, Glu-348

at 3.6A, is the closest countercharged residue.
Because the P2’ arginine is not closely packed
with the enzyme, no additional clear interactions
occur.

When bound to LTA4H, both tripeptides have
very similar conformations (Figure S2). Thus,
a different P1’ residue does not significantly
alter substrate binding; in particular, zinc coor-
dination geometry is maintained. Despite the
additional H bond between the serine hydroxyl
and the GIn-296 side chain, the conformation
at the zinc site is identical for both peptides. This H bond slightly
changes the position of the side chain of GIn-296. The presence
of a hydroxyl group leads to slightly lower K, and k4 for hydro-
lysis of RSR than for RAR (Tholander and Haeggstrém, 2007).
Presumably, the additional H bond between RSR and Glu-296
increases substrate affinity (assuming that K,,, to some extent
reflects substrate affinity), but it also slightly disturbs the cata-
lytic actions of Glu-296, leading to a reduced kcz;-

Crystal Structure of LTA4HeRB3040

and LTA4HeRB3041

Both RB3041 and RB3040 have overall binding patterns that are
very similar to those of the tripeptides (Figures 1-3, Figure S2).
The inhibitors bind in an extended B-structure conformation (Fig-
ures 2 and 3). Both inhibitors are firmly anchored to Glu-271

Figure 3. Binding of RB3041 to LTA4H

Nonbonding interactions are shown as dotted lines with indicated
distances. Black, protein; gray, bound inhibitor.
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through their N-termini and to Arg-563 through their C-termini,
where two H bonds bind the carboxylate moiety to the guanidi-
nium group. In addition to the H bond to Glu-271, the N-terminal
amino group forms H bonds to GIn-136 and GIn-318. The car-
bonyl oxygen of the peptide bond of the inhibitor binds to the
backbone nitrogen of Gly-268, and the peptide bond nitrogen
binds to the hydroxyl group of Tyr-378. The phosphinic group
chelates the zinc ion in a distorted bidentate fashion, with bind-
ing distances of approximately 2.0 and 3.0A between the chelat-
ing oxygens and the zinc ion (Figures 2 and 3). Considering only
the shorter interactions the total coordination geometry of the
zinc becomes distorted tetrahedral, whereas if all interactions
are accounted for it becomes distorted trigonal bipyramidal, as
observed for the tripeptide ligands. Besides interacting with
the zinc ion, one chelating oxygen of the phosphinic group H
binds to Glu-296 (binding distance, 2.507—\) and to Glu-271
(3.28A); the other binds to Tyr-383 (2.54A).

Of the two inhibitors, RB3041 has more contact with the S1’-
S2' subpockets of the enzyme, because this inhibitor has three
aromatic side chain substituents, whereas RB3040 has two
methyl and only one aromatic (Figures 2 and 3). The P1 phenyl-
alanine side chain of RB3041 is tightly packed with the enzyme
and interacts with GIn-136, Tyr-267, Tyr-378, and Phe-314.
The P1’ and P2’ phenylalanine residues are located in more
spacious, water-filled cavities and do not interact extensively
with the enzyme. The P1’ phenylalanine stacks with His-295
and interacts to a lesser extent with Glu-325, Asn-291, and
Val-292. The P2’ phenylalanine mainly packs between Tyr-378,
Tyr-383, and Ser-380.

Just as for the tripeptides, the main binding strength of the
inhibitors is achieved through backbone interactions. The
inhibition studies support this conclusion, because different
side-chain substituents do not affect binding potency to any
significant extent. Similar to the difference in P1’ residues of
the tripeptides (see above), the absent P1-P1’ backbone amide
nitrogen of RB3040 and RB3041 is not likely to induce a shift in
binding, particularly with respect to the zinc ion, that would
lead to a binding conformation more similar to the tripeptides.
This was also supported by modeling of a tetrahedral reaction
intermediate, as seen in the following section (Figure S3). In
the model, the nitrogen moiety of the scissile bond was only
capable of donating a single H-bond, which should not be able
to disrupt the other main interactions of the backbone to any
large extent.

The zinc coordination observed for the tetrahedral phosphinic
group of the inhibitors reflects the binding geometry of a tetrahe-
dral reaction intermediate. Notably, because the backbones of
the inhibitor match the length of a tripeptide, they can be consid-
ered to mimic the main transition state of tripeptide hydrolysis
particularly well. Except for the HOOP-CH, link replacing the
P1-P1’ amide, they define Phe-Phe-Phe and Ala-biPhe-Ala
tripeptides. In addition to direct metal coordination, one of the
chelating oxygens of the phosphinic group also interacts with
the carboxylate group of Glu-296, while the other interacts with
the hydroxyl group of Tyr-383. The interaction between Glu-
296 and the inhibitor suggests a general base reaction mecha-
nism; a similar interaction probably occurs between Glu-296
and an attacking water molecul, prior and during formation of
the tetrahedral reaction intermediate.

Chemistry & Biology
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Modeling of the Tetrahedral Reaction Intermediate

The modeled binding conformation of the hydrated peptide
reveals that the scissile amide nitrogen and the corresponding
CH, moiety of the inhibitor have inverted geometries with
respect to each other, thus differing slightly in position (Figure 2,
Figure S3). Compared with the CH, moiety of the inhibitor, the
amide nitrogen of the modeled hydrated peptide takes a confor-
mation that is much closer to a carboxyl oxygen of Glu-296. Ac-
tually, the NH group next to the scissile bond of the intermediate
species adopts an sp® geometry. Thus, the lone-pair of this NH
moiety faces the acidic proton of Glu-296. The proton of this
group is directed toward the backbone oxygen of Gly-269. Fur-
thermore, in the optimized binding conformation of the hydrated
RAA peptide, the guanidinium of the P1 arginine forms a direct H
bond with Asp-375, consistent with [D375A]LTA4H’s inability to
hydrolyze arginyl-tripeptides and Arg-p-NA, as seen above and
in Tholander and Haeggstrém (2007).

The binding geometries of the modeled reaction intermediates
were evaluated with a QM/MM approach with the QSite software
(version 4.0; Schrddiger, New York, NY). These calculations con-
firmed the results of the force field-based approach and indi-
cated that plausible binding geometries were obtained. Thus,
the overall geometries of the reaction intermediates were main-
tained after optimization with the QM/MM approach. In addition,
coordinate bonds between the oxygen atoms of the gem-diolate
of the reaction intermediate and the zinc ion were refined to
better reflect experimental data available for such interactions
(Alberts et al., 1998).

Substrate Binds Along the Conserved Sequence GXMEN
In the crystal structures, interactions between the enzyme and
the backbones of the inhibitors, as well as the substrates, were
similar in corresponding regions. Thus, for all ligands, the pep-
tide backbone binds as an extended B strand antiparallel to the
B strand defined by the GXMEN motif, which is conserved
among M1 APs.

Specificity for Peptide Chain Length Is Dictated by the
Distance between Arg-563 and Glu-271

The clear interactions between the terminal groups of the differ-
ent ligands with Arg-563 and Glu-271 of the enzyme show how
the enzyme controls the preference for tripeptides (Figures 1-
3). The C-termini of the two substrates and the inhibitors each
form two H bonds with the guanidinium group of Arg-563. The
a-amino groups of the tripeptides bind to Glu-271, Glu-318
(with a less favorable H-bonding geometry), and the zinc ion.
This trivalent interaction tethers the ligand firmly to the protein.

Nature of the S1 Specificity Pocket

Various tripeptides are good substrates for LTA4H, and the most
important determinant of efficient tripeptide hydrolysis is an N-
terminal arginine (Orning et al., 1994). This arginyl specificity is
explained by the characteristics of the S1 pocket. The pocket
is deep and narrow and, in the vicinity of the CB-C3 carbons of
the P1 arginine side chain, lined with aromatic and hydrophobic
residues. Deeper in the pocket, close to where the guanidinium
group binds, a patch of polar groups exist, including Asp-375.
The guanidinium group of the bound substrate is H-bonded to
Asp-375 via a bridging water molecule. The electrostatic nature
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of the S1 pocket indicates that the bottom of the pocket is elec-
tronegative, whereas the upper parts are more neutral, allowing
long hydrophobic groups terminated with positive groups to bind
(Figure S4). Thus, residues with shorter hydrophobic side chains
can also bind efficiently in this pocket, as exemplified by
RB3041.

Elements of the S1 Specificity Pocket Are Also
Important for Catalysis

Asp-375 is essential for hydrolysis of arginyl-tripeptides (Tho-
lander and Haeggstrom, 2007). Mutation of this residue to Ala
virtually abolished hydrolysis of Arg-p-NA but had little effect
on hydrolysis of Ala-p-NA (Table 2). If the P1 Arg side chain is
modeled with its Co. at a position equivalent to the P1 Ca of
RB3040 or RB3041, Asp-375 could form a salt bridge with the
guanidinium group of the bound substrate (Figure S3). Thus, in
the reaction intermediate the guanidinium group of the P1 Arg
takes a position significantly closer to Asp-375 compared with
the binding conformation of the tripeptides in the initial Michaelis
complex. This would provide further binding energy to the reac-
tion intermediate and possibly place additional strain on the scis-
sile bond, which could facilitate its cleavage. According to the
scheme outlined here, the distance between the guanidinium
group of the P1 Arg and the carboxylate of Asp-375 would be
gradually reduced along the reaction path. Enzyme kinetic data
for [D375A]LTA4H support this notion, as seen above and in
Rudberg et al. (2002b) and Tholander and Haeggstrém (2007).

Therefore, Asp-375 seems to be more critical for the binding of
the intermediate species than the substrate, or at least to suc-
cessively increase the binding strength for this interaction as
the substrate moves along the reaction path. Because Asp-
375 is conserved in closely related M1 APs, this residue is likely
responsible for the specificity of aminopeptidase B, Caenorhab-
ditis elegans AP-1, and other mammalian LTA4Hs for arginyl-
peptides.

In contrast, Glu-271 could easily adapt to form strong H bonds
with the a-amino group of both substrate and intermediate.
However, mutational data suggest that this interaction is more
crucial for binding of the transition state, as exemplified by
more pronounced effects on kot than on K, upon mutation of
this residue in LTA4H and APN (Luciani et al., 1998; Rudberg
et al., 2002a). Therefore, it is possible that also this interaction
becomes optimized as the reaction proceeds.

Nature of the S1’ and S2’ Specificity Pockets
The bi-phenyl and phenyl moiety of RB3040 and RB3041, re-
spectively, probe the S1’ pocket, which is formed at the interface
between the catalytic and C-terminal domains of LTA4H. The
pocket is large, water-filled, and lined with polar residues (Asn-
291, Glu-325, Arg-326, Glu-533, and Lys-565), allowing both
bulky and polar residues to be accommodated in the P1’ position.

Orning et al. (1994) proposed a preference for hydrophobic
residues at the S1’ position. Such groups definitely fit into this
large cavity, as exemplified by the P1’ bi-phenyl residues of
RB3040, but they do not pack favorably with the enzyme and
add little binding energy. Instead, polar side chains of variable
size could easily form specific interactions.

The very similar S2' pocket is also formed at an interface
between the catalytic and C-terminal domains. It may be viewed

as a large intrusion of the protein surface and the entrance to the
active site. Side chains of bound P2’ residues face the outside of
the protein. The S2’ pocket is large and the bound P2’ arginines of
the tripeptides have few contacts with the protein. The only spe-
cific interactions are H bonds between the bound guanidinium
group and Ser-380 and a possible electrostatic interaction with
Glu-348. Similarly, the P2’ phenyl moiety of RB3041 binds at
the same location and does not exhibit distinct interactions.

Substrate Binding in the Michaelis Complex

Is Compatible with Polarization of the Scissile

Carbonyl Bond

When a tripeptide binds to the enzyme, the carbonyl oxygen of
the scissile bond interacts with the zinc ion and the hydroxyl
group of Tyr-383 while the amide nitrogen interacts with the
backbone carbonyl of Gly-269 (in the GXMEN motif). This posi-
tions the scissile peptide bond optimally for catalysis, presenting
the carbonyl carbon to both Glu-296 and the nucleophilic water.
Together, Tyr-383 and the zinc ion polarize the carbonyl bond of
the scissile peptide bond (Figures 4A-4B). This increases the
electropositivity of the carbonyl carbon, facilitating the nucleo-
philic attack of a water molecule.

The Intermediate Oxyanion Is Stabilized by Tyr-383

and the Zinc lon

The interaction between Tyr-383 and the inhibitor corresponds
to aninteraction between the oxyanion of the reaction intermedi-
ate and the enzyme. Thus, Tyr-383 and the zinc ion define an
oxyanion stabilization site, similar to the oxyanion hole of serine
proteases (Figure 4B) (Robertus et al., 1972). The similarity be-
tween the tetrahedral reaction intermediate (a gem-diolate) and
the inhibitors becomes even more evident if one considers the
fact that the phosphinic moiety of the inhibitors could be de-
scribed by a charge-separated species with a positively charged
phosphor atom and a negatively charged phosphonyl oxygen,
and not only with neutral atoms (Figure 2, inset).

In the distantly related thermolysin (7% sequence identity but
significant structural similarity), the corresponding residue of
Tyr-383is His-231, which is believed to participate in peptide hy-
drolysis in two ways (Beaumont et al., 1995; Mock and Aksama-
wati, 1994; Mock and Stanford, 1996). It can serve as a general
base catalyst or, as we propose for Tyr-383 in LTA4H, it can
stabilize the intermediate oxyanion of the hydrated peptide.
The latter mechanism is currently the most widely accepted,
partly because the former leaves the role of the conserved Glu
of the HEXXH motif undefined and was based on analysis with
inefficiently hydrolyzed substrates (Barret et al., 1998). In other
MA metallopeptidases, corresponding residues may well fulfill
the same task. For example, the tricorn-interacting factor F3
(an M1 AP), the anthrax lethal factor (an M34 endopeptidase)
and tentoxilysin (an M27 endopeptidase) all have Tyr residues
at positions suggesting similar roles. In carboxypeptidase A,
an M14 carboxypeptidase of the MC clan, a corresponding argi-
nine serves this purpose (Phillips et al., 1990).

Plausible Positioning of the Hydrolytic Water

Is Compatible with Weak Zinc Coordination

The complexes between [E296Q]LTA4H and the peptides lack
electron densities interpretable as a possible hydrolytic water
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Figure 4. Reaction mechanism for peptide hydrolysis by LTA4H

(A) Substrate displaces the zinc-associated water molecule and chelates the
zinc ion by its free amine and carbonyl oxygen, the former with a direct
coordinate bond. The carbonyl oxygen also forms a strong H-bond with the hy-
droxyl group of Tyr-383. The binding arrangement polarizes the carbonyl bond
and increases the electropositive character of the carbonyl carbon.

(B) The polarized carbonyl carbon is susceptible to nucleophilic attack. To fur-
ther assist in the nucleophilic attack by water (in red) Glu-296 acts as a base.
(C) Upon formation of the tetrahedral reaction intermediate the substrate be-
comes slightly shifted, leading to exchange of zinc-coordinating groups and
strengthened H bonds to nearby residues. The amino moiety H bonds tighter
to Glu-271 and the oxyanion forms two strong bonds, a coordinate bond to the
zinc ion and a low-barrier hydrogen bond to Tyr-383. The oxygens of the hy-
drated carbon form the same type of zinc coordination geometry as the free
amine and carbonyl oxygen of the substrate, a distorted trigonal bipyramidal
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molecule. Presumably, the bound peptide has displaced the wa-
ter molecule, and the absence of a charged Glu-296 prevents
a new water molecule from binding when substrate is present.
Notably, bound inhibitors commonly displace hydrolytic waters
from the coordination sphere of a catalytic zinc (Alberts et al.,
1998). However, in LTA4HeRB3040 and LTA4HeRB3041, one
of the oxygen atoms of the phosphinic groups provides a hint
for the position of the hydrolytic water: ~3A from the zinc ion
and H-bonded to the carboxyl group of Glu-296. The distance
observed for this H bond (2.4—2.5,&) implies a low-barrier H
bond, which is appropriate for the proton transfer associated
with Glu-296 during the nucleophilic attack by water.

There is controversy regarding the position of the hydrolytic
water in catalytic zinc sites. In the literature, proposals for cata-
lytic mechanisms involving both direct zinc-water coordination,
as well as more distant zinc-water interaction, exist (see Lips-
comb and Strater [1996] for a review). Our structures indicate
that the coordination chemistry around the zinc ion, in the sub-
strate bound form, appears to prevent formation of an exces-
sively short, strong zinc-water coordinate bond, which could
lead to entrapment of a Zn-OH species. Consequently, for M1
APs, our data support a position of the hydrolytic water compat-
ible with weak zinc coordination and relatively strong H bonding
to Glu-296. Such a positioning would still allow the acidity of the
hydrolytic water to increase, thereby facilitating the action of
Glu-296, without risking formation of a Zn-OH kinetic trap.

Glu-296 Shuffles Protons to the Leaving Amine
To create a good leaving group, allowing the peptide to break
apart, the leaving amine must acquire an additional proton.
Based on mutagenesis, Tyr-383 was previously proposed to
act as an acid catalyst for this purpose (Blomster et al., 1995).
However, we find that Tyr-383 is too far from the amine nitrogen,
and nothing in the structure suggests that the pKa of Tyr-383 is
unusually low—to the contrary, calculations indicate that it is in-
creased. The most obvious acid catalyst is Glu-296, protonated
as a consequence of the previous catalytic step. In this way, the
newly formed glutamic acid shuffles a proton to the leaving
amine (Figures 4C and 4D). This is equivalent to a proposed func-
tion for the corresponding Glu in thermolysin (Matthews, 1988).
To model binding of a proper reaction intermediate, we con-
structed such a species starting from the structure judged to
most closely resemble the transition state. Thus, one of the
bound inhibitors was rebuilt into a hydrated peptide of the
sequence Arg-Ala-Ala and its binding conformations optimized
by molecular mechanics and quantum chemical approaches.

coordination geometry is maintained with one directly coordinating group
and one group at a slightly longer distance. As a result of previous base catal-
ysis, an acidic proton resides on a carboxylate oxygen of Glu-296. This proton
is directly shuffled to the leaving amine moiety, which in this binding conforma-
tion has adopted a tetrahedral geometry, allowing it to present its lone pair to
the protonated Glu-296, thus facilitating the proton transfer. (Note that the
conformational change does not take place in the P1’ residue, as suggested
by the figure, but is localized to the zinc-coordinating groups.)

(D) Once protonated, the amine constitutes a good leaving group. The posi-
tional shift associated with formation of the reaction intermediate could be
partly driven by a force exerted by Glu-271 and Asp-375 (left out of the diagram
for clarity, but further discussed in the text), which may also facilitate the final
breakdown of the substrate.
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Optimization yielded a conformation optimal for Glu-296 to act
as a proton shuffle to the leaving amine nitrogen and direct trans-
fer of a proton to its lone-pair (Figures 4C and 4D, Figure S3).

Zinc-Coordinating Groups of the Substrate Are
Exchanged During the Reaction, but the Overall Metal
Coordination Is Maintained

The a-amino group of the bound RSR interacts with Glu-271,
Glu-318, and the zinc ion. The short distance (2.0,&) to the zinc
ion implies that the amino group exists in neutral form and
creates a direct coordinate bond with that ion. Because the
free amine of RB3040 or RB3041 exhibits no corresponding in-
teraction, this bond may form only in the initial enzyme-substrate
complex, as previously proposed for aminopepdidase N (Figures
4A and 4B) (Luciani et al., 1998). This exchange of zinc-coordi-
nating groups implies that the position of the substrate is slightly
shifted during the reaction (Figures 4B and 4C).

Because the protonated form of the a-amine group dominates
over the neutral form in aqueous solution at pH 7, this group must
be neutralized to allow the peptide to bind as outlined above. An
obvious candidate to catalyze this deprotonation is Glu-271,
because a glutamine is not accepted at this position (lturrioz
et al., 2001; Laustsen et al., 2001; Luciani et al., 1998; Rudberg
et al.,, 2002a). In LTA4HeRB3040 and LTA4HeRB3041, proper
zinc coordination is obtained through chelation by the phos-
phinic moiety. Given the positional certainty of the coordinates,
the amine-zinc coordinate bond is doubtlessly absent in the
inhibitor complexes. As suggested by previous mutational
data, the lost zinc-amine coordinate bond is compensated by
a strengthened interaction between Glu-271 and the substrate’s
amine (Figures 4B and 4C). Even though this is observed in the
present structures, uncertainty in coordinates makes it impossi-
ble to fully confirm this notion. As for the tripeptides, the free
amine of the inhibitors also forms H bonds with the carboxylic
oxygens of Glu-318 and additionally forms a new H bond with
GiIn-136.

Zinc coordination geometry appears to be critical for ligand
binding and is basically maintained throughout the reaction.
Thus, bound substrate, inhibitor, or reaction intermediates
must provide the fourth zinc binding ligand at a distance close
to 2A and a fifth, slightly more distant ligand (Figures 4A-4D).
This type of coordination pattern is observed in certain other cat-
alytic zinc sites (Alberts et al., 1998).

SIGNIFICANCE

LTA4H belongs to the M1 family of APs, which includes en-
zymes with a broad range of biological activities. M1 APs share
significant overall sequence similarity, including the con-
served HEXXH-X;g-E motif and the GXMEN motif. Our data in-
dicate that the latter motif is the structural consensus motif for
the exopeptidase activity of M1 APs. The a-amino group of
peptide substrates binds to the glutamate of this motif and is
directly coordinated by the catalytic zinc. The substrate back-
bone also aligns and binds along this motif. Catalysis of pep-
tide bond hydrolysis relies on residues fully conserved within
this enzyme family. Therefore, our conclusions about catalysis
and the main structural determinants required for overall sub-
strate binding likely hold true for all M1 APs.

EXPERIMENTAL PROCEDURES

Material

All standard chemicals were obtained from Sigma. Restriction enzymes and
chemicals for PCR were obtained from Invitrogen. Reagents for determination
of protein concentration were obtained from Bio-Rad. Custom-made peptides
were obtained from KJ Ross-Petersen.

Synthesis of Transition State Analogs

For good resemblance of the inhibitors with the main transition state for hydro-
lysis of tripeptides (i.e., the preferred substrate of LTA4H), inhibitors were se-
lected to have backbones with such chain lengths. We reasoned that identical
substrate and inhibitor chain length is important for accurate mimicry and
excludes secondary effect on the overall binding pattern.

Synthesis was performed as previously described and inhibitors denoted
RB3040 ((S)-2-((S)-2-(2-(((R)-1-aminoethyl)(hydroxy)phosphoryl)acetamido)-
3-(biphenyl-4-yl)propanamido)propanoic acid) and RB3041 ((S)-2-((S)-2-(2-
((R)-1-amino-2-phenylethyl)(hydroxy)phosphoryl)acetamido)-3-phenylpropa-
namido)-3-phenylpropanoic acid) (Chen et al., 2000).

Mutagenesis, Protein Expression, and Purification

Site-directed mutagenesis was performed with the QuickChange method
(Stratagene). Mutations were verified by DNA sequencing by Kl Seq (Karolin-
ska Institute). His-tagged recombinant protein was expressed in E. coli JM101
and purified as described (Rudberg et al., 2002a). The yield was ~2.2 mg/I cell
culture. Purified protein appeared as a single band on a Coomassie-stained
SDS-PAGE gel. Protein concentration was determined by the Bradford
method.

Crystallization

RB3040 or RB3041 was co-crystallized with LTA4H by liquid-liquid diffusion in
melting-point capillaries. A Tris solution (10 mM [pH 7.5]) of protein and inhib-
itor (equimolar concentrations, ~70 pM) was layered on the precipitate solu-
tion (28% [weight/volume] polyethylene glycol [M,, 8000], 50 mM Na acetate,
100 mM imidazole [pH 6.8], and 5 mM YbCls). For cocrystallization of tripepti-
des and [E296Q]LTA4H, conditions were identical, except that ligand concen-
tration was increased 10-fold.

Data Collection and Processing

Data were collected at beamlines I-711 and 1-911 (MAX lab I, Lund, Sweden).
Peptide-containing crystals were additionally soaked in 14% (weight/volume)
polyethylene glycol (M,, 8000), 25 mM sodium acetate, 50 mM imidazole
(pH 6.8), 2.5 MM YbCls, and 1 mM tripeptide for 12 h. For data collection under
cryogenenic conditions, crystals were frozen in the same solutions used for
soaking or crystallization, supplemented with 25% (vol/vol) glycerol. Complete
data sets were obtained from single crystals. Data sets were processed with
XDS or Mosflm followed by Scala and other programs of the CCP4 suite
(CCP 4, 1994; Kabsch, 1993; Leslie, 1992).

Model Refinement

Crystals were isomorphous with previously analyzed [E271Q]LTA4H crystals
(PDB accession id: 1H19). This structure, stripped of all ligands and water
molecules, was used for initial rigid body refinement. For all data sets, 3.3%
of the data was set aside for cross-validation.

For [E296Q]LTA4HeRAR, LTA4HeRB3040, and LTA4HeRB3041 crystals,
CNS was used for initial refinement (Briinger et al., 1987). After several rounds
of refinement and manual model building with Xtalview (McRee, 1999), Re-
fmac5 was used (Murshudov et al., 1997). Topology files for RB3040 and
RB3041 were generated with the sketcher facility of the CCP4 suite.

For the [E296Q]LTA4HeRSR crystal, structure refinement was performed
with Shelx| (Sheldrick and Schneider, 1997). Some residues were modeled
with alternative side chain conformations, B-factors refined using anisotropy,
and riding hydrogens added to the model, all while monitoring the Rfree value.
The final refinement included the cross-validation data.

Molecular Modeling
To obtain a view of the binding conformation of a proper reaction intermediate,
such a species was constructed from RB3040 bound to the active site of
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LTA4H. The rationale was that the binding conformation of RB3040 is likely to
be very close to that of a real tetrahedral reaction intermediate and that this con-
formation could be reached by energy minimization. Thus, the structure of
RB3040 bound to the active site of LTA4H was minimally rebuilt to that of an
Arg-Ala-Ala hydrated tripeptide. Glu-296 was protonated, since the hydrated
peptide represents the specific reaction intermediate formed as aconsequence
of the action of this residue as a base catalyst. The geometry of the hydrated
tripeptide was optimized with MOPAC using the AM1 Hamiltonian (Stewart,
1990). The binding conformation was optimized with the AMBER99 force field
(Wang et al., 2000) via steepest-descent minimization and simulated annealing
until convergence was reached. As implied by the [E296Q]LTA4HeRSR crystal
structure, the a-amine of the bound peptide species was modeled in neutral
form.

An orthorhombic simulation cell (extending 7.5 A in each direction of the
protein), explicit water molecules, an all atom model and periodic boundary
conditions were used. Residue pKa values were assigned, and the cell content
neutralized with sodium ions (Krieger et al., 2006). Long-range electrostatics
were treated by the Particle Mesh Ewald algorithm (Essmann et al., 1995). A
15 A cutoff was used for other nonbonding interactions. To avoid problems
with the zinc coordination sphere, the zinc ion and its coordinating atoms
were fixed during simulations. The above modeling steps were performed
with YASARA (Krieger et al., 2004).

Because molecular mechanics methods do not describe zinc coordination
properly and model unstable reaction intermediates poorly, we used the hybrid
quantum chemical/molecular mechanics (QM/MM) approach of the QSite 4.0
software (Schrddinger, LLC, New York, NY) to verify the binding mode of the re-
action intermediate by further geometry optimization. In this QM/MM energy min-
imization process, the ligand, the zinc ion, and its coordinating residues were de-
scribed at the quantum mechanical level (DFT-B3LYP/lacvp**). The rest of the
protein was described by molecular mechanics with the OPLS_2001 force field.

Enzyme Activity Determination by Initial Velocity Experiments
Peptidase activity assays were performed in 96-well plates with Ala-p-NA or
Arg-p-NA as substrates as described (Tholander et al., 2005). For wild-type
enzyme, each reaction mixture contained 1 pg of protein, as described,
whereas for mutants with low activity, the amount of protein was increased
10 to 100 times to obtain detectable signals. To determine kinetic parameters,
the Michaelis-Menten rate-law equation were fitted to the data by appropriate
least-squares regression methods.

Determination of Inhibition Kinetics via Progress-Curve Analysis

The inhibition potencies and the slow-binding properties of the inhibitors
RB3040 and RB3041 were obtained via progress-curve analysis (Duggleby,
2001; Duggleby and Szedlacsek, 1995; Plesner et al., 2001). Aliquots (50 pl)
containing 0.29 uM enzyme and 500 mM KCI in 250 mM Tris buffer (pH 7.5)
were added to reaction wells of a multiwell plate. Reactions were initiated by
addition of 200 pl 1750 pM Ala-p-NA with increasing amounts of inhibitor
(0.0625-5 puM). After brief mixing, p-NAn (para-nitroaniline) formation was mon-
itored by measuring absorbance at 405 nm every 10 s for ~60 min. Kinetic pa-
rameters were determined by analyzing progress curve data with Dynafit,
a dedicated software that numerically solves and fits the set of differential
equations, which are defined by the kinetic system under study, to the exper-
imental data (Kuzmic, 1996). The mechanistic model that best described the
datawas: S+ E — SE — P +E, E + | < El During fitting of kinetic models,
concentrations were treated as local parameters with 50% certainty, and all ki-
netic parameters were allowed to vary.

ACCESSION NUMBERS
Atomic coordinates and structure factors are available in the Protein Data Bank
(http://www.rcsb.org/) at: 3B7R (LTA4HeRB3040), 2R59 (LTA4HeRB3041),
3B7S ([E296Q]LTA4HeArg-Ser-Arg), and 3B7T ([E296Q]LTA4HeArg-Ala-Arg).
SUPPLEMENTAL DATA
Supplemental Data include four figures, one table, and Supplemental Refer-

ences and can be found with this article online at http://www.chembiol.org/
cgi/content/full/15/9/920/DC1/.
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