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Abstract—Human methionine aminopeptidase type 2 (hMetAP-2) was identified as the molecular target of anti-angiogenic agents
such as fumagillin and its analogues. We describe here the crystal structure of hMetAP-2 in complex with L-methionine and p-me-
thionine at 1.9 and 2.0 A resolution, respectively. The comparison of the structure of the two complexes establishes the basis of
enantiomer discrimination and provides some considerations for the design of selective MetAP-2 inhibitors.

© 2006 Elsevier Ltd. All rights reserved.

Methionine aminopeptidase (MetAP) is a dimetallopro-
tease that catalyzes the removal of N-terminal methio-
nine in newly formed polypeptide chains.'> MetAPs
are found in both eukaryotic and prokaryotic cells, and
two types of MetAPs are recognized from amino acid se-
quence comparisons and structural studies: type 1 (Me-
tAP-1) and type 2 (MetAP-2). MetAP activity is
essential for survival, as the removal of N-terminal initi-
ator methionines precedes post-translational modifica-
tions such as acetylation and myristoylation, which are
required for proper localization and stability of
proteins.? In prokaryotes, the deletion of the single Me-
tAP gene is a lethal event.* In yeast, the deletion of either
MetAP gene results in a slow growth phenotype, and
deletion of both types is lethal.> While the detailed bio-
logical roles of various MetAPs remain to be defined,
two independent papers have identified human methio-
nine aminopeptidase type 2 (hMetAP-2) as the molecular
target of the fungal metabolite fumagillin and its
derivatives. These epoxide-containing natural products
are potent anti-angiogenic compounds through irrevers-
ible covalent inhibition of hMetAP-2.58
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Angiogenesis, the formation of new blood vessels, has
been identified as an essential step in the growth and
proliferation of cancer cells as well as a prominent fea-
ture in diabetic retinopathy, hemangiomas, arthritis,
and psoriasis.®!!

Currently, TNP-470, a fumagillin synthetic derivative, is
in clinical trials for cancer treatment. Although the abil-
ity of fumagillin and analogues to inhibit endothelial cell
growth is related to their ability to inhibit MetAP-2
activity, it is not fully established why endothelial cell
proliferation requires MetAP-2 activity. This study
was undertaken to better understand the interactions
in the binding pocket and active site of hMetAP-2 for
the design of reversible and specific inhibitors.

Lowther et al. have described structural and biochemical
studies on type 1 methionine aminopeptidase from
Escherichia coli, eMetAP-1, and these studies have pro-
vided important insights into the structure-based design
of inhibitors for this type 1 enzyme.!'”> A particularly
interesting example is their analysis of the crystal struc-
ture of eMetAP-1 in complex with the substrate-like
inhibitor  (3R)-amino-(2S)-hydroxyheptanoyl-L-Ala-L-
Leu-L-Val-L-Phe-Ome, an analogue of the natural prod-
uct bestatin.'> Those results, besides clarifying possible
reaction mechanisms for eMetAP-1, suggested that an
unnatural absolute configuration at the Co mimic of
methionine—a D- not an L-amino acid—could be incor-
porated into potent inhibitors.

In a preliminary effort to gain insight into hMetAP-2’s
binding pocket and especially to explore enantiomeric
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inhibitor binding, we carried out high-resolution crystal
structure determinations for MetAP-2 in complex with
L- and p-methionine at 1.9 and 2.0 A resolution, respec-
tively. Recombinant hMetAP-2 was expressed and puri-
fied as previously reported'® and crystals of hMetAp-2
could be grown in two days at 4 °C using the sitting
drop vapor diffusion technique.'* Lack of reproducibil-
ity in preparing hMetAP-2 crystals under the original
crystallization conditions prompted us to investigate
the protein’s stability. N-Terminal amino acid sequence
analysis was performed at the BioResource Center at
Cornell  University using pre-formed hMetAP-2
crystals'> indicating that a fragment of hMetAP-2 start-
ing at residue Gly108 is the only detectable species in
our crystals. The crystallization of this stable truncated
hMetAP-2 fragment of approximately 42 kDa is consis-
tent with the results recently reported by Yang et al.'®
In their work, analysis of full-length and truncated
hMetAP-2 shows that the deletion of the 107 N-terminal
residues from hMetAP-2 does not affect the overall
structure of the peptidase domain and does not alter
its kinetic behavior or the binding affinities of inhibitors.

Crystals of the L-Met and D-Met complexes were ob-
tained by soaking native hMetAP-2 crystals with satu-
rated solutions of the tripeptide L-Met-L-Ala-L-Ser
(purchased from Sigma) or p-methionine (purchased
from Aldrich). Data collections for the (L-Met)MetAP-
2 and (D-Met)MetAP-2 complexes were performed at
the Advanced Photon Source (APS, 14-BM-C beam
line) and the Cornell High Energy Synchrotron Source
(CHESS, F2-beam line), respectively. Data collection
statistics are shown in Table 1. Crystals of the two com-
plexes proved to be isomorphous to those previously ob-
tained and the coordinates of the native hMetAP-2,
without metals, waters or fert-butanol, were used to ob-
tain an initial set of phases. L-Methionine and p-methi-
onine molecules were clearly present in the active site, as
observed by g5-weighted 2F, — F, and F, — F. maps for
the corresponding complexes (Fig. 1). The models were

Table 1. Crystallographic data

L-Met

D-Met

Figure 1. o5-weighted 2F, — F_ electron density maps at 1.2¢ (where o
is the root mean square value of the electron density) for L-methione
(1.9 A resolution) and p-methionine (2.0 A resolution).

initially refined by rigid body refinement, followed by
several rounds of adjusting side chain rotamers for res-
idues using O, interspersed with torsion angle simulat-
ed annealing using CNS,'® and positional and individual
B-factor refinement using REFMACS5'® (Table 1).

The final model of (L-Met)hMetAP-2 complex (acces-
sion code 1KQ9Y) contains one protein molecule com-
prising residues 112-478, with two disordered regions
from residues 114-115 and 139-154, plus two metal
ions, a tert-butanol molecule, a L-methionine molecule,
and 221 solvent sites treated as water oxygens. The aver-
age B-factors for the main chain and side chains are 26.3
and 28.7 A?, respectively.

L-Methionine binds in the active site, a deep hydro-
phobic pocket adjacent to the metal sites, through a
number of different interactions (Fig. 2). One oxygen

Data collection

Ligand Cell parameters Resolution Unique

Completeness Multiplicity Rgym"

A) A) reflections (%) (%)
L-Met a=90.7,b=987,¢=101.4 50.0-1.9 33,600 94.0 3.4 4.2
pD-Met a=89.8,b=98.9, c=100.6 50.0-2.0 30,241 98.7 5.0 7.7

Refinement statistics

Data Rﬂesolution Reactor” Riree® RMS bond! Ramachandran plot statistics regions®
set (A) (0) () Loengths Angles Most Additional Generously Unallowed
(A) ©) favored allowed allowed (%) (%)
(Vo) (Vo)
L-Met  50.0-1.9 18.1 20.9 0.07 1.88 92.3 7.0 0.3 0.3
D-Met  50.0-2.0 19.1 21.8 0.09 1.41 92.8 6.6 0.3 0.3

L-Met and D-Met raw data were merged and scaled using DENZO and SCALEPACK %!

* Ryym = 2_[Io—(D)|/> "Iy, where (I), average intensity obtained from multiple observations of symmetry related reflections.
Reactor = D |Fo — F|lY_F,, where F, and F, are the observed and calculated structure factor amplitudes, respectively.

¢ Rivee = R factor calculated from 5% of the data chosen randomly and omitted during refinement.

9Root mean square deviation from ideal geometry and root mean square variation in the B factors of bonded atoms.

¢ Ramachandran plot statistics were calculated using PROCHECK >
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Figure 2. Three-dimensional representation of the hMetAP-2 active
site showing the superimposition of L- and b-Met complexes.

of the carboxylate bridges the two metal centers, while
the other oxygen is hydrogen bonded to the imidazole
of conserved His339 (3.25 A) and two water molecules
(2.95 and 2.97 A, Fig. 2). In the (L-Met)hMetAP-2 com-
plex, the amino group of the methionine interacts with
the edge of the m-clectron cloud of Phe219. The distance
between the N-terminal nltrogen of L-Met NMety and
CZ is 3.0A, NMCel is 3.68 A, and NM*.Ce2 is
2.86 A, and this interaction will be addressed shortly.
This location relative to Phe219 places the nitrogen
2.38 A from metal site 1.

The side chain of L-Met is accommodated in a hydro-
phobic tunnel defined by Phe219, Gly222, TIle338,
Met384, and Ala414. The closest distance observed
between L-Met and residues that comprise the active
site is 3.6 A between SO of L-Met and CP of Ala414.
There is no significant movement of the residues
comprising the hydrophobic pocket upon L-Met binding,
which recapitulates the lack of reorganization seen on
fumagillin binding,'? and suggests that the binding pock-
et is preorganized for binding a methionine side chain.

The final model of (D-Met)hMetAP-2 complex (acces-
sion code 1KQO) contains one protein molecule com-
prising residues 111478, with a disordered loop
comprising residues 139-154, two metal ions, a tert-
butanol molecule, a b-Met and 192 solvent sites treated
as water oxygens. The average B- factors for the main
chain and side chains are 27.4 and 27.5 A2 , respectively.

The side chain of p-methionine is located in the same
hydrophobic pocket as L-methionine’s and makes
the same hydrophobic interactions. In particular, the
closest distances observed between L-Met and residues

comprising the hydrophobic pocket are 3.79 A for Sé
of L-Met (S8MY) and CPB of Phe219, and 3.94 A for
SaMet and CP of Ala414.

The carboxyl, amino, and a-hydrogen of p-methionine
must reorient relative to their locations in the L-methio-
nine complex to accommodate the change in absolute
stereochemistry (Fig. 2). The carboxylate is roughly in
the same location but with a different orientation, and
the amino and o-hydrogen switch places (Fig. 2). The
plane of the carboxylate group rotates roughly 90° while
maintaining an interaction with His339 (2.17 A) New
interactions with the conserved His231 (3.04 A) and a
water molecule (2.76 A) complete the interactions of
the carboxylate, which does not interact with the metal
sites in the p-Met complex. The amino group occupies
a new location with no n-cation interaction to Phe219,
a hydrogen bond to the side chain of Asp251 (3.02 A)
and a closer approach to the metals.

It has long been accepted that multiple noncovalent
interactions such as hydrogen bonds, salt bridges, and
hydrophobic contacts play an important role in stabiliz-
ing protein folding and protein-ligand interactions.
More recently, m-cation interactions have also been
shown to contribute to folding, stability of biological
systems, and molecular recognition process.?>2¢ Burley
and Petsko have thoroughly documented the preference
of a protonated amino group to interact with the center
of the m-electron cloud of an aromatic ring.>* More
recently, Zaric et al. proposed a variation on this inter-
action, the metal ligand aromatic cation-n interaction
(MLACHr), in metalloproteins.>> In MLACn interac-
tions, the metal interacts with the lone pair of an unpro-
tonated amino group to mimic a protonated amino
group, which then interacts with the m-electrons of an
aromatic ring. Because of geometrical constraints and
the lack of a fully protonated amino group, the interac-
tion is often to the side, not the center, of the ring.

The (L-Met)hMetAP-2 crystal structure indicates a
MLACT interaction between the amino group of methi-
onine and Phe219. Phe219, the aromatic ring identified
to take part of MLACx in (L-Met)hMeTAP-2, is con-
served in all type 2 MetAPs but not in type I MetAPs,
where Phe219 is replaced by a conserved Lys residue.

Interestingly, a comparison among the three-dimension-
al structures of other members of the aminopeptidase
family suggests that weak interactions such as hydrogen
bonds, m-cation, and others may be required for proper
recognition and positioning of their natural substrate.
For example, the structure of the (L-Met)eMetAP-1
complex reveals that besides the N-terminal interaction
to metal site 2 previously described, a threonine residue
was found to interact with the amino nitrogen of the
substrate (2.95 A, 30). Aminopeptidase P from E. coli
(eAMPP) is a proline peptidase that specifically releases
the N-terminal residue from a peptide where the next
residue is a proline.?’” As observed in MetAPs, AMPP
is activated in the presence of divalent metal ions coor-
dinating with the same conserved residues. A superposi-
tion between eAMPP and hMetAP-2 reveals that
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Phe219 is replaced by Tyr219, allowing hydrogen bond
formation with the N-terminal nitrogen from the
substrate.

In summary, the present work reveals the binding
modes of the reaction product, L-methionine and its
enantiomer D-methionine, determined by X-ray
crystallography at 1.9 and 2.0 A, respectively. These
results suggest that different absolute configurations
can be accommodated in the active site and that struc-
ture-based inhibitors exploiting both binding modes
could be considered.
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