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ABSTRACT. By improving the expression and purification B§cherichia colimethionine aminopeptidase
(eMetAP) and using slightly different crystallization conditions, the resolution of the parent structure was
extended from 2.4 to 1.9 A resolution. This has permitted visualization of the coordination geometry and
solvent structure of the active-site dinuclear metal center. One solvent molecule (likehydroxide)

bridges the trigonal bipyramidal (Col) and octahedral (Co2) cobalt ions. A second solvent (possibly a
hydroxide ion) is bound terminally to Co2. A monovalent cation binding site was also identified about 13

A away from the metal center at an interface between the two subdomains of the protein. The first structure
of a substrate-like inhibitor, §-amino-(Z5)-hydroxyheptanoyl-Ala-L-Leu--Val-L-Phe-OMe, bound to

a methionine aminopeptidase, has also been determined. This inhibitor coordinates the metal center through
of the (2S)-hydroxyl group, and (iv) terminal ligation to Col by the keto oxygen of the pseudo-peptide
linkage. Inhibitor binding occurs with the displacement of two solvent ligands and the expansion of the
coordination sphere of Col. In addition to the tetradentate, bis-chelate metal coordination, the substrate
analogue forms hydrogen bonds with His79 and His178, two conserved residues within the active site of
all MetAPs. To evaluate their importance in catalysis His79 and His178 were replaced with alanine. Both
substitutions, but especially that of His79, reduce activity. The structure of the His79Ala apoenzyme and
the comparison of its electronic absorption spectra with other variants suggest that the loss in activity is
not due to a conformational change or a defective metal center. Two different reaction mechanisms are
proposed and are compared to those of related enzymes. These results also suggest that inhibitors analogous
to that reported here may be useful in preventing angiogenesis in cancer and in the treatment of microbial
and fungal infections.

Methionine aminopeptidase (MetARemoves the ubig-  insertion of approximately 60 residues within the aminopep-
uitous N-terminal methionine from proteins. The enzyme tidase domain3). Despite this insertion and other differ-
preferentially hydrolyzes both protein and peptide substratesences, all MetAP crystal structures appear to have similar
that have a small, uncharged amino acid in the penultimatearchitecture 4—6). The active sites, which are also similar,
position @, 2). This family of enzymes is divided into two  are located at the interface between pseudo 2-fold related
classes (type | and type Il), the latter characterized by anN- and C-terminal subdomaingl)( The structure of the
prototypicalEscherichia colenzyme (eMetAP) showed that
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ﬁ;"rir?h'?ﬁ'gi'\grgfﬁit(i\t/\’ufe-s'--c))fan‘igﬁfeamh Grant GM20066 (B.W.M.) protein, coordinate a dinuclear metal center essential for
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bamate; AHHpA, (®)-amino-(Z)-hydroxyheptanoic acid; creatinase, ; :
creatine amidinohydrolase; MetAP, methionine aminopeptidase; eMetAP metallohydrolasesl@, 13). Historically, Co(ll) has been used

E. coli MetAP; hMetAP-II, human MetAP type II; yMetAP-Il, yeast 10 study the properties of this enzyme because of its ability
MetAP type II; pfMetAP,P. furiosisMetAP; Nle, norleucine; LeuAP,  to reconstitute apoenzyme with high activity and its unique

leucine aminopeptidase; ProAP, aminopeptidase P; Mebl-iad(- spectral characteristicd,(14). A recent report, however,
pholino)ethanesulfonic acid; Hepe;2-hydroxyethylpiperaziné¥- ts that the i . tivity of t | t MetAP
2-ethanesulfonic acid; DMSO, dimethyl sulfoxide; EDTA, ethylene- SUGQESLS that the In vivo activity or type | yeast Me

diaminetetracetic acid. (yMetAP-1) is mediated by zZn(ll) 15).
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Ficure 1: Structure and labeling scheme for the inhibitor of MetAP
used in this report. Substitutions to the structure of bestatin, a natural
product, were made to match the substrate specificity of MetAP.
The norleucine analogue, AHHpA, at the fposition replaces the
N-terminal methionine of a substrate rendering it nonhydrolyzable.
The R' residue was changed to Ala [nomenclature of Schecter and

Berger @5)].

Human MetAP-Il has been shown to be the molecular
target (L6, 17) of the potent anti-angiogenesis agents fum-
agillin, ovalicin, and a related compound, TNP-470, currently
in cancer clinical trials 18). His79 in eMetAP and the
equivalent residues in the human (hMetAP-Il) and yeast
(yMetAP-11) enzymes have been biochemically}(19) and
structurally 6) shown to be the site of covalent modification
by this class of compounds. These observations imply that
the processing of certain proteins or peptides by MetAP may
be required for angiogenesis and the vascularization of
tumors @0, 21). These studies also suggest that His79 and
another conserved histidine (His178 in eMetAP), both of
which are close to the metal center, may play a role in
catalysis.

In an effort to understand the mechanism of action of
MetAP, we have followed a multifaceted approach, including
the development and structural analysis of inhibitor com-
plexes, the construction and analysis of mutants, improve-
ment in the resolution of the parent structure, as well as
comparisons with LeuAP9( 10, 22, 23), creatinase 24),
and ProAP fromE. coli [(11) also known as AMPP].

MATERIALS AND METHODS

Crystallization, Data Collection, and Refinemerithe
bestatin-based inhibitor E§-amino-(Z)-hydroxyheptanoyl-
L-Ala-L-Leu--Val-L-Phe-OMe (Figure 1) was prepared by
a stepwise solution strateg®?q, 27). The stereochemistry
of the inhibitor was predominantly 825 although about
12% of the (R 2R) enantiomer was present.

Recombinant eMetAP (Arg175GIn) was prepared in the
same manner as previously reported and stored8&t°C
in aliquots containing 25 mM Hepes, pH 6.8, 25 mM3Q,,
100 mM NacCl, 1 mM CoGJ, and 15 mM methionineld).
The background Argl75GIn mutation was included to
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Table 1: X-ray Data Collection and Refinement Statistics

holo- holo- inhibitor Apo-
enzymé enzymé& complex His79Ala

space group P2, P2, P2, P2,
cell parameters

a(h) 39.0 39.3 39.3 38.7

b (A) 61.7 67.7 65.2 68.3

c(A) 54.5 48.9 51.4 55.5

S (deg) 107.3 111.2 106.1 106.0
data statistics

resolution range (A) 52:62.4 35.5-1.9 37.8-2.1 28.8-2.0

collected reflections 94123 45928 48 052
unique reflections 8387 18444 13762 16 062
completeness (%) 82 100 (100) 94.0 (92.9) 85.2(70.8)

<l/o(l)> 22.7(6.1) 20.5(4.8) 22.4(4.4)

Reym (%) 7.7(25.1) 7.6 (25.5) 4.7 (21.0)
refinement statistics

R (%) 18.2 15.5 15.6 18.4

Abonds(A) 0.012  0.013 0.012

Aangles(deg) 2.3 2.3 2.4

Avig planes(A) 0.008 0.008 0.008

planes(A) 0.013  0.013 0.012

average thermal factors

protein atoms (A 22.4 23.2 23.0

solvent (&) 315 32.6 34.1

inhibitor atoms (&) 36.3

Col, Co2 (B 15.4 17.1

Co3 () 56.9

Nat (A2?) 13.0 28.9 16.7

a2 These data are for the original determination of the holoenzyme
structure 4) and are included for reference and to show the differences
in cell dimensions and in resolution compared to the present studies.
b This report.c <l/o(l)> is the root-mean-square value of the intensity
measurements divided by their estimated standard devi&igngives
the average agreement between independently measured intensities. The
values for the highest resolution shells are given in parentheses:
holoenzyme (1.961.97 A), complex (2.162.17 A), His79Ala (2.06-
2.07 A).?Ris the crystallographic residual following refinemefonds
Aangles Atig planes aNdApianesgive the average departure from ideal values
of the bond lengths, bond angles, trigonal planes, and other planar
groups of atoms.

and fresh 2 mM CoGl Crystals of the inhibitor complex
were obtained by incubating the enzyme as above at room
temperature for 5 min with a 20-fold molar excess of the
inhibitor dissolved in DMSO. The final inhibitor:enzyme
ratio was 10:1 (1% DMSO) after mixing the preformed
complex with well solution (0.1 M Mes, pH 6.1, 2 mM
CoCh, and 27-31% PEG 4000). Crystals of the His79Ala
mutant were obtained by mixing the apoenzyme retaining
the C-terminal His-tag14) (6.7 mg/mL, 20 mM DTT in
storage buffer without cobalt) with an equal volume of well
solution (22-27% PEG 3400, 0.1 M Hepes, pH 7.0, and
200 mM NacCl). Diffraction quality crystals were obtained
after macroseeding into 20 hanging drops.

X-ray diffraction data were collected by the oscillation
method on either a Raxis Il or IV with a Rigaku rotating
anode source. The raw data were merged and scaled using
DENZO and SCALEPACK 28). The holoenzyme and the
inhibitor complex data were collected at room temperature.
Data for the His79Ala mutant were collected-a170 °C

remove a secondary thrombin cleavage site within a surfaceafter equilibrating the crystal in 25% glycerol, 0.2 M NaCl,

loop. Crystals of the Co(ll)-substituted enzyme were grown
at room temperature by vapor diffusion in-280 uL sitting
drops after mixing the protein, 12 mg/mL solution in storage
buffer containing 48.8 mNN-octanoyl sucrose (Calbiochem-
Novabiochem Corp., La Jolla, CA), 1:1 with well solutions
containing 24-26% PEG 4000, 0.1 M Hepes, pH #0.2,

and 0.1 M Hepes, pH 7.0 for 30 min. Because of variations
of several angstroms in the cell dimensions (Table 1), it was
necessary to use molecular replacem@8y {o facilitate the
determination of the higher-resolution holoenzyme structure
as well as that of the mutant and the inhibitor complex. After
placing the starting model without the cobalt atoisiito
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the new unit cell of the holoenzyme, it was refined by (i)
rigid-body refinement using first the entire model and then

Lowther et al.

recording the holoenzyme spectreMet was added to a final
concentration of 150 mM in 20 mM Hepes, pH 7.4, and 1

20 smaller secondary structural elements, (ii) the assignmentmm CoC}, and the spectra were rerecorded.

of different rotamers to several amino acid side chains, (iii)

Computer Graphics Atomic coordinates were super-

the inclusion of amino acid side chains not seen previously, imposed with a six-dimensional search algoriti86)(or the

and (iv) the addition of water molecules tar Positive
difference features in af, — F. electron density map. After
each session of building in CHAINBQ) or O (31), the model
was refined with TNT 82). The 1.9 A resolution model of

SUPERIMPOSE program in the Insightll package (Biosym
Technologies, San Diego/Molecular Simulations, Waltham,
MA). Figures 2-5 and 8 were generated with BOBSCRIPT
(37). Figure 6 was made by using MIDASPLUS (Univer-

the holoenzyme was used as the molecular replacementity of California, San Francisco Computer Graphics Labora-
search model for the determination of the inhibitor complex  tory).

and the His79Ala mutant. The refinement parameters for the
inhibitor were based on the small-molecule crystal structure

of bestatin 83). The His79Ala model required additional

modifications at the C-terminus due to extensive interactions

with the active site of a symmetry-related molecule. In the
final stages, all models were refined with unit occupancy
and correlated thermal factor restrain®gl)(

Mutagenesis and Aclity Analysis The His79Ala mutant
was generated as previously reportéd)( The His178Ala
mutant, in the Argl75GIn “wild-type” background, was

created and purified in an analogous manner using the samd

5'-and 3-end primers and the following mutagenic primers:
5'-CGG TTC TTC AGC GAA GCC CTG GCC G*&and
5-TGA AGA ACC GCA GGT GCT GCA C-3 The
holoenzyme and the His79Ala and His178Ala mutant

enzymes used for activity assays were stored in their metal-

free form following treatment with 5 mM EDTA and passage
through a gel filtration column equilibrated with 50 mM

Hepes, pH 7.5, and 100 mM KCI, which also removed the
methionine present in previous steps in the purification

RESULTS

Holoenzyme Acie Site The new expression system,
purification scheme 1), and the optimization of crystal
growth conditions made it possible to extend the resolution
of the eMetAP crystal structure from 2.4 A resolutie) {0
1.9 A resolution. The best X-ray diffraction data sets were
obtained from 13 week old crystals which grew readily
rom solutions containing freshly prepared Co(ll), 15 mM
methionine, and the detergemM-octanoyl sucrose. As
indicated in Table 1, the new crystals have the same space
group as previously reported)( but have cell dimensions
that differ by several angstroms.

The final model contains one molecule of MetAP (residues
2—263), 96 water molecules, three Co(ll) ions, and ong Na
ion in the asymmetric unit. The stereochemistry is good
(Table 1). The catalytic center (Figure 2) is generated by
strictly conserved residues among MetAPs that interact, in

scheme. Enzyme used to ascertain the activity levels in thethis case, with two Co(ll) ions (CeiCo2 distance= 3.2

presence of Zn(ll) was incubated overnightl h) on ice
in the presence of 12 mM EDTA (24 mg/mL protein) prior
to analysis.

All enzymes were freshly diluted with ice-cold 20 mM
Hepes, pH 7.1, priorata 5 min preincubation with buffer
containing freshly prepared CoGir ZnCh at 30°C. After
the addition of substrate, the final reaction conditions were
50 mM Hepes, pH 7.1; 50 mM KCI; 0-10.2 mM CoC} or
0.1-1 mM ZnCh; 4 mM substrate; and 0.6% mg/mL
enzyme. Experiments directly comparing activity in the
presence of Co(ll) or Zn(ll) also contained 2&1 EDTA.
The reaction was quenched after 10 min by a100-fold
dilution with 10 mM EDTA, pH 8.8. The release of the
N-terminal norleucine from the substrate, Nle-Ala-Ala-Glu-
Glu, was determined by derivatization with AQ85] in the
ratio 1:3:1 (sample:Waters borate buffer:AQC, AccQ-Fluor
Reagent Kit, Waters). A 5@L aliquot of the sample was

A) in a monodentate (His171 and Glu204) or a bidentate
manner (Asp97, Asp108, and Glu235). Two solvent mol-
ecules (A and B) were clearly observed coordinated to the
metal center (Figure 2A). The first of these bridges the cobalt
ions. The second is a terminal ligand of Co2 and also
participates in a hydrogen bond interaction with Thr99. The
coordination geometry of Col is distorted trigonal bipyrimi-
dal whereas that of Co2 is distorted octahedral (Figure 2B).
Asp108°! and Glu204<2 each occupy an axial position of
Col while solvent A, His17¥?, and Glu235 define the
equatorial plane. The same shared solvent together with
Aspl108°2 and Asp9?1®2 make up the equatorial plane
of Co2 while solvent B and Glu23% are in the axial
positions. Several additional water molecules were observed
in the active site (Figure 2B). Methionine, though present
during crystallization, was not observed in the active site,
suggesting that the enzyme has low affinity for the reaction

loaded onto a Beckman Gold HPLC/autosampler system Product. An electron dense feature, presumably a third cobalt

fitted with a 5um, 4.6 mm x 15 cm Beckman ODS

ion, was identified far from the active site at a crystal contact

Ultrasphere column. The derivatized products were eluted involving His54 and Glu123, a residue from the adjacent

at 38°C, 0.7 mL/min by a 14 min linear gradient from 10
to 30% B and a subsequent 30% B wash for 18 min [buffer
A, 140 mM sodium acetate, 24M EDTA, 0.17% (v/v)
triethylamine adjusted to pH 5.0 with,AQ,; buffer B and
60% acetonitrile]. The amount of norleucine produced,

symmetry-related molecule. This was seen only in the
holoenzyme structure (Table 1).

Cation-Binding SiteDuring the refinement of the holo-
enzyme structure, the thermal factor for a putative water
molecule cradled within a turn containing residues-78

monitored at 254 nm, was determined by comparison to a (Figure 3A) consistently refined to 12Athe lower limit in

norleucine standard curve from 15 to 2000 pmdk 0.99).
Each reported value represents the average-df3inde-
pendent measurements and its standard deviation. The UV
vis spectra were measured as previously describ@dAfter

TNT, suggesting the presence of a more electron-dense atom.
Test refinements with Naand K' ions at this site showed
that a sodium ion gave thermal factors that best matched
those of the liganding oxygen atoms, suggesting thdtisla
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FIGURE 2: (A) Metal center of eMetAP. The stereo figure shows an “orfif’™= F. electron density map calculated at 1.9 A resolution in

which the displayed residues were omitted from the refined model during map calculation. The map was contaureleaed is the
root-mean-square value of the electron density throughout the unit cell. To clarify the figure blue contours are used to show the protein
atoms and the cobalt ions while red contours show the water molecules; both colors correspond to positive density. (B) Interatomic distances
within the metal center. The distance between Col and Co2 is 3.2 A. Color scheme for atoms: red, oxygen; blue, nitrogen; yellow, carbon;
cyan, cobalt. Water molecules are labeled A to E.

e
]

present in all three structures. The three carbonyl-oxygen toacids @2, 43). To target eMetAP, a norleucine side chain
metal ligand distances are consistent withtN&8), but was introduced as a mimic of the methionine side chain and
partial occupancy by K cannot be ruled out. The location alanine was placed in;P since eMetAP prefers small side
of this presumed sodium ion also corresponds with the chains in this position. The resulting amino acidR&mino-
thallium site used in the original structure determinatidn (  (29-hydroxyheptanoic acid (AHHpA) was used to synthesize
Indeed, thallium is routinely used as a™Nar K™ mimic in the nonhydrolyzable transition-state analogue AHHpA-Ala-
crystallographic and biochemical experimerg9, @0). The Leu-Val-Phe-OMe (Figure 1), which inhibited eMetAP with
residue at the apex of the turn at the cation site, Asn74 in ICso = 5 uM (27). Although the inhibitor’s side chains and
eMetAP, is strictly conserved among all enzymes exhibiting P;’ substituents are similar to those of a substrate for eMetAP,
this protein fold, including MetAPs, creatinase, and ProAp the stereochemistry is different (3R versus the natural
(5, 7). Asn74 has an unusual backbone conformatipr=( configuration of S for methionine), and the peptide backbone
42°, y = —108) that places this residue in a normally is extended by one atom.

“disallowed” region of the Ramachandran plot. Crystals showing binding of the inhibitor could only be
Inhibitor Design and Mode of BindingThe natural obtained by first preequilibrating the protein with inhibitor
aminopeptidase inhibitor, bestatid1), has been used to in solution (see Materials and Methods). In retrospect, this
design inhibitors of other aminopeptidases by changing the behavior is consistent with the substantial differences in cell
two specificity determinants: the side chain on the 2-hy- dimensions between the free enzyme and the complex (Table

droxy-3-amino acid metal chelator and th¢-HP,’ amino 1). However, the 0.3 A RMS difference between the C
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Ficure 3: Monovalent cation binding site and its relationship to the metal centel={A) F. electron density map contoured atol@The

map (blue contours) was calculated to 2.0 A resolution with the cation (greératden) omitted from the refined model. (B) Proximity

of the cation site to the metal center and the bound inhibitet3( A). The cation site mediates an interaction between an N-terminal
subdomain turn, near a solvent exposed loop containing His79, Arafrand of the symmetry-related C-terminal subdomain (gray carbon
atoms) that leads directly to one of the bridging carboxylate metal ligands (Glu235). (C) Superposition of the analogous turn from pfMetAP
(gray carbon atoms, 1.2 A RMS for the* @toms of the aminopeptidase domains and 0.6 A for that6ms of the loop and the residue
equivalent to Ser231)pj. The positively charged Natom of Lys80 occupies a position analogous to the cation of eMetAP. The carbonyl
oxygen atoms from Asn74, Val76, and Ser231 of eMetAP correspond to the carbonyl oxygen atoms from Asn57, 1le59, and Val277 of
pfMetAP.

atoms of the holoenzyme and the inhibitor complex indicates the coordination sphere of Col to distorted octahedral. In
no large conformational change associated with ligand addition, Asp97 rotates slightly resulting in a longet?©
binding. Clear density was present (Table 1, Figure 4) for Co2 interaction (2.7 versus 2.4 A). A hydrogen-bonding
the AHHpA-Ala-Leu moiety (Figure 1). The remaining network between the inhibitor backbone atoms and the
atoms of the inhibitor are not observed presumably becauseprotein is observed (Figure 4B). This network includes
they are poorly ordered. hydrogen bond interactions to His79 and Hisl178, two
The mode in which the inhibitor coordinates the dinuclear absolutely conserved MetAP residues. The AHHpA side
metal center is clearly seen and corresponds to the (2S,3R)hain, analogous to methionine (Figure 1), fits snugly into a
enantiomer (Figure 4). The shortest ligattdetal distances  relatively hydrophobic Ppocket lined by residues His79,
are from the 2S-hydroxyl (O2) to each Co(ll) ion as well as Cys59, Cys70, Tyr62, Tyr65, Phel77, and Trp221. Ttie P
the 3R-amine to Co2. Comparison with the resting enzyme alanine side chain interacts with a shallow binding pocket
shows that solvents A, B, and D are displaced by the O2 primarily defined by Glu204, GIn233, Met206, and Tyr168.
hydroxyl, the N-terminal nitrogen, and the O1 atom of the  Mutational Analysis of His79 and His17Because of the
inhibitor, respectively. Binding of the inhibitor also expands conservation of His79 and His178, and their participation
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FiGure 4: Interactions of the inhibitor in the active site. (B) — F. electron density map contoured at.3'he map (blue contours) was
calculated to 2.1 A resolution with the inhibitor (orange bonds) omitted from the refined model during the map calculation. GIn233 and
Thr99 are not displayed for clarity. (B) Selected interatomic distances. Dotted lines indicate interactions with the metal center as well as
hydrogen bonding interactions between the inhibitor, adjacent water molecules and residues His79 and His178. Water molecules are labeled

CandFtol.

in inhibitor binding (Figure 4B), these residues were  Choice of Metal at the Acte Site It has recently been
individually mutated to alanine to investigate their potential reported that yMetAP-I reconstituted with low concentrations
roles in catalysis. The His178Ala mutant showed 50-fold of Zn(ll) is as active as the Co(ll) enzym&5). We found
lower activity toward Nle-Ala-Ala-Glu-Glu in comparison  similar behavior with eMetAP, so long as the enzyme was
to the wild-type enzyme (9% 26 vs 51004+ 580 nmol of treated with EDTA immediately prior to the activity meas-
Nle produced/min/mg in 0.2 mM Cogl The His79Ala urement. Following this protocol, eMetAP showed nearly
mutant was 5 orders of magnitude less active than wild-type equivalent activity in the presence of 0.1 mM Co(ll) (3420
enzyme [12+ 2 pmol/min/mg with 100-fold more enzyme &+ 500 nmol/min/mg) or 0.1 mM Zn(ll) (1018- 110 nmol/
(150u9), 1 mM CoC}, and 24 h incubation]. Similar results  min/mg). However, in the presence of 1 mM zinc, the activity
have been reported for the corresponding mutants in hMetAPdecreased by 7-fold (146 23 nmol/min/mg). This observa-
(19. tion is analogous to the finding that the yMetAP-I is inhibited

The structure of the apo His79Ala mutant was determined by 1 mM zinc (L5). Experiments are in progress to elucidate
crystallographically (Table 1). As shown in Figure 5A, the the structural basis for the observed decrease in activity at
differences from the wild-type protein are modest, indicating higher Zn(ll) concentrations.
that a major structural perturbation is not responsible for the
almost complete loss in activity. Moreover, the locations of DISCUSSION
the metal ligands nearly superimposes with those of the wild- Methionine and proline aminopeptidases share the same
type holoenzyme, implying that the mutant enzyme is general three-dimensional fold in their aminopeptidase
competent for metal binding. The electronic absorption domains 4—6, 11). In particular, the ligands to the dinuclear
spectra (Figure 5B) demonstrate that the His79Ala and metal center and two histidine residues, His79 and His178
His178Ala variants form nearly equivalent dinuclear metal in eMetAP, are conserve®,(7). Catalytic activity has been
centers as the wild-type enzyme. The addition of a high observed for enzymes in which the metal center was
concentration of methionine to all three proteins also causescomprised of Co(ll) or Zn(ll) for eMetAP; Co(ll), Zn(ll),
similar spectral perturbations which are consistent with Mn(ll), or Ni(ll) for yMetAP-I; Co(ll) for yMetAP-I1; Co(ll)
conversion to octahedral Co(ll) geometry for each metal for hMetAP-Il and Mn(ll) for ProAP {1, 15 16, 19).
center 44, 45). Therefore, the following discussion, while based on cobalt-
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FIGURE 5: (A) Comparison of eMetAP holoenzyme to the apoenzyme-form of the His79Ala mutant (RMS of tter@s 0.9 A, residues
2—262). Solvent L corresponds to solvent A, the metal-bridging ligand of the holoenzyme. Solvent M interacts via hydrogen bonds with
Asp97 and Glu204. (B) Electronic absorption spectra for the Co(ll)-substituted eMetAPs; wild-type (blue), His79Ala (red), and His178Ala
(green) variants of eMetAP. Protein concentrations were in the range2G8nM and absorptivities were normalized to be on a molar
basis. Solid and dashed lines indicate the absence or presence of 166MalMrespectively, in 20 mM Hepes, pH 7.4, and 1 mM GoCl

Over the range of wavelengths included, the spectrum of a solution of 150 mM methionine in 20 mM Hepes and 1 mNKCEA, is
indistinguishable from the baseline (not shown).

substituted eMetAP, should be relevant to all enzymes within the active site (Figure 2). In common wigtyrococcus
displaying this protein fold. furiosis MetAP (pfMetAP) and ProAP, a solvent molecule
The inhibitor complex of eMetAP provides a structural oru-hydroxide ion is bound between the ions of the dinuclear
basis for the known substrate preferences of MetAPs. Themetal centerg, 11). Such bridging ligands typically mediate
interaction of the terminal nitrogen of the inhibitor with Co2 metal-metal interactionsg). It seems highly likely that this
(Figure 4B) is consistent with the requirement for a free bridging moiety is a key structural feature with respect to
amino-terminus. The tapered shape of the hydrophobic catalysis for MetAPs. The binding of the inhibitor to the
pocket is consistent with the requirement for methionine at metal center displaces both the bridging and terminal solvent
the R position and explains the inability of the enzyme to moieties and increases the coordination number of Col
cleave substrates containing methionine sulfoxithe The (Figure 4). This binding mode suggests a structural rationale
limited amount of space at the'Bite (defined by the side  for how a substrate and subsequent reaction intermediate(s)
chains of Glu233, Met206, and Tyr168) is in agreement with may interact with the metal center. The change in the
the preference for substrates with small side chains at thiselectronic absorption spectra of the wild-type and mutant
position (1, 46, 47). proteins upon the addition of methionine also supports
The apparent effectiveness and specificity of the AHHpA- product interactions with both Co(ll) ions (Figure 5). The
containing inhibitor toward eMetAP suggests that it may available data suggest two possible transition states (Figure
represent another important class of therapeutic compoundss) corresponding to two slightly different reaction mecha-
for combating angiogenesis in cancer and other noncancerousisms (Figure 7). These are briefly outlined below, followed
diseases of aberrant vascularizatiah @8). Reports showing by a discussion of the evidence for the respective schemes
the lethality of deleting the MetAP gene froE coli and and comparisons to LeuAP and creatinase.
both MetAP (I and Il) genes from yeast also indicate that Mechanism | One possible transition state is shown in
these compounds could be beneficial as antimicrobial andFigure 6A with the corresponding reaction scheme shown
antifungal agents4@, 50). in Figure 7. This model was constructed with the following
Mechanism of Catalysig he higher resolution of eMetAP  assumptions: (i) that the N-terminus of the substrate
diffraction data permitted observation of the solvent structure coordinates to Co2 at the expense of the terminal solvent
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a proton donor (3.5 A away) to the leaving group amino
nitrogen. The role of His79 in this scheme is to orient the
substrate in a productive manner for catalysis.

Mechanism II.The second possible transition state, shown
in Figure 6B, was built using the same assumptions as the
first. The essential difference is that the plane of the former
peptide bond has been rotated to enable thatdm of the
intermediate to interact with Col. In this orientatiors ©
2.7 A from Co1 and is also fairly close (3.3 A) to His178.
In the corresponding mechanism (Figure 7, path B), ligand
exchange at the metal center functions to activate the
u-hydroxide for nucleophilic attack. The resultant tetrahedral
intermediate is stabilized by chelation to Col and possible
hydrogen bonding with His178. Analogous mechanistic
features have been suggested for ProAB.(The location
of Glu204 and its proximity to the nitrogen of the scissile
bond (2.7 A), suggest that this residue might shuttle a proton
from the attacking:-hydroxide to the leaving nitrogen. In
this scenario, Glu204 of eMetAP plays a role analogous to
that proposed for Glu143 of thermolysiB1—53), Glu270
of carboxypeptidasese, 54), Aspl28 of arginasel@) and
possibly Glul51 of the aminopeptidase frokeromonas
proteolytica(55, 56). All of these are metalloproteases with
three-dimensional structures apparently unrelated to that of
eMetAP. Although the idea of related mechanisms of action
HisTa for these different metalloenzymes is very attractive, one

cannot rule out the possibility, in the case of eMetAP, that
His79 or His178 might also act as proton donors, either
directly or via solvent. For example, these histidines may
transfer a proton, in an analogous manner proposed for
His141 in arginase, to the newly released N-termiri}. (

FiIGURE 6: Models for the reaction intermediates of eMetAP. The  Comparison of the Reaction Schem@sie of the main
oxygen atoms are labeled according to their proposed origin: O (ifferences between the two mechanisms proposed for

attacking nucleophile; @ the substrate carbonyl oxygen. His79 . .
interacts with the inhibitor (3.0 A, Figure 3) and the transition state MetAP is the location of the Oatom of the substrate upon

models in a similar fashion (2-6.8 A). Coordinating ligands to ~ Pinding (Figures 6 and 7). Associated with this, the prochiral
the metals are shown by solid bonds. Potential metal, hydrogen carbonyl group is attacked, respectively, on its si or re
bonding, and transitional interactions are indicated by dashed yellow enantiotopic face in mechanism | and Il. The role of His178
lines. The hypothetical transition state models were built and energy js 5150 different. In mechanism |, His178 is proposed to

minimized by the BUILDER and DISCOVER programs within the . . . -
Insightll package (Biosym Technologies, San Diego/Molecular protonate the leaving group, whereas in mechanism I, it may

Simulations, Waltham, MA) assuming the formation of a tetrahedral @meliorate the stabilization of the carboxyanion of the

gemdiolate intermediate. Only small rotations about tHe-C? transition state by Col. The significant residual activity of

anddtrlu_a G-arr:wide nitrogen t;o?]ds oflﬁt//gvc%r]ﬁ_geeded to IdOCk the  the His178Ala mutant, however, suggests that His178 is not
Vodel 1 n this model. His178, wnich has been omitie for dariy,  C'iiCal for catalysis. This observation tends to argue against
could potentially form interactions with the backbone nitrogens of Mechanism 1. Additional support for mechanism Il comes
the R’ (3.5 A) and B (3.1 A) residues. (B) Model 2. In this case, from the mode of binding adopted by the inhibitor. In the

His178 may also help to stabilize the carboxyanion of the complex (Figure 4B), two oxygens atoms chelate Col,
intermediate (3.3 A) or interact with theyX3.5 A) backbone  completing the coordination sphere from a distorted trigonal
nitrogen. bipyramid to distorted octahedral. This is analogous to the
proposed transition state in mechanism Il (Figures 6B and

His171 His79

Hiz171

molecule B, (ii) the formation of a noncovalent tetrahedral
gemdiolate intermediate, (iii) that the original carbonyl 7).

oxygen (Q) of the scissile peptide bond interacts with The importance of His79 in the mechanism of action of
Glu204, and (iv) that the water @grhydroxo moiety (solvent  eMetAP is highlighted by the almost complete loss of activity
A) of the resting enzyme (Figure 2) represents the nucleo- of the His79Ala mutant. Since His79 is, however, assumed
phile (Qy). In this mechanism, the solvenamine ligand to play an equivalent role in the two alternative mechanistic
exchange could alter the electronic character of the dinuclearschemes, the low activity of the mutant does not help to
metal center (Figure 7, path A) and facilitate proton transfer differentiate between them. The inability of the mutant to
from the u-hydroxide to the carbonyl group @presulting form a hydrogen bond to the,’Rcarbonyl oxygen atom of

in a hydrogen-bonding interaction with Glu204. At the same the substrate may prevent binding of the substrate in a
time, oxygen Q would attack the carbonyl carbon of the productive manner. This suggests that, even though substrates
scissile bond leading to the tetrahedral intermediate. Collapselikely bind to the metal center via their N-termini, interactions

of the intermediate could be facilitated by His178 acting as remote from the scissile bond play a major role in catalysis.
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FiGure 7: Two proposed reaction mechanisms for eMetAP catalysis. In mechanism | (path A) the tetrahedral intermediate is stabilized by
interactions with Glu204 and the metal center. In mechanism Il (path B), the tetrahedral intermediate is stabilized by the chelation of Col
and potential hydrogen bonding with His178. His79 interacts with the backbgrea®onyl atom of the substrate in both schemes (see

Discussion).

It is tempting to speculate that the monovalent cation site
(Figure 3A) may also play a part in the function of His79.
The sodium binding site is formed by the juxtaposition of
backbone carbonyl groups from residue 231 ifg-strand
and residues 74 and 76 in a tight turn. Amino acids within
the turn are highly conserved within the MetAP fami; (
7). The proximity of the Na site (Figure 3B) to His79 and
the two cobalt ions+{13 A) suggests that it may mediate

an interaction between the subdomains of the folded protein,

addition, Lys269¢< and the backbone nitrogen of Gly262
make interactions similar to His178 and His79, respectively.
Significant differences are also apparent; for example, there
is no counterpart to Glu204 (not shown), and Lys262 is
thought to act as a proton shuttl®, (L0). Thus, although
eMetAP and LeuAP are both metalloaminopeptidases, they
do appear to have evolved somewhat different mechanisms
of action.

The comparison between the binding modes of the

thus stabilizing the metal center and/or positioning the solvent inhibitors to eMetAP and LeuAP helps explain why ama-

accessible loop containing His79 for catalysis. Interestingly,
a comparison of this unusual turn with that seen in pfMetAP

statin and bestatin are poor inhibitors of MetAP. These
natural products both contairv®ranched amino acid side

(5) shows the cation to be replaced by the positively charged chains (Phe or Leu) at the N-terminus. An apparent steric

N¢ atom of Lys80 in pfMetAP (Figure 3C). Sequence

clash between these branched side chains and Phel77 and

alignments suggest that a similar lysine-based interaction Cys59 of eMetAP would tend to prevent binding to eMetAP.

occurs in hMetAP-Il and yMetAP-II5—7). It might also

In a similar manner, the shallow pocket primarily generated

be noted that similarly arranged backbone carbonyl atomsby residues GIn233, Met206, and Tyrl68 would tend to
are used to bind monovalent cations in a number of other prevent the binding of the;Pleucine residue of bestatin.

proteins b7) including dialkylglycine decarboxylasé&®),
subtilisin 69), cytochromec peroxidase §0), and cyto-
chrome P450cant().

Comparison with Leucine Aminopeptidaséhe overall
fold of bovine LeuAP is unrelated to that of eMetA®, (0,

Relationship between MetAP and Creatinase was
previously shown that creatinase and eMetAP share the same
overall “pita-bread” fold T, 24). Creatinase hydrolyzes the
guanidinium group of creatine, which is reminiscent of a
peptide bond. In contrast, however, the enzyme lacks the

22), but the enzyme does have a dinuclear metal centermetal ions that are essential to the activity of all of the

containing a bridging-hydroxide ion. Notwithstanding the
different protein fold, metal ligands, and coordination

MetAPs. The availability of the structure of the inhibitor
complex of eMetAP now makes it possible to compare the

geometry, the backbone atoms of the natural product active-site regions of the respective enzymes in detail.

amastatin bound to LeuAR2®) superimpose within 0.5 A

of the analogous atoms of AHHpA analogue bound to
eMetAP (Figure 8A). The metal interactions of the respective
inhibitors are quite similar; the N-terminus interacts with
Co2/Zn2, the O2 hydroxyl group bridges the two metal ions,
and the O1 carbonyl atom interacts with Col/Znl. In

Figure 8B shows the carbamyl sarcosine complex of
creatinase superimposed on the inhibitor complex of eMetAP.
Although the superposition is based on the backbone atoms
of the respective proteins, the carbon atoms attacked by the
nucleophile during the reaction (or at least their counterparts
in the inhibitors) are within 1.0 A of each other. In addition,
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Ficure 8: (A) Comparison of the eMetAPinhibitor complex (yellow and orange bonds) with amastatin bound to LeuAP (gray bonds)

[(23) PDB accession code 1BLL]. The mainchain atoms of the inhibitor plus the metal ions, a total of 28 atoms, superimpose with a RMS
discrepancy of 0.5 A. Dashed lines indicate LeuAP protéimibitor interactions. (B) Comparison of the eMetAP inhibitor complex (orange

and yellow bonds) with the carbamysarcosine complex of creatinase (grayg4)( PDB accession code 1CHM]. The superposition is

based on the €atoms within the C-terminal domain of creatinase, which have a RMS discrepancy of 1.5 A with the corresponding atoms

in eMetAP (7). The atom labels indicate the eMetAP/creatinase residues. Interactions between carbamyl sarcosine and creatinase are shown
as dashed lines. His232, equivalent to His79 in eMetAP, makes a hydrogen-bonding interaction to the backbone nitrogen of carbamyl
sarcosine.

the structure of the carbamyl group is remarkably similar to important in the activity of eMetAP, is retained in creatinase
the transition state proposed for mechanism | of eMetAP. (His232), suggesting that this residue may play an equivalent
Several important differences, however, occur between theand/or essential role in the activity of both enzymes. His232
two structures. For example, the interaction between thein creatinase is thought to be critical for activating a water
hydroxyl oxygen (O2) of the MetAP inhibitor and the two molecule for nucleophilic attack, binding of the substrate,
positively charged cobalt ions is replaced by an interaction and shuttling a protor2d). At this point, it is unclear whether
between the carbamyl nitrogen, which may be positively steric restrictions imposed by the larger MetAP substrate (in
charged, and two acidic groups (Glu262 and Glu358) of particular the presence of the amino acid at thieBsition)
creatinase. His178 of eMetAP, which is conserved in all would prevent His79 from interacting with the nitrogen of
methionine aminopeptidases, is replaced in creatinase bythe scissile bond in a manner analogous to that observed in
Arg335, which forms a key salt bridge with the carboxylate creatinase. If such an interaction were to occur, the proposed
of the inhibitor. His79 of eMetAP, conserved in all MetAPs, function of His79 in eMetAP, to facilitate the proper binding

is analogous to His232 in creatinase. Moreover, His232 of substrates, may need to be expanded to include a role as
makes a hydrogen bond to the nitrogen of the surrogatea potential proton donor to the amino leaving group.
scissile bond (Figure 8B) in carbamyl sarcosine.
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