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ABSTRACT. Determination of the crystal structure of human MetAP1 makes it possible, for the first time,

to compare the structures of a Type | and a Type

[l methionine aminopeptidase (MetAP) from the same

organism. Comparison of the Type | enzyme with the previously reported complex of ovalicin with Type

Il MetAP shows that the active site of the former is reduced in size and would incur steric clashes with
the bound inhibitor. This explains why ovalicin and related anti-angiogenesis inhibitors target Type I
human MetAP but not Type |. The differences in both size and shape of the active sites between MetAP1
and MetAP2 also help to explain their different substrate specificity. In the presence of exéésa Co
third cobalt ion binds in the active site region, explaining why metal ions in excess can be inhibitory.
Also, the N-terminal region of the protein contains three distinct Pro-x-x-Pro motifs, supporting the prior
suggestion that this region of the protein may participate in binding to the ribosome.

In eukaryotes all proteins synthesized in the cytosol are
initiated by methionine, while in prokaryotes, mitochondria,
and chloroplasts, they are initiated by formylated methionine
(1—3). The formyl group is hydrolyzed by a deformylase.
Methionine aminopeptidases (MetAPsjemove the N-
terminal methionine, which is essential for the maturation
of many proteins4). There are two classes of MetAPs, Type
| and Type I, differentiated by a 60-amino acid insertion in
the latter (Figure 1a). Type | is further divided into Type la,
Type Ib, and Type Ick, 5. Type la enzymes have only the
catalytic domain, with the prototypical example being
Escherichia coliMetAP (EcMetAP). Type la and Type Ic
MetAPs are present in prokaryotes, while Type Ib is present
only in eukaryotesH). Type Ib and Type Ic have, respec-
tively, about 120 and 40 extra amino acids at their N-termini,
of which the former has two zinc finger motifs at the extreme
N-terminus connected by a 50-residue linker. Deletion of
the zinc finger domain of yeast MetAP1 has no effect on
catalytic activity in vitro, but results in a slow growth
phenotype, suggesting that it is important for the function
of the enzyme in vivo §). Type Il MetAP is found in
eukaryotes and archea, (7). Deletion of the MetAP genes
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from E. coli, Salmonella typhimuriumand Saccharomyces
cerevisiae is lethal 8—10) indicating that these enzymes
could serve as drug targets for antibiotics and antifungal
agents.

Human MetAP2 has been identified as the primary target
of fumagillin and ovalicin, natural products of fungal origin,
which act as potent inhibitors of angiogenesid<{13). A
synthetic analogue of fumagillin, TNP-470 (also known as
AGM-1470), with less toxicity and more potency, has
undergone clinical trials for a variety of cancers. This family
of compounds inhibits MetAP2 by covalently modifying a
histidine residue ¥2—15), which is conserved in both
MetAP1 and MetAP2 (Figure 1b). Determination of the
crystal structures of MetAP2 in complex with fumagillibs)
has suggested the mechanisms for drug inhibition. Despite
the homology of catalytic domains between both MetAPs,
little is known about the mechanism of drug selectivity for
MetAP1.

We describe here the structure of human MetAP1 that
includes the catalytic domain and a connector region which
is absent in human MetAP2 (Figure 1a). The zinc finger
region had to be removed to permit crystallization. In addition
to the two-cobalt “native” enzyme structure, we also deter-
mined the structure of a trimetallo form of MetAP1 in which
a third cobalt ion is coordinated by a conserved histidine
side chain within the active site. Comparison of the active
sites of MetAP1 and MetAP2 reveals a smaller pocket in
the former protein with more steric restrictions, which suggest
that limited accessibility is responsible for fumagillin speci-
ficity toward MetAP2, and different substrate specificity.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification.Truncated
HsMetAP1 (A1—89) was amplified from the full-length

10.1021/bi051691k CCC: $30.25 © 2005 American Chemical Society
Published on Web 10/22/2005



14742 Biochemistry, Vol. 44, No. 45, 2005 Addlagatta et al.

a Type la
(BMetAD) CATALYTIC
Type Ic ATALYTI
oAbl
Typelb  17yNC FINGER CATALYTIC
(HsMetAP1)

Connector Region
- A g ]
Ed 100 1o 120 130 140 180
Hehlat AP 1 YAYTGKLEPHYPLMETAEVESYI ORPDYADHFLGMEESEQALKGTSOI KLLESEDI EGMRLVCALAR
APTE A-TA-LSPGV- LERTARVENWI ARPEYVGKPAAQEGSEPWVO- - - - - - - - TPEVIEKMRVAGRI AA
e Al SIKTPEDI EKMRVAGRLAA
L B3 —
160 17 180 190 200 210 230
Haar EVLDVAAGMI KPGVTTEE|I DHAVHLAG! - ARNCYPSPLNYYNFPKSCCTSYNEVI CHGI FD- RAPLD
Plc GALAEAGKAVAPGVTTODELDRI AHEYLY- DNGAYPSTLGYKGFPKSCCTSLNEVICHGIPD-STVI T
EcMetAP EVLEMI EPYVKPGVSTGELDRI CNDY| YNEQHAVESACLGYHGYPKSVCI 61| NEVVCHGI PODAKLLK
B
230 40 250 250 20 280
W' EGDI VNV TLYRNGYHGELNETFFVGE- VDDGARKLVOQTTYECLMOAI DAVKPGVAYRELGHN! | QK
Plo OGOl VNIBVTAYI GGVHGEBTNATFPAGD- VADEHALLYORTRAEATMAAI NTYKPGRALSYI GRVIES
EchMatiP OGO YNIBVTVI KDGFHGEBITSKMFI VGK- PTIMGERLCRI TOESLYLALAMVKPGI NLREI GAA| OK
[ 3 —- —- — —- -
280 00 0 a0 30 Mo 350
sMtAP HAQANGFSVVASYCGMGI HKLEFHTAPNVPHMYAKNKAVGYMKSGHYET PMI CEGGWODETWPDGWT
Plo YANAFGYNVVADFTGMG! GTTFHHNGLYVLMYDOFAVETI MOFGMTETIBP MI NLGALDYEI WOOGWT
EcMatAP FYEAEGFSVVREYCGHG! GOGFHEEPOQOVLEYDSAETNVVLEPGMTFT PMYNAGKKE|I RTMKDGWT
380 a0 380 386
m?l A\l’\‘HDEKRSIOFIHI‘LLVTDIECEILTRRLDSAHPHFHSOF-
Pie VYTKDRKWTBOFEHTLLVTDTGVE]I LTCAM- - = -« - = -2 -2
EcMetAP VETKDRSLSWOY@HTI VVTDONGCEI LTLRKDDTI PAI I SHDM
10 HsMetAP1 10 tHsMetAP1
= + - 7
= " co? S| w2 -
T OB T2t 2 4]
£ E o Zn2+ /
Z 6 § s 6
2 / EY
o @
- 4
5 4 kG
o '
w2 K
c E
0 —
0.01 04 1 10 100 1000 10000 100000 0.01 04 1 10 100 1000 10000 100000

Metal Concentration (uM) Metal Concentration (pM)

Ficure 1: (a) Domain organization of Type | and Type Il MetAPs. From top to bottom, the representative enzymes named in parentheses
are fromE. coli, M. tuberculosishuman (Type ), and human (Type Il). (b) Sequence alignmehisbfetAP1, MtMetAP1c, ancEcMetAP.

The secondary structures and the numbering above the sequences atésiietAP1 (this work). Prolines in the connector region are
shown in blue. The metal-binding residues are boxed in red, while residues that form the S1 smds8ate-binding subsites are colored
yellow and green, respectively. (c) Activation of full-lenddsMetAP1 and truncatedHsMetAP1 by divalent ions: Co(ll) (filled squares)

and Zn(ll) (open squares).

cDNA (in the pGEX-2T vector) with introduction of Ndel  an N-terminal His-tag and thrombin protease site (a total of
and BamHI restriction sites. The sequence of the primers 21 amino acids). The final clone was transformed into BL21
for PCR amplification was forward, &GAATTCCATAT- (DE3) expression cells (Stratagene). Two liters of LB media
GCCATATCGATATACTGGTAAACTCAGACC, and re-  were incubated at 37C with 100 mL of overnight culture
verse, 5CGAGGATCCTTAAAATTGAGACATGAAGT- while shaking at 250 rpm. At Ofgy = 1.5, the temperature
GAGGCC. An internal Ndel site at nucleotide 783 was mod- was reduced to 28C and the culture induced with 1 mM
ified to a silent mutation by site-directed mutagenesis (pri- IPTG and further incubated f8 h while shaking at 150
mers: forward, 5 GCTTGCATCAGGCACTCGTATGTG- rpm. Cells were harvested by centrifuging at 5@Gihd
GTCTGAACAAGTTTCC, and reverse, 8GAAACTTG- stored at—80 °C.
TTCAGACCACATACGAGTGCCTGATGCAAGC). The Frozen cell pellet was re-suspendediit/G buffer (50
PCR product was cloned into pET15b vector (Novagen) with mM HEPES, pH 8.0, 0.5 M KClI, 10% glycerol, 0.1% Triton
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X-100, and 5 mM imidazole). All subsequent procedures
were at 4°C. Two tablets of EDTA-free protease cocktail

inhibitors (Boehringer Mannheim), 1 mLf @ M MgCl,, and

5 mg of DNAse | (Sigma) were added. After complete
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Table 1: X-ray Data Collection and Refinement Statistics

holo trimetallo

resuspension, cells were lysed by passing twice through acell parameters

French press. Cell debris was cleared by centrifugation at
15 00@ for 30 min. The supernatant was loaded onto a Talon
column (cobalt affinity resin, BD Biosciences). Continued
application of+T/G buffer was used to wash the column
until the absorption at 280 nm reached the baseline. The
column was further washed with T/G buffer (50 mM
HEPES, pH 8.0, 0.5 M KCI, and 5 mM imidazole). Pure
protein was eluted usingT/G buffer plus 100 mM imida-
zole directly into a flask containing 1 mL of 0.5 M EDTA,
pH 8.0. A total of 50 mL of elutant was collected with a
concentration of 9 mg/mL (determined by absorption at 280
nm with estimated extinction coefficient of 34 990 Mem™2)
yielding a total of about 450 mg of pure protein (single band
on the SDS-PAGE gel) fran a 2 L culture. Mass spectro-
scopic analysis by matrix-assisted laser desorption ionization-
time-of-flight (MALDI-TOF) showed a single symmetrical
peak centered at 36 625 45 (expected, 36 667.6). Protein
was dialyzed into storage buffer (25 mM HEPES, pH 8.0, 5
mM methionine, and 150 mM KCI). During dialysis, part
of the protein precipitated and was removed by centrifuga-
tion. The protein was concentrated to 30 mg/mL, divided
into aliquots, frozen in liquid nitrogen, and stored-a80
°C until further use. No attempts were made to cleave the
His-tag or purify further.

Enzyme Actiity AssaysThe assay was performed at room
temperature on a 96-well clear polystyrene microplate. In

apo (two Co(ll)) (three Co(ll))
Space group P2 P2; P2;
a(A) 47.22 47.43 47.29
b (A) 77.28 77.52 77.30
c(A) 47.85 48.31 48.34
S (deg) 91.58 90.60 91.03
X-ray data collection
resolution range (&) 201.5 20-1.55 20-1.1
(155-1.5)  (1.61-1.55)  (1.12-1.1)
collected reflections 915 351 773 240 2112709
unique reflections 51 841 (4470) 47 891 (4003) 255 244 (9989)
completeness (%) 96.1 (82.3) 95.6 (79.9) 91.8 (72.7)
Wo()O 37.6 (7.5) 18.8 (1.9) 30.1(4.2)
Rsym (%) 3.1(10.9) 3.9 (39.7) 3.1(16.9)
Refinement statistics
R (%) 12.2 19.2 10.1
Riree (%) 18.0 21.7 13.1
Abonds(A) 0.01 0.02 0.01
Aangles(deg) 0.03 0.03 0.03
PDB codes 2B3L 2B3K 2B3H

a Numbers given in parentheses correspond to the highest-resolution
shell of data.

12—16 h, continued to grow for 3 days, and diffracted to
high resolution. In the presence of metals [Mn(ll), Fe(ll),
Co(ll), Ni(ll), or Zn(Il)] the protein tended to precipitate and
no useful crystals were obtained. The apocrystals were,
however, stable when soaked with any of the above divalent
cations. The largest crystals of the apoprotein were 0.1 mm
x 0.1 mmx 0.8 mm.

To obtain the two-cobalt (i.e., holo) form, freshly prepared

the metal-dependence experiment, each well contained a 106-CCk in water was added to give a final concentration of

uL mixture of 40 mM HEPES (pH 7.5), 100 mM NacCl, 1
mM Met-Prop-NA, 1 unit/mL ProAP (reaction volume
100 uL), 200 nM HsMetAP1 or HsMetAP1, and various
concentrations of metal ions (CeMnCl,, ZnCk, or NiCl,).
The production ofp-NA was monitored continuously by
absorbance at 405 nreufs,m= 1.06 x 104 M~1cm™?) (16).
The initial rate of hydrolysis was determined using the early
linear portion of the enzymatic reaction curve, subtracting
the background hydrolysis.

To obtain the kinetic constants using Met-Rr-NA, the
reaction was performed in a 1@Q. mixture containing 40
mM HEPES, pH 7.5, 100 mM NacCl, 1QtM CoCl, 1 unit/

mL ProAP, 200 nMHsMetAP1 or HsMetAP1, and Met-
Prop-NA in 2-fold dilutions up to 20 mM. The plates were
read on a SpectraMax Plus microplate reader from Molecular
Devices, and the initial rate was calculated from the early
part (<5 min) of the reaction curve. The, andK, values

of HsMetAP1 and HsMetAP1 were derived by nonlinear
regression curve-fitting using the Michaetisenten equa-
tion from GraphPad Prism 4 software.

Crystallization.Protein stored at-80 °C was thawed and
diluted to 10 mg/mL in the storage buffer. Initial crystal-
lization conditions were determined by using Index screen
(Hampton Research) in 96-well-sitting drop plates (Hampton
Research) at room temperature. Final crystallizations were
performed at 25°C by the hanging-drop vapor-diffusion
method. Each drop containedub of the protein and L
of the reservoir solution (46% PEG 10 000 or 1216%
PEG monomethyl ether 2000, in 100 mM HEPES, pH-5.4
6.2). In the absence of metals, rodlike crystals appeared in

1-5 mM and incubated for 224 h. Crystals were then
soaked for 5 min in the cryoprotectant solution (6% PEG
10 000 or 16% PEG monomethyl ether 2000, 25% glycerol,
and 100 mM HEPES, pH 6.0) and flash-frozen either directly
in liquid nitrogen or at 100 K in a stream of nitrogen gas.
Diffraction data were also collected for crystals soaked for
1 day in the presence of about 50 molar equivalents of £oCl
(i.e., the tri-cobalt form) and were swept once through
cryoprotectant (no cobalt) before freezing. These crystals
diffracted synchrotron radiation to a resolution of 1.1 A
(Table 1).

Data Collection and Processing-ray diffraction data
(Table 1) were collected at the Advanced Light Source (ALS)
on BL8.2.1 for the apo and holo forms and on BL8.2.2 for
the trimetallo form. Data processing and scaling were
performed with HKL2000 and SCALEPACKLY).

Structure Determination and Refinemenie structure of
the holo form was determined by molecular replacement
using the program EPMRLB). Coordinates oMtMetAP1c
(PDB: 1YJ3; truncated to poly-alanine with all metal ions
and water molecules removed) were used as the starting
model 6). Rigid-body refinement and simulated annealing
with CNS (19), followed by iterative refinement and model
building (19, 20) were used to obtain the final model. These
coordinates, without water and metal ions, were then used
as starting molecular replacement models for the apo and
trimetallo forms. As before, refinement included simulated
annealing and repeated cycles of positional &factor
refinement. When th&-factor stopped decreasing, refine-
ment was shifted to SHELX2(1). After conjugate-gradient
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Ie_ast-squares _refmement and model checking, refme_memTable 2: Kinetic Constants of Truncated and Full-Length Human
with anisotropic thermal factors was launched. In the final metaP1 in Hydrolyzing Met-Prage-NA
stages, hydrogen atoms were introduced and some of the K K kel K

m al al m

restraints on the main chain were relaxed. Final refinement (mM) (min-Y) (M-min-Y)
_statlstlcs are summarized in Ta_ble 1. An apparent me'_[al IoN L MetAPL 184013 2551 0.9 14 167
in the cradle formed by the tight turn between residues pgvetaP1 0.74+ 0.08 6.7+ 0.2 9114

205-209 was identified as potassium ion at full occupancy.

In all three structures, this ion haB-factors that are . . . . . .
comparable to those of the coordinating atoms. cobalt in the active site, and a third form with a third cobalt

Sequence and structural alignments were performed usin ound to the enzyme. Except for the last two residues at the

SEQUOIA @2) and LSQMAN @3). Figures were generated C-terminus, all residues offsMetAP1 could be built into
by ALSCRIPT (sequence alignment4), MOLSCRIPT electron density in all three structures.

(25), and PyMol 26). The catalytic domain ofHsMetAP1 adopts the usual pita-
bread fold for this family of enzymes. All the residues in
RESULTS AND DISCUSSION the active site that coordinate the metal ions are conserved
Design of the Expression Constru®epeated attempts in sequence and“structlﬂre. The. con'nector' region forms a
to crystallize full-lengtrHsMetAP1 did not yield diffraction- rooflike structure “above” the active site, which is a feature

quality crystals. Comparison with the recently determined that has no precec_jen_ce n ther Type | MetAPs. As ex-
structure of Type ldMycobacterium tuberculosiMetAP pecte_d, Fhe metal—bm_dlng siteis negatn{ely charged, gnd the
(MtMetAP1c) €) suggested that th&1—89 truncation might methionine S|d§ chain binding pocket is hyd(ophoblc (not
behave betteMtMetAP1c has an N-terminal extension of S1OWN). There is also a large patch of positively charged
40 amino acids (Figure 1a) that is wrapped around the Surface adjacent to the active site.
catalytic domain. This N-terminal extension has about 48%  Within the catalytic domairtisMetAP1 has 49% sequence
sequence homology with the connector regiohisfletAP1 identity with MtMetAP1c and 47% witfedMetAP. The root-
(Figure 1b). Recently, Li et al.2f) have shown that the ~Mean-square deviations (rmsd) of* @oordinates with
A1-75 truncation mutant, which lacks the zinc finger motits MtMetAP1c (PDB: 1YJ3) ané&cMetAP (PDB: 1C21) are
(Figure 1a), is stable and enzymatically active. In contrast, 0-95 A and 0.87 A, respectively. The connector region wraps
the A1—144 mutant that deletes the connector region is around the catalytic domain making a number of specific
unstable and less active. This suggests that the connectofontacts as seen witlitMetAP1c §). Aimost all the residues
region is an integral part of the catalytic domain. in the S1 and Slsubsites are conserved (Figure 1Db).

The full-length protein KisMetAP1) was prepared with The N-terminal extensions MtMetAP1c andisMetAP1
an N-terminal GST-tag from pGEX-2T and overexpressed have overall similar traces. However, some differences were
in E. coli BL21 (DE3) strain. Single-step GST-sepharose observed in the structure of the connector region (Figure 2a).
affinity chromatography generated nearly homogeneous tHsMetAP1 has an insertion of about eight amino acids in
protein as judged by Coomassie Blue staining. The GST- the vicinity of residues 136140 compared tdtMetAP1c
tag was subsequently removed by thrombin cleavage. The(Figure 1b). This is associated with changes in conformation
A1—-89 mutant (HsMetAP1) clone was prepared with an including the presence of two sharthelices that were not
N-terminal His-tag in pET15b and overexpressedEircoli seen inMtMetAP1c (Figure 2a). Notwithstanding the struc-
BL21 (DE3) strain. There was a high level of expression, tural and sequence changes in this region, there are two
and single-step metal affinity chromatography yielded nearly spatially conserved residues (Tyrl17 and Glul28Hs:
homogeneous protein as judged by silver-stained -SDS MetAP1 and Tyr27 and Glu35 iMtMetAP1c) which form
PAGE. hydrogen bonds and hydrophobic interactions with residues

The kinetic properties of full-length and truncated proteins that help form the substrate-binding pocket (Ser191, Tyr195,
were studied with a prolyl aminopeptidase (ProAP)-coupled Phe309, and His310 in human and Ser93, Tyr97, and Phe211
spectrophotometric reaction using Met-Rrantroanilide as ~ in MtMetAP1c) (Figure 2b). In addition to these interactions,
a substratel(). Although methionine aminopeptidases have lle112, Tyr117, His120, Gly123, and Met124 in the con-
been characterized as Co(ll) enzymé)s their physiological nector region make either polar or nonpolar interactions with
metal ions remain elusive?8, 29). In this study, both the  the active site residues Cys188, Ser191, Asn194, and Tyr196,
full-length and truncated proteins can be activated by suggesting that the connector region is important in defining
Co(ll), whereas neither protein is activated by Mn(ll) or the specificity of the active site.
Ni(ll) (data not shown). Interestingly, a high concentration = There was no electron density for any of the extra residues
of Zn(ll) is able to activate only the full-length protein at the N-terminus, which are part of the His-tag and the
(Figure 1c). Kinetic constants have been determined for both thrombin recognition site. Clear electron density started with
proteins. HsMetAP1 was found to cleave the Met-Ppe- Tyr90, which is the first residue ofHsMetAP1, indicating
NA substrate more efficiently with a slightly increaskd that the design of the truncation site was appropriate. The
and significantly increasedt., (Table 2). These results side chain of Tyr90 extends into a cavity and interacts with
suggest that the N-terminal 89 amino acid region is not Glu347, Tyr92, and Pro350 (Figure 3a). Refinement of the
essential for catalytic activities, but its existence does changestructure revealed an apparent glycerol molecule bound
the efficiency in hydrolysis and metal selectivity as compared within a relatively deep pocket in the surface of the protein.
with full-length protein. This pocket is formed by residues 20219 of the catalytic

Overall Structure We determined three different structures domain together with residues 999 of the connector
of tHsMetAP1, the apoenzyme, the holoenzyme with two region. Although one of the terminal hydroxyl groups is in
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cobalt ion was added. The apo and holo forms are essentially
identical apart from small differences in the conformations
of the metal-binding residues. The rmsd of 0.15 A between
the C* coordinates of the two structures is essentially equal
to the estimated experimental error.

Trimetallo tHsMetAP1An anomalous Fourier map for the
structure in the presence of excess cobalt ion (Figure 4)
showed peaks for Col and Co2 plus another density feature
within the active site region. This map, together with
subsequent refinement, suggested that a third cobalt ion (Co3)
is bound in two alternative sites, one with about 50%
occupancy and the other about 20%. The geometry around
the higher-occupancy site is octahedral with one of the axial
positions occupied by R of His212 (2.2 A). At the other
axial position, diffuse but strong positive electron density
in an , — F¢) map was best modeled by a partially occupied
chloride ion. Two of the equatorial ligands are water
molecules (both 2.2 A). The other two ligands (2.2 A and
2.1 A) are contributed by an apparent poorly ordered glycerol
molecule. The holo and trimetallo structures again are
essentially identical within experimental error with an overall
rmsd of 0.12 A for the € atoms.

Crystal structures of two inhibitor complexes for each of
Staphylococcus aureusletAP1 SaVietAP1) andE. coli
MetAP have been reported recently in which a third metal
ion is bound to the same histidine asHisMetAP1. In the
SaMetAP1 complexes, the third metal center has tetrahedral
geometry, while in the case &cMetAP, it was octahedral
(30, 31). Luo et al. 32) have discovered non-peptide
inhibitors that inhibit the enzyme in the nanomolar range in
vitro but are less effective in vivo. The crystal structure of
one of these inhibitors witiecMetAP revealed that they
utilize a third metal ion §2). Because the concentration of
FIGURE 2: (a) An overlay of the crystal structures d¢fsMetAP1 metal ions in living cells is low, inhibitors whose activity is
(catalytic domain in green and the N-terminal extension in red) mediated by transition metals may be compromiszt. (
and MtMetAP1c (gOld and blue) The numbering throughout is |t |S We”_known that excess metal |Ons can |nh|b|t

based orHsMetAP1, and the prolines in the PxxP motifs are at . . .
residues 98, 101, 104, and 107. (b) Structural alignment of the metallopeptidases. The present result, together with earlier

connector regions ofHsMetAP1 (red) andMtMetAP1c (blue).  Structural studies of thermolysirB®), suggests that this
Tyr117 and Glu128 from the human enzyme, and the correspondingoccurs because the excess ions tend to bind in the active
onts but interact with simiar rogdues in the metfionine-binding o

ents but in _ ol Comparisons between the Type | and Il Methionine
gﬁg\'fvent_' For the sake of clarity, only the pocket BEMetAPL is AminopeptidasesThe overall relationship between the

structures of Type | and Type || human MetAP is illustrated

two conformations, the glycerol molecule is very well- in Figure 5a. The catalytic domains, with only 27% sequence
ordered with all of its hydrogen-bond potential satisfied identity, however, have very similar structures. All the metal-
(Figure 3b). The source of the glycerol is presumably the binding residues in the active site are conserved, whereas
cryoprotectant used to freeze the crystals. almost all of the residues that form the methionine-binding

Apo and Holo tHsMetAP1The structural features ob- pocket are different. Notwithstanding these differences, the
served in the active site of the holo form are similar to those shape of the pocket is conserved.
found in other members of the MetAP family. Ligands The so-called insert region of Type Il human MetAP
around Col assume trigonal bipyramidyl geometry, while (Figure 1a) forms a compact helical domain that contacts
ligands around Co2 assume distorted octahedral geometrythe catalytic domain in some of the same area covered by
These ligands are contributed by the conserved residueghe connector of the Type | protein (Figure 5a). This may
Asp229, Asp240, His 303, Glu336, and Glu367, a water suggest a common functional role.
molecule, and a second bridging water molecule/dry- The anti-angiogenic compounds fumagillin, ovalicin, and
droxo anion. In all three structures, some electron density TNP-470 have been shown to bind Type Il but not Type |
was seen in the hydrophobic region that binds the side chainhuman MetAP. The structure of ovalicin in complex with
of the methionine substrate. This density is not in bonding the Type Il enzyme has been described along with the
distance to any of the active site residues. An anomalousholoenzyme 15). When the structure ofHsMetAP1 is
scattering difference map for the apo structure did not show superimposed on that of thelsMetAP2 complex with
any indication of a metal ion in the active site. Also, the ovalicin, the rmsd for the 85 core*@toms (i.e., the atoms
apoprotein did not show any catalytic activity unless fresh that surround the active site) is 1.1 A. Details of this
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Ficure 3: (a) Crystal structure oHsMetAP1 N-terminal region. The sequenceHtsMetAP1 included in the construct ends at Tyr90, and

this is the terminal residue seen in the electron density map. An additional 21 residues are present as part of the expression vector, but none
of these are seen. Superimposed is an “omit” electron density map shown in the vicinity of resieh®3s Q@defficients areR, — F),

whereF, are the observed structure amplitudes. The calculated amplikdmsd the phases were obtained from the refined model with
residues 9693 removed. The map is calculated at 1.1 A resolution and contoured at 88 Stereo drawing showing the glycerol-

binding pocket. The ligand, shown in light blue in two alternative conformations, forms a network of hydrogen bonds involving the main
chain and side chains of the protein along with two well-ordered water molecules. Some of the residues that form part of the binding site
are from the connector region (colored magenta) and include Pro98. Some residues that hydrogen-bond with the glycerol are also involved
in potassium ion coordination (purple sphere).

Glc
His212 His212

Ficure 4: Stereo drawing of an anomalous difference map confirms binding at the Col and Co2 sites and also reveals the presence of a
third Co3-binding site. The coordination of Co3 in its major binding location appears to be octahedral and includes a presumed chloride ion
(Cl) and a disordered glycerol molecule (Glc). Amplitudes for the map are{F-), where (F — F7) is the Bijvoet difference for the
trimetallo crystals. Phases are from the refined structure of the trimetallo protein with all cobalt ions removed from the model. Resolution
is 1.1 A, and the map is contoured at6

superposition are shown in Figure 5b. In tHeMetAP2 position that it binds tdHsMetAP2, there would be several
structure, it is His231 that covalently binds ovalicin. The steric clashes, most significantly with His310 (Figure 5b)
conserved His212 residue iHsMetAP1 shows similar  of HsMetAP1. The corresponding His339 éfsMetAP2
orientation but has withdrawn about 1.1 A from the active avoids the steric clash by adopting an alternative side-chain
site. If ovalicin were bound toHsMetAP1 in the same  rotamer. His310 ofHisMetAP1 could, in principle, do the
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FiGUrRe 5: (a) Stereo diagram showing the relationshipHgMetAP1 (green) antisMetAP2 (cyan) structures. The catalytic domains are
very similar. The connector region dfisMetAP1 (red) and the insert domain (blue) ld$MetAP2 are located in similar regions on the
surface of the catalytic domains. (b) Stereo diagram comparing the holo form diskietAP1 (green) with the ovalicin-bound structure
of HsMetAP2 (PDB: 1B59, pink). Ovalicin, shown in pink, binds tsMetAP2 via a covalent bond to His310.

/

same, but it would require the loss of a hydrogen bond with tant to ovalicin. The corresponding inverse mutation in
Tyr195 (2.9 A). InHsMetAP2, the counterpart of Tyrl95is HsMetAP1, T334A, made this enzyme sensitive to the
Met215, suggesting that no such hydrogen bond occurs.inhibitor. In both enzymes, the residue that is the site of
Another significant difference is that residues 283 of substitution interacts with g-strand that forms part of the
tHsMetAP1 move~1 A “into” the active site. This has the  active site cleft. The interactions, however, are different. In
effect of reducing the size of the active site and its entrance HsMetAP1, O? of Thr334 forms a hydrogen bond with the
tunnel (Figure 5c). It would also tend to restrict accessibility main-chain nitrogen of His303, one of the active site metal-
of ovalicin to the active site of the Type | enzyme. In general, binding residues to the adjacghstrand, but irHsMetAP2,
the relationship between the active sites of Type | and Typeit is the backbone carbonyl of Ala362 that makes the
Il human MetAPs seen here agrees quite well with that analogous interaction with His331. Perhaps in association
predicted from a comparison of Type Il human MetAP with  with this change, the segment®fheet (residues 29803)
E. coli MetAP (a Type | enzyme)l). Both studies suggest  protrudes into the active site alidlilA more inHsMetAP1
that there are a number of residues that would restrict accesshan the corresponding strandttsMetAP2 (residues 326
of ovalicin and related compounds to the active site of 329) (Figure 5b). Whether the A362T mutatiorHsMetAP2
HsMetAP1, explaining their reduced affinity for this enzyme. actually drives this conformational change and thereby
Recently, Brdlik and Crews3@) showed that the single  restricts access to the active site (or vice versa for T334A in
amino acid substitution, A362T, renderedMetAP2 resis- HsMetAP1) needs to be tested experimentally.



14748 Biochemistry, Vol. 44, No. 45, 2005

The recently reported structure M tuberculosisvietAP
(5) provided the first example of a MetAP with a structured
extension at the amino-terminus (Figure 1a). Within this
extension, there is a sequence element Pro-Thr-Arg-Pro (i.e.,
a PxxP motif) that is arranged on the surface of the protein
in such a way that it seems poised to bind an SH3 protein
domain. This led to the suggestion that the PxxP motif of
M. tuberculosisMetAP might be the target site for mediating
MetAP binding to ribosome5). A prediction of this model
is that MetAPs that bind to ribosomes should have an
N-terminal extension and that this extension should include
an appropriately placed PxxP motif. It has not been shown
directly that human Type | MetAP binds to ribosome, but
the protein does include an N-terminal extension. As shown
in Figures 1b and 2a, this region dEMetAP1 includes not
only a single PxxP motif but actually three motifs in tandem
(PoeXXP1oixxP10axXP107). The RoxxPioy motif spatially aligns
with PxxP;7 of the M. tuberculosisenzyme (Figure 2a).
The motif BoxXxPyo4 Of the human enzyme also seems
appropriately poised to bind an SH3 domain. In the case of
PogxxP1o1, however, Pres turns inward and seems inacces-
sible for binding. It is possible, however, thaggfxPi; is
also capable of interacting with an SH3 protein domain upon
conformational changes. The presence of the multiple PxxP
motifs may allow MetAP1 to associate with the ribosome
in more than one configuration for optimal processing of
different substrates. In summary, the present structure
determination strongly supports the hypothesis that PxxP
motifs within the N-terminal extension of MetAPs may be
important for proteir-protein interactions.

SignificanceThe structure of truncated but active human
Type | methionine aminopeptidase has been determined.
Comparison with the active site of human Type || methionine
aminopeptidases reveals the structural basis for the dif-
ferential inhibition by fumagillin and related anti-angiogenic
drugs. One reason is the smaller active site pocket of the
Type | enzyme, which limits accessibility. A second reason
is that inhibitor binding toHsMetAP1 requires~12Q°
rotation of His310 and disruption of hydrogen bonding to
Tyrl95. In HsMetAP2, a histidine (His339) undergoes a
related conformational chang&X), but there is no loss of
hydrogen bonding. Insights from this investigation will also
be useful in structure-based design of inhibitors specific for
different methionine aminopeptidases.
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