
Steady-State Kinetic Characterization of Substrates and Metal-Ion Specificities of
the Full-Length and N-Terminally Truncated Recombinant Human Methionine

Aminopeptidases (Type 2)

Guang Yang,*,‡ Robert B. Kirkpatrick,§ Thau Ho,§ Gui-Feng Zhang,§ Po-Huang Liang,§,| Kyung O. Johanson,§

David J. Casper,⊥ Michael L. Doyle,⊥,# Joseph P. Marino, Jr.,@ Scott K. Thompson,@ Wenfang Chen,‡

David G. Tew,‡ and Thomas D. Meek‡

Departments of Assay Methodology DeVelopment, Gene Expression and Protein Biochemistry,
Computational, Analytical and Structural Sciences, and Medicinal Chemistry,

GlaxoSmithKline Pharmaceuticals, 709 Swedeland Road, King of Prussia, PennsylVania 19406

ReceiVed April 20, 2001; ReVised Manuscript ReceiVed July 18, 2001

ABSTRACT: The steady-state kinetics of a full-length and truncated form of the type 2 human methionine
aminopeptidase (hMetAP2) were analyzed by continuous monitoring of the amide bond cleavage of various
peptide substrates and methionyl analogues of 7-amido-4-methylcoumarin (AMC) andp-nitroaniline (pNA),
utilizing new fluorescence-based and absorbance-based assay substrates and a novel coupled-enzyme assay
method. The most efficient substrates for hMetAP2 appeared to be peptides of three or more amino acids
for which the values ofkcat/Km were approximately 5× 105 M-1 min-1. It was found that while the
nature of the P1′ residue of peptide substrates dictates the substrate specificity in the active site of hMetAP2,
the P2′ residue appears to play a key role in the kinetics of peptidolysis. The catalytic efficiency of dipeptide
substrates was found to be at least 250-fold lower than those of the tripeptides. This substantially diminished
catalytic efficiency of hMetAP2 observed with the alternative substrates MetAMC and MetpNA is almost
entirely due to the reduction in the turnover rate (kcat), suggesting that cleavage of the amide bond is at
least partially rate-limiting. The 107 N-terminal residues of hMetAP2 were not required for either the
peptidolytic activity of the enzyme or its stability. Steady-state kinetic comparison and thermodynamic
analyses of an N-terminally truncated form and full-length enzyme yielded essentially identical kinetic
behavior and physical properties. Addition of exogenous Co(II) cation was found to significantly activate
the full-length hMetAP2, while Zn(II) cation, on the other hand, was unable to activate hMetAP2 under
any concentration that was tested.

Human methionine aminopeptidase (type 2) (hMetAP2),1

an apparent cobalt(II)-containing exopeptidase, catalyzes the
removal of the amino-terminal methionine from newly
translated polypeptides. Inactivation of the hMetAP2 activity

in endothelial cells by fumagillin and other inactivators has
been shown to effectively block the proliferation of these
cells (14, 33, 37). Since endothelial proliferation permits
extension of the microvascular tubules (angiogenesis), a
process apparently critical to the neovascularization and
metastasis of tumors (12, 18, 27, 28), the specific inhibition
of human MetAP2 constitutes a promising new target for
cancer chemotherapy.

The first report of mammalian type 2 methionine ami-
nopeptidase described an enzyme that was copurified with
the eukaryotic initiation factor 2R (eIF-2R) from rabbit
reticulocyte lysates as a 67 kDa polypeptide (15). Subse-
quently, the genes of human and rat MetAP2 have since been
cloned, and the protein sequences comprise a unique N-
terminal region containing one aspartate-rich region and two
lysine-rich regions, and a conserved C-terminal catalytic
domain with a novel protease fold, termed the “pita bread”
fold (2, 3, 22, 39). The amino acid sequences of the human
and rat MetAP2 are 92% identical.

The catalytic pita bread fold, which resides in a deep cleft
in the C-terminal region of the MetAP enzymes, appears to
be conserved in all MetAP enzymes, in prolidase, in
aminopeptidase P, and also in the related enzyme, creatinase
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(3, 23, 34). The crystal structure study of hMetAP2 and its
fumagillin complex (23) suggested that a completely covered
pocket near the active site occupied by the epoxide-bearing
side chain of fumagillin is most likely the binding pocket of
the methionine side chain (see Figure 1). A 64-amino acid
sequence insertion (from residue 381 to 444 in hMetAP2)
in the catalytic domain distinguishes the MetAP2 family from
the MetAP1 family. Preliminary kinetic characterization of
hMetAP2 (22) indicated that like other MetAPs, hMetAP2
catalyzes a Co(II)-dependent cleavage of the N-terminal
methionine with a stringent substate specificity, which is
apparently dictated by the steric nature of the P1′ residue
(gyration radius of<1.29 Å;5, 17, 32). Recent studies with
the type 1 yeast methionine aminopeptidase (36) and the
Escherichia colimethionine aminopeptidase (9) suggested
that Zn(II) and Fe(II) cations, respectively, could be the metal
ions utilized in vivo. It has been further suggested recently
that theE. coli MetAP enzyme could function as a mono-
nuclear metalloprotease (10).

The N-terminal extension of MetAP enzymes differentiates
the methionine aminopeptidases in eukaryotes from those
in eubacteria. For yeast methionine aminopeptidase (Type
1), its N-terminal extension (zinc finger domain) was shown
not to be required for the methionine aminopeptidase activity
(41). The N-terminally truncated yeast MetAP1 enzyme
exhibited essentially the sameKm andkcat values as the full-
length enzyme. The highly charged N-terminal extension in
mammalian MetAP2 enzymes has been speculated to be only
involved in the binding of eIF-2R to prevent phosphorylation
of this factor (15). Inactivation of the catalytic activity of
hMetAP2 by ovalicin, fumagillin, and TNP470 (a fumagillin
analogue) did not affect protection of eIF-2R from phos-
phorylation by cellular enzymes (14), suggesting that the
active site responsible for peptidolysis is functionally distinct
from the subsite which binds eIF-2R.

Despite the progress in the structural and chemical
approaches to understanding the chemical mechanism of this
enzyme (23, 24), detailed and systematic kinetic analysis
remains preliminary to date. Herein, we report the steady-
state kinetic characterization of both the full-length enzyme
and a truncated isoform of hMetAP2 which lacks the 107
N-terminal residues of hMetAP2, and an analysis of substrate
specificities of these enzyme forms. We found that the
exogenous addition of divalent metal ions (including divalent
cobalt) ablates hMetAP2 activity. Zn(II) apparently is not
the kinetically relevant metal cofactor for the type 2 human
methionine aminopeptidase enzyme.

MATERIALS AND METHODS

General. Enzyme assays were carried out on either a
conventional spectrophotometer or a 96-well fluorescence
plate reader. For fluorescence emission, a Fluorolog-3
spectrofluorometer equipped with a DataMax operation
system (Instruments S. A., Inc.) and a Cytofluor Series 4000
multiwell plate reader (PerSeptive Biosystems) or a Spec-
traMAX Gemini plate reader (Molecular Devices) were used.
Spectrophotometric assays were measured using either a
Vectra XA UV -vis spectrometer (Hewlett-Packard) or a
SPECTRAmax microplate spectrophotometer with the SOFT-
max PRO operation system (Molecular Devices). All chemi-
cals that were used were of the highest commercially
available quality (Sigma, Bachem, and others). Polyclonal
antibodies based on peptide epitopes derived from hMetAP2
were prepared by Research Genetics, Inc. (Birmingham, AL)
using epitope sequences from both the N-terminal and
C-terminal regions of the enzyme.

Subcloning and OVerexpression of hMetAP2.A fetal
endothelial cell-derivedEST clone encoding full-length
hMetAP2 (GenBank accession number 296441; TIGR THC
entry THC171071) was obtained from American Type
Culture Collection (Rockville, MD). The complete sequence
of the pBluescript insertion was confirmed by automated
dideoxy sequencing (Applied Biosystems, Foster City, CA).
The complete coding sequence was then subcloned on an
EcoRI-HindIII restriction fragment into thepFastbac-1
donor plasmid (Life Technologies, Gaithersburg, MD)
between the same restriction sites, placing it under the
regulation of the baculovirus polyhedrin promoter. Sequence
confirmation of the resultant construct, MAP2pFB, was
performed across cloning junctions.

Recombinant hMetAP2 was expressed in Sf9 cells using
the Bac-To-Bac Baculovirus expression system (Life Tech-
nologies). The Mini-Tn7 element-directed polyhedrin pro-
moter-driven expression cassette (element) was transposed
into bacmid bMON14272 usingE. coli DH10Bac according
to the manufacturer’s protocols. Transfection of Sf9 cells
with recombinant bacMids resulted in the production of
recombinant baculovirus capable of expressing recombinant
hMetAP2 in Sf9 cells. Approximately 6 mg of purified,
active enzyme was recovered per cell pellet from 1 L of
infected cell culture harvested 3 days postinfection (see the
purification methods described below).

Purification of Full-Length Recombinant hMetAP2. The
full-length hMetAP2 enzyme was purified using a modifica-
tion of the procedure of Li and Chang (22). The cell pastes
(from the previous section) were resuspended in a lysis buffer

FIGURE 1: Schematic view of a hypothetical model of an N-terminal
methionyl peptide in the binding pocket of human methionine
aminopeptidase type 2, based on the crystal structures of apo-
hMetAP2 and the hMetAP2-fumagillin complex (23). Each arch
curve represents the binding pocket for the metal ion (cobalt, Co1
and Co2) center, the methionine side chain, and the P1′ side chain.
Residues in the active site of hMetAP2 defining each pocket are
listed near each arch. The bonds between two cobalt ions and five
active site residues indicate either a bidentate or a monodentate
coordination of each residue in metal ion chelation. HO represents
the metal-bound water molecule (or ion) in the active site of
hMetAP2. P1′ and P2′ represent the side chains of amino acids at
position P1′ and P2′ of a peptide.
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containing 10 mM Hepes (pH 7.4), 0.5 mM CoCl2, 10%
glycerol, 1.5 mM MgCl2, 100 mM KCl, and protease
inhibitors (1 µg/mL aprotinin, 1µg/mL leupeptin, 0.7µg/
mL pepstatin A, and 1 mM AEBSF) and disrupted with a
Dounce homogenizer on ice. The lysate was centrifuged at
30000g for 30 min, and the supernatant fractions of the cell-
free extracts were loaded onto a Source-15 S column
(Pharmacia) equilibrated with buffer A [10 mM Hepes (pH
7.4), 0.5 mM CoCl2, and 10% glycerol]. Active fractions
from the Source-15 S purification step were then further
purified using a Source-15 Q column (Pharmacia). The
enzyme activity was monitored using the uncoupled direct
assay method described below. A gradient of NaCl (from
100 to 500 mM) in buffer A was used in both columns to
elute the active enzyme. A typical yield of 6 mg of pure
hMetAP2 (>90% pure judging by the SDS-PAGE gel) was
obtained per liter of cell culture.

Purification of Truncated Recombinant hMetAP2. It was
found that prolonged incubation of the full-length hMetAP2
in the elution buffer of the first Source-15 S cation exchange
column in the absence of protease inhibitors resulted in
various proteolytic products of hMetAP2. These major
truncated products were proteins with apparent molecular
masses of 43 kDa (estimated by SDS-PAGE). N-Terminal
sequencing of the 43 kDa protein fragment excised from an
SDS-PAGE gel was consistent with a sequence correspond-
ing to an N-terminus at Gly-108 of the predicted sequence
of full-length hMetAP2 (108GPRVQTVDPPS). Western
analyses using the hMetAP2 specific polyclonal antipeptide
(both N-terminal and C-terminal epitope sequence) antibodies
confirmed that the 43 kDa protein is a truncated form of
hMetAP2 in which the N-terminal region has been removed.
The truncated hMetAP2 was found to no longer bind to the
Source-15 Q column used in the purification of the full-length
enzyme, suggesting that an anionic (acidic) region of the
protein had been removed.

To purify the truncated hMetAP2, cell-free extracts
containing recombinant full-length hMetAP2 were first
subjected to the Source-15 S column purification in the
absence of protease inhibitors using the same chromato-
graphic conditions described above. The combined fractions
containing full-length hMetAP2 were then incubated at 4
°C for 5 days to allow protease digestion in situ for removal
of the first 107 amino acids at the N-terminus and gen-
eration of the 43 kDa truncated hMetAP2 (the extent of
cleavage was monitored by SDS-PAGE). The mixture
containing the truncated protein was next purified using a
Superdex G-75 size exclusion column [prepacked Pharmacia
HiLoad 26/60, 2.6 cm (diameter)× 60 cm (length)]
equilibrated in buffer A. The truncated hMetAP2 was eluted
with buffer composed of 10 mM Hepes (pH 7.4), 10%
glycerol, and 0.5 mM CoCl2 at a flow rate of 2 mL/min,
which yielded 90% pure truncated hMetAP2. Five milligrams
of purified enzyme was typically obtained per liter of cultured
cells.

Equilibrium Sedimentation and Circular Dichroism. Sedi-
mentation equilibrium data were measured on a Beckman
XL-A analytical ultracentrifuge at 20°C. Samples of pure
hMetAP2 at 0.15 mg/mL in buffer containing 5 mM Hepes
(pH 7.5) and 100 mM NaCl were applied in double-sector
cells equipped with charcoal-filled Epon centerpieces and
sapphire windows. The resulting data were fitted to eq 1 (11)

using the Marquardt-Levenberg nonlinear least-squares
algorithm from SigmaPlot (SPSS Science, Chicago, IL).

whereAi and Am are the absorbances of theith data point
and at the meniscus, respectively,M is the solution mass of
the protein,νj is the partial specific volume of the protein,F
is the solvent density,ω is the angular velocity in radians
per second,ri andrm are the radial positions of theith data
point and meniscus, respectively,R is the gas constant,T is
the absolute temperature, and offset is an offset absorbance
that is constant as a function ofri. In the study presented
here,F ) 1.005 g/mL andνj of the hMetAP2 molecules was
calculated as 0.73 mL/g using the Sedinterp (version 1.0)
program of D. B. Hayes, T. Laue, and J. Philo (University
of New Hampshire, Durham, NH).

Circular dichroism (CD) data were measured on a Jasco
J-710 CD spectropolarimeter. Samples at approximately 0.2
mg/mL in a 0.1 cm path length water-jacketed cuvette at 20
°C were scanned at a rate of 50 nm/min, and four spectra
were averaged in each case. A buffer-only spectrum was
subtracted from hMetAP2 spectra, and the resulting ellipticity
data, θ (in degrees), were converted to difference molar
extinction coefficient data by the relation∆ε ) θ/(32.48lc),
wherel is the path length in centimeters andc is the molarity
of hMetAP2 amino acid residues (38). The concentration of
hMetAP2 was determined by the absorbance at 280 nm using
molecular masses of 52 791 and 41 456 Da, and extinction
coefficients of 0.872 and 1.11 mL/mg, respectively, calcu-
lated (29) from the sequence for the full-length and truncated
forms. Guanidinium and urea denaturation studies were
carried out by incubating the hMetAP2 samples in each final
concentration of denaturant for 30 min prior to measuring
the extent of unfolding via measurement of the protein
ellipticity at 225 nm. The 30 min incubation time was chosen
to allow all samples to reach equilibrium.

Synthesis ofL-Norleucine p-Nitroanilide (L-Nle-pNA).The
synthesis ofL-Norleucinep-nitroanilide was carried out by
adaptation of the procedure developed by Rijkers and co-
workers (30). Accordingly, treatment of thetert-butyl oxy-
carbonyl amino acid with phosphorus oxychloride in pyridine
led to amidation byp-nitroaniline, and further treatment with
HCl in ethyl acetate led to the desired amino acidp-
nitroanilide (yield of∼80%). The identity of the compound
was established by1H NMR and mass spectrometry.

Coupled Spectrophotometric Assays of hMetAP2. The
methionine aminopeptidase activity of hMetAP2 could be
measured spectrophotometrically by monitoring the free
l-amino acid formation upon peptidolysis. The release of
N-terminal methionine from a tripeptide (Met-Ala-Ser,
Sigma) or a tetrapeptide (Met-Gly-Met-Met, Sigma) substrate
was assessed by using a coupled enzyme assay comprised
of L-amino acid oxidase (AAO) and horseradish peroxidase
(HRP) as outlined in eqs 2-4a,b.

Ai ) Am exp[M(1 - νjF)ω2(r2 - rm
2)

2RT ] + offset (1)

L-Met-Ala-Ser98
hMetAP2

Co2+
L-Met + H2N-Ala-Ser (2)

L-Met + H2O + O298
AAO

2-oxo acid+ NH3 + H2O2 (3)
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Oxidation byL-amino acid oxidase (AAO, Sigma) (eq 3)
of the product methionine (eq 2) generated hydrogen
peroxide (H2O2). The formation of H2O2 was then continu-
ously monitored by its utilization as a substrate for horserad-
ish peroxidase (HRP, Sigma) which then oxidized either
o-dianisidine (Sigma) (eq 4a) or Amplex Red (Molecular
Probes) (eq 4b) as a cosubstrate. Oxidation ofo-dianisidine
was monitored at 30°C as an increase in absorbance at 450
nm (∆ε ) 15 300 M-1 cm-1)2 in 1 cm path length
self-masking cuvettes (35). The oxidation of Amplex Red
was monitored at 30°C as an increase in fluorescence
emission (∆ε ) 54 000 M-1 cm-1, λex ) 563 nm,λex ) 587
nm, slit width for excitation and emission) 1.25 mm) (40).

In a total volume of 500µL, a typical assay contained 50
mM Hepes (pH 7.5), 100 mM NaCl, 0.1-1.0 mM CoCl2, 1
mM o-dianisidine or 50µM Amplex Red, 5 units of HRP
(Sigma), 1 unit of AAO (Sigma), 10-100 nM hMetAP2,
and varying amounts of peptide substrates. The high sensitiv-
ity of Amplex Red also allowed the conversion of the
coupled enzyme assay into a 96- or 384-well assay format
usingg0.5 nM enzyme in the assay. For a typical 96-well
plate assay, the increase in the fluorescence emission (λex )
563 nm,λem ) 587 nm) of each well was used to calculate
the initial velocity of hMetAP2. Each 50µL assay contained
50 mM Hepes (pH 7.5), 100 mM NaCl, 0.5-5 nM purified
hMetAP2 enzyme, 10µM CoCl2, 0.5 unit of HRP, 0.04 unit
of AAO, 50 µM Amplex Red, and varying amounts of
peptide substrate. The fluorescence plate reader was cali-
brated using authentic oxidized Amplex Red (Resorufin)
(Molecular Probes) for determination of the stoichiometry
of the hMetAP2 reaction. Assays were initiated with the
addition of substrate, and the initial rates were corrected for
the background rate determined in the absence of hMetAP2.

Direct (Uncoupled) Spectrophotometric Assays of hMetAP2
on a Multiwell Plate Reader. The hMetAP2 activity could
also be measured by direct spectrophotometric assay methods
using alternative substrates,L-methioninep-nitroanilide (Met-
pNA) and L-methionine 7-amido-4-methylcoumarin (Met-
AMC). The formation ofp-nitroaniline (pNA) or 7-amido-
4-methylcoumarin (AMC) was continuously monitored by
increasing absorbance at 405 nm or fluorescence (λex ) 360
nm, λem ) 460 nm), respectively, on a corresponding plate
reader. All assays were carried out at 30°C. The fluorescence
or spectrophotometric plate reader was calibrated using
authentic pNA or AMC from Sigma, respectively. For a
typical 96-well plate assay, the increase in absorbance (at

405 nm for pNA) or the fluorescence emission (λex ) 360
nm, λem ) 460 nm, for AMC) in each well was used to
calculate the initial velocity of hMetAP2. Each 50µL assay
contained 50 mM Hepes (pH 7.5), 100 mM NaCl, 10-100
nM purified hMetAP2, and varying amounts of Met-AMC
(in 3% DMSO aqueous solution) or Met-pNA. Assays were
initiated with the addition of substrate, and the initial rates
were corrected for the background rate determined in the
absence of hMetAP2.

For divalent metal ions and product inhibition studies, the
direct spectrophotometric assay method was employed using
the same assay conditions described above. The metal ions,
including Co2+, Mg2+, Mn2+, and Zn2+ (0.1 µM to 5 mM),
were tested in the hMetAP2-catalyzed cleavage of Met-AMC
(400µM). For substrate specificity studies, 13 commercially
available amino acid AMC analogues (Phe-, His-, Lys-, Ile-,
Leu-, Asn-, Gln-, Arg-, Ser-, Thr-, Val-, Trp-, and Tyr-
AMC), in addition to Met-AMC, were used in the hMetAP2-
catalyzed reactions. As a control, all these amino amides were
first tested in reactions catalyzed by alanine aminopeptidase
from bovine intestinal mucosa (Sigma), a nonspecific ex-
opeptidase. The product or product analogues examined as
putative inhibitors wereL-methionine,L-norleucine (L-Nle),
L-methioninesulfone,L-methionine-(RS)-sulfoxide, and AMC.
Compounds were preincubated with hMetAP2 for 10 min
at room temperature before the addition of substrate to initiate
the reaction.

Kinetic Data Analysis. Data were fitted to the appropriate
rate equations by nonlinear regression using Grafit 4.09
(Erithacus Software). Initial velocity data conforming to
Michaelis-Menten kinetics were fitted to eq 5. Inhibition
patterns conforming to apparent linear competitive and linear
noncompetitive inhibition were fitted to both eqs 6 and 7,
respectively, for each inhibitor, and the best fit was deter-
mined from the data which yielded the lower residuals.

In eqs 5-7, V is the initial velocity, V is the maximum
velocity, Ka is the apparent Michaelis constant,I is the
inhibitor concentration,A is the concentration of the variable
substrate, andKis andKii are the apparent slope and intercept
inhibition constants, respectively. The nomenclature used in
the rate equations for the inhibition constants is that of
Cleland (8), in whichKis andKii represent the apparent slope
and intercept inhibition constants, respectively.

For active site titration or tight-binding inhibition of the
full-length and N-terminally truncated hMetAP2 enzymes,
the initial rates of the peptidolytic reactions were obtained
at variable enzyme concentrations, at changing fixed levels
of inhibitor, and at a single fixed concentration of the Met-
Gly-Met-Met substrate. The stoichiometry of the functional
active site and apparent inhibition constant for a tight-binding
inhibitor were obtained by fitting to eq 8 (1, 7, 13, 25) as
shown below:

2 The change in the extinction coefficient at 450 nm upon oxidation
of o-dianisidine at 30°C was measured by quantitatively converting a
discrete amount ofo-dianisidine to its oxidized form in the presence
of excess H2O2 and HRP.

V ) VA/(Ka + A) (5)

V ) VA/[Ka(1 + I/Kis) + A] (6)

V ) VA/[Ka(1 + I/Kis) + A(1 + I/Kii )] (7)

Vi/V0 ) {REt - It - Ki′ + [(REt - It + Ki′)
2 +

4Ki′It]
1/2}/2REt (8)
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whereVi andV0 are the initial velocities in the presence and
absence of inhibitor, respectively,R is the fraction of active
enzyme,Ki′ ) Ki(1 + A/Ka) (where Ki is the inhibition
constant),A is the fixed substrate concentration,Et and I t

are the total concentrations of enzyme (based on protein
concentration) and inhibitor, respectively.

RESULTS AND DISCUSSION

Physical Properties of Intact and Truncated hMetAP2
Enzymes. Both the full-length and truncated forms of
hMetAP2 were expressed and purified to apparent homo-
geneity (Figure 2). N-Terminal amino acid sequencing as
well as MALDI-MS analyses showed that, for the full-length
recombinant enzyme of hMetAP2, the N-terminal methionine
was removed proteolytically, and the penultimate Ala residue
in the sequence was acetylated. For the truncated hMetAP2
enzyme, the N-terminal residue was found to be Gly-108 of
the full-length sequence. Molecular masses measured by
MALDI-MS for the intact and truncated hMetAP2 forms
(52 785 and 41 450 Da, respectively) were consistent with
the expected values calculated from the amino acid sequences
(52 791.4 and 41 456.3 Da, respectively).

Analytical ultracentrifugation showed that both hMetAP2
forms were apparently monomeric at concentrations up to
approximately 100µM. Sedimentation patterns of both the
full-length and truncated proteins were well-described in
solution by a single-homogeneous species model with
average molecular masses at equilibrium of 54.7( 0.2 and
41.7( 0.5 kDa, respectively (Figure 3). Circular dichroism
spectra showed that both molecules are predominantly well-
folded (Figure 4A), and appeared to be similar in their overall
secondary structural content. The folding stabilities of the
two forms were also compared using guanidinium and urea
as denaturants. The denaturation curves for the full-length
and truncated forms of hMetAP2 were found to be essentially
the same (Figure 4B), thereby indicating that both forms have
similar energetics of folding. The deletion of the 107
N-terminal residues from hMetAP2, thus, does not apparently
affect the overall structure of the catalytic, C-terminal domain
of hMetAP2. This is consistent with the observation from

the recent crystal structure study of hMetAP2 that the first
109 N-terminal residues of hMetAP2 are disordered and
distal to the enzyme active site (23). Interestingly, both forms
of the enzyme exhibit unusually broad denaturant unfolding
curves. The physical origin of this is unknown, but may be
due to overlapping of multiple unfolding transitions. To our
knowledge, hMetAP2 is the only known monomeric enzyme
to have such an unusually broad denaturation transition, a
finding that may be related to the unusually high stability of
its enzymatic activity. Human MetAP2 can be stored in a

FIGURE 2: Nu-PAGE (10% polyacrylamide, Novex) analysis of
purified full-length and N-terminally truncated hMetAP2. Proteins
were visualized by staining with Coomassie Blue. Lanes a-d
represent approximately 5µg of full-length hMetAP2 (a), 2µg of
truncated hMetAP2 (b), 5µg of truncated hMetAP2 (c), and
molecular markers (d). The estimated purity of the enzyme samples
is >90%.

FIGURE 3: Sedimentation equilibrium analysis of the solution
masses of full-length (+) and truncated (9) hMetAP2. Best-fit
curves are plotted along with the data (Materials and Methods).
Nonlinear least-squares fitting to a single-molecular species model
yielded solution masses of 54.7( 0.2 and 41.7( 0.5 kDa for full-
length and truncated hMetAP2, respectively. The buffer was 5 mM
Hepes and 100 mM NaCl (pH 7.5 and 20°C). The rotor speed
was 22 000 rpm.

FIGURE 4: Circular dichroism spectra (A) and guanidinium
hydrochloride denaturation (B) analyses of full-length (9) and
truncated (2) hMetAP2. CD spectra are shown as molar ellipticity
vs wavelength. Best-fit curves are shown for an assumed two-state
unfolding model (Eftink, 1995). Guanidinium HCl denaturation data
show that both enzyme forms have a broad unfolding transition
and have similar folding stabilities. Denaturation of lysozyme (b)
is shown for comparison. The conditions included 5 mM HEPES,
100 mM NaCl, pH 7.5, and 20°C.
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buffer at 4°C for several months without a significant loss
of activity.

Steady-State Kinetics of Peptide and Amino Acid Sub-
strates of hMetAP2. Using the spectrophotometric assay
(Materials and Methods), steady-state kinetic analysis was
conducted on methionine-AMC (or -pNA) and methionine
analogue-AMC (or -pNA) substrates via fluorogenic or
chromagenic assays, and on various di- and tripeptide
substrates via the fluorogenic coupled-enzyme assay. As
expected for a metalloprotease, no burst phase was observed
for any progressive curve of product formation reported in
this study. The results are summarized in Table 1. Consistent
with previous reports on various methionine aminopeptidases,
hMetAP2 specifically cleaved the N-terminalL-Met from
both Met-Ala-Ser and Met-Gly-Met-Met. When the P1′
amino acid (31) of the peptide substrate was sterically large
(gyration radius of>1.29 Å), such as withL-Leu, hMetAP2
exhibited no detectable activity (Table 1). It is an interesting
and novel finding that hMetAP2 was also able to utilize
substrates smaller than a dipeptide, such as Met-AMC and
Met-pNA. Both were competent substrates of hMetAP2,
albeit with poorer activity than the di- and tripeptides. Human
MetAP2 also demonstrated stringent specificity for the
residue at the P1 position. LikeE. coli methionine ami-
nopeptidase (type 1),L-Nle was found to be the only amino
acid residue other thanL-Met (N-terminally formylated Met-
Ala-Ser also serves as a substrate for hMetAP2, unpublished
data) that could be accommodated at the N-terminus of a
substrate. Thirteen other commercially available amino acid
AMC analogues (from Bachem), including Phe, His, Lys,
Ile, Leu, Asn, Gln, Arg, Ser, Thr, Val, Trp, and Tyr, were
examined and showed no cleavage by hMetAP2. As a
control, all of these analogues were active as substrates for
alanine aminopeptidase (a nonspecific exopeptidase from
bovine intestinal mucosa) (Table 1). These results are
consistent with the fact that hMetAP2 contains a stringently
specific substrate binding site as shown in the recently
determined crystal structure (23), as it is highly selective
for L-methionine at the N-terminus.

The observed hMetAP2-catalyzed cleavage of Met-AMC
and Met-pNA suggests that dipeptidoids of the form Met-

Xaa could also be the substrates of the enzyme.N-Methionine
dipeptides of the form Met-Xaa, in which Xaa includes Ala,
Asn, Glu, Gly, Ile, Leu, Lys, Met,D-Met, Phe, Pro, Ser, Thr,
Trp, Tyr, and Val, were tested as substrates for hMetAP2
using the coupled assay methods. Due to the fact that 1 mol
of dipeptide generates 2 mol of freeL-amino acids, thekcat

values in Table 1 for the active dipeptides were corrected
by a factor of 2. The catalytic efficiencies (kcat/Km) of the
dipeptides were summarized and compared to that of Met-
Ala-Ser (relativekcat/Km ) 100) in Table 1. In general, the
dipeptides that were tested were apparently poorer substrates
than the amino acid amide substrates Met-AMC and Met-
pNA. As expected, dipeptides in which the residue at P1′
was a small amino acid (Ala, Pro, Ser, etc.) were suitable as
substrates, whereas dipeptides bearing larger residues at P1′
were poor substrates. Since theE. coli MetAP was found to
be only active toward tripeptides or larger substrates (4),
hMetAP2 clearly has different substrate specificity than the
E. coli MetAP despite the similar active site structures of
the two enzymes.

The kinetic parameters of the amino acid amides and di-
and tripeptide substrates of full-length hMetAP2 are found
in Table 1. The two tri-/tetrapeptide substrates were es-
sentially equivalent in terms of their values ofKm andkcat.
For the amino acid amides Met-AMC and Met-pNA, Met-
pNA exhibited the higher turnover rate (kcat ) 9.5 min-1),
whereas Met-AMC exhibited the lower Michaelis constant
(Km ) 0.31 mM), similar to that of the peptide substrates.
Nle-pNA displayed an elevatedKm value of 2.0 mM which
is comparable to those of the dipeptide substrates.

A minimal mechanistic scheme for a metalloprotease
which has a random release of products is shown in Scheme
1. A, P, and Q represent the substrate and two products,
respectively, while EX is the adduct of the peptide substrate
and water. For the upper pathway, expressions forkcat/Km,
Km, andVmax are shown in eqs 9-11.

Modeling studies of the expressions in eq 9-11 indicate that
the significant decreases in the relative values ofkcat/Km and
kcat, with little change in the values ofKm, for the substrates
that were examined (Table 1) undoubtedly arise from
decreasing values of eitherk3, k5, or both. The greatly reduced
catalytic efficiency (kcat/Km) of Met-AMC (52-fold lower than
that of Met-Ala-Ser, Table 1) as well as Met-pNA (39-fold)
is almost entirely due to the reduction in the turnover rate
(kcat) which could be consistent with either the formation of
the tetrahedral intermediate complex (EX) or its breakdown
as being rate-limiting in catalysis.

Table 1: Kinetic Parameters of the Full-Length Human Methionine
Aminopeptidase (Type 2)a

substrate Km (mM) kcat (min-1)
kcat/Km

(M-1 min-1)
relative
kcat/Km

Met-Ala-Serb 0.38( 0.03 210( 5 (5.5( 0.5)× 105 100
Met-Gly-Met-Metb 0.34( 0.04 170( 6 (5.1( 0.6)× 105 93
Met-Leu-Pheb N/A 0.0 0.0 0.0
Met-Alab ∼15 ∼7.7 ∼5.2× 102

0.095 Met-Glyb >15 N/A N/A N/A
Met-Prob 2.8( 0.2 7.8( 0.4 (2.7( 0.2)× 103 0.49
Met-Valb 1.2( 0.1 0.80( 0.02 (6.7( 0.6)× 102 0.12
Met-Thrb 1.3( 0.3 0.60( 0.06 (4.6( 0.1)× 102 0.084
Met-Serb 0.85( 0.23 0.37( 0.04 (4.4( 0.1)× 102 0.080
Met-Xaa1b N/A 0.0 0.0 0.0
Met-AMCc 0.31( 0.02 3.3( 0.1 (1.1( 0.1)× 104 2.0
Xaa2-AMCc N/A 0.0 0.0 0.0
Met-pNAc 0.67( 0.11 9.5( 0.3 (1.4( 0.2)× 104 2.5
Nle-pNAc 2.0( 0.3 4.4( 0.3 (2.2( 0.4)× 103 0.40

a Xaa1, one of theL-amino acids of Asn, Glu, Ile, Leu, Lys, Met,
D-Met, Phe, Trp, and Tyr; Xaa2, one of theL-amino acids of Phe, His,
Lys, Ile, Leu, Asn, Gln, Arg, Ser, Thr, Val, Trp, and Tyr. Data were
fitted to eq 5.b AAO/HRP coupling enzyme assay (pH 7.5 and 30°C).
c Fluorimetric or spectrophotometric assays (pH 7.5 and 30°C).

Scheme 1

kcat/Km ) k1k3k5k7/[k2k4(k6 + k7) + k5k7(k2 + k3)] (9)

kcat ) k3k5k7/[(k3 + k4)(k6 + k7) +
k3k5k7(1/k3 + 1/k7 + 1/k9)] (10)

Km ) [k2k4(k6 + k7) + (k2 + k3)k5k7]/{k1[(k3 + k4)(k6 +
k7) + k3k5k7(1/k3 + 1/k7 + 1/k9)]} (11)
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As seen in the relative values ofkcat/Km, the active
dipeptides displayed less than 0.5% catalytic efficiency
compared to the tri- and tetrapeptides, which is manifested
in both the elevation inKm and the decrease inkcat of these
substrates. This suggests that the residues at the P2′ position
and/or beyond are critical to both the formation of Michaelis
complexes and stabilization of transition states in the enzyme
active site. Of the active dipeptides, Met-Ala, Met-Pro, Met-
Ser, Met-Thr, and Met-Val, the result indicated that relatively
small amino acids in the P1′ are the only suitable residues
at this position. The similarkcat values for the dipeptides and
Met-AMC or Met-pNA suggest that hMetAP2 catalyzes a
similar hydrolytic cleavage reaction of amide bonds in
peptides and in the alternative substrates. The similarKm

values of Met-AMC and the tri- or tetrapeptides and the
ability to directly monitor the AMC release make Met-AMC
an ideal substrate in our following mechanistic studies of
the enzyme system of hMetAP2 using pH profile and solvent
isotope effect methods (manuscript in preparation).

Product Inhibition. Inhibition of hMetAP2 by reaction
products, L-Met, AMC, and L-Nle, as well as various
methionine-related non-natural amino acids, includingL-Met-
(RS)-sulfoxide, was performed to elucidate in part the kinetic
mechanism of the full-length hMetAP2, and to explore the
proposed deep binding cleft that apparently accommodates
the side chain ofL-Met, as suggested by X-ray structures
(23). Data from product inhibition patterns of inhibitors
versus either Met-AMC or Met-pNA are summarized in
Table 2, and were fitted to both eqs 6 and 7 to determine
the patterns of product inhibition. All compounds that were
examined exhibited apparent linear competitive inhibition
versus the substrate Met-AMC (and Met-pNA for AMC)
(Table 2). The fact that bothL-methionine and AMC
exhibited competitive inhibition with the inhibition constants
Kis(Met) of 20 µM and Kis(AMC) of 290 µM indicates a
likely random uni-bi kinetic mechanism for the hMetAP2
enzyme (as depicted in Scheme 1). The 10-fold greater
binding affinity of L-Met compared to that of AMC in the
active site of hMetAP2 further supports the possibility that
L-Met is the key anchor for the binding of the substrate. As
expected,Kis values for the substrate analogues,L-Nle and
L-Met-sulfoxide, were greater than that of methionine (41
and 180µM, respectively). The 2-10-fold increase in the
inhibition constants of theL-methionine (Table 2) suggests
that, as expected, the side chain of methionine plays an
important role in the binding of substrate in the active site
of hMetAP2. The sulfur atom and its position in the side
chain ofL-Met also appear to be crucial in substrate-enzyme
recognition. The difference in theKis values ofL-norleucine
andL-methionine matches well with the observed differences
in the Km values of Nle-pNA and Met-pNA (Table 1).

Kinetic Comparison of the Truncated hMetAP2 Enzyme.
For yeast methionine aminopeptidase (Type 1), its N-terminal
extension (zinc finger domain) was shown to be dispensable
for the methionine aminopeptidase activity (41). The N-
terminal truncated yeast MetAP1 enzyme exhibited es-
sentially the sameKm and kcat values as the full-length
enzyme. The N-terminal extension (acidic and basic residue
clusters) of hMetAP2 was postulated to be involved only in
protein-protein recognition with the eukaryotic initiation
factor 2R (14). In this study, we prepared a truncated
hMetAP2 enzyme by limited proteolysis of the intact
hMetAP2, whose N-terminal sequence begins at Gly-108
(Materials and Methods). Recently, the same N-terminally
truncated hMetAP2 was subcloned, overexpressed, and
purified in-house. The truncated hMetAP2 generated by two
different methods yielded identical kinetic behavior and
physical properties (G. Yang et al., unpublished results).

As discussed earlier, the truncated hMetAP2 appeared to
have physical properties very similar to those of the full-
length hMetAP2. The same spectrophotometric assays were
used to characterize the truncated hMetAP2 enzyme, and
kinetic results are summarized in Table 3. TheKm values of
all competent substrates of the truncated hMetAP2 were
essentially the same as those of the intact, wild-type enzyme,
whereas the turnover rates were 2-3-fold lower than those
of the full-length hMetAP2 (Tables 1 and 3), assuming that
both enzymes are 100% active. The same steady-state affinity
(Km value) for both truncated and intact hMetAP2 enzymes
indicates that the removal of the N-terminal portion of wild-
type hMetAP2 does not adversely affect the ability of
hMetAP2 to form the Michaelis complex in the active site.
The same observed reduction (2-3-fold) in kcat values for
all the substrates that were examined suggests that the
fraction of active enzyme of the truncated hMetAP2 could
be e50% of that of the full-length wild-type enzyme. This
was verified by the stoichiometric titration of the active
hMetAP2 for both the full-length and truncated hMetAP2
using the methods of Ackermann and Potter (1), Morrison
(25), and Cha (7) (Figure 5). A known active site irreversible
inhibitor, fumagillin (Sigma,>90% pure), was used to titrate
the active sites of both enzymes. From the analysis, 110(
10% of the active sites of the full-length hMetAP2 are shown
to be functional, whereas only 73( 7% of the active sites
within the homogeneous N-terminally truncated hMetAP2
(Figure 5) are functional, consistent with the apparent loss
of activity (kcat) of the truncated enzyme. The apparentKi

values of fumagillin for the full-length and truncated
hMetAP2 appeared to be the same (1.6( 0.2 and 1.2( 0.2
nM, respectively).

Table 2: Product Inhibition of Full-Length Human Methionine
Aminopeptidase (Type 2)a

compound substrate inhibition patternKis (µM)

L-methionine Met-AMC competitive 20( 3
AMC Met-pNA competitive 290( 40
L-norleucine Met-AMC competitive 41( 6
L-Met-(RS)-sulfoxide Met-AMC competitive 180( 20

a Data were fitted to eqs 6 and 7 and best fit was determined from
the sum of the least residuals.

Table 3: Kinetic Parameters of the Truncated Human Methionine
Aminopeptidase (Type 2)

substrate Km (mM) kcat (min-1) kcat/Km (M-1 min-1)

Met-Ala-Sera 0.30( 0.03 97( 2 (3.2( 0.3)× 105

Met-Gly-Met-Meta 0.36( 0.06 120( 9 (3.3( 0.6)× 105

Met-AMCb 0.58( 0.04 1.3( 0.04 (2.2( 0.1)× 103

Met-pNAb 0.47( 0.05 4.8( 0.2 (1.0( 0.1)× 104

Nle-pNAb 2.1( 0.3 1.8( 0.2 (8.6( 1.5)× 102

a Measured by the AAO/HRP coupled enzyme assay.b Measured
by the direct spectrophotometric assay at pH 7.5 and 30°C. Data were
fitted to eq 5.
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Effect of DiValent Metal Cations. Table 4 summarizes the
effects of added Co2+, Mg2+, Mn2+, and Zn2+ on hMetAP2
activity. Assays were carried out using the direct spectro-
photometric method with Met-AMC as the substrate (Materi-
als and Methods). The control sample (no added metal ions)
contained a baseline concentration of Co(II) of 0.1µM. It
appears that all the metal cations that were examined showed
a certain degree of inhibition on the full-length hMetAP2-
catalyzed hydrolysis of Met-AMC (Table 4). Unlike the
previous reports (22), in which a noncontinuous assay method

was employed, no enhancement of the catalytic activity of
hMetAP2 was observed upon addition ofg100 µM exog-
enous divalent metal cations. Excess Co2+ appeared to inhibit
the enzyme activity with an IC50 value of ∼1 mM. Zinc
cation completely inactivated hMetAP2 at a concentration
of 0.1 mM. Excess Mn2+ and Mg2+ appeared to have a non-
dose-dependent effect on the activity of hMetAP2, indicating
that they are likely not kinetically relevant. Since the type 1
yeast MetAP enzyme was suggested to use Zn2+ instead of
Co2+ as its metal cofactor under physiological conditions
(36), we decided to further examine the inhibitory effects of
Zn(II) on hMetAP2.

To minimize the exogenous metal ions introduced during
the enzyme expression and purification [normally, 0.5 mM
Co(II) was added during column chromatography], the
recombinant hMetAP2 was overexpressed and purified in
the absence of any exogenous divalent metal cations (except
endogenous amounts in the cell growth medium). The Co-
(II) and Zn(II) content of the purified hMetAP2 was
quantitated by ICP emission analysis (detection limit of 0.08
ppm). No detectable Co(II) was found, whereas stoichio-
metric amounts (0.78 ppm) of Zn(II){1:1 [hMetAP2]:
[Zn(II)] } were detected in the enzyme sample. The purified
hMetAP2 was then tested for enzymatic activity in the
presence of 0-10 µM CoCl2 or ZnCl2 (final assay concen-
tration) using the direct spectrophotometric assay method
with MetAMC as the substrate (Table 5 and Figure 6). The
apoenzyme showed detectable activity even in the absence
of any additional divalent metal cations. No stimulation of
hMetAP2 activity was observed with stoichiometric addition
of ZnCl2 (100 nM ZnCl2 vs 70 nM enzyme), and at 1.0µM

FIGURE 5: Active site titration of full-length and truncated hMetAP2
using a known irreversible active site inhibitor, fumagillin, with
Met-Gly-Met-Met as the substrate. Peptidolytic activity at 0.4 mM
Met-Gly-Met-Met was measured by the AAO/HRP coupled assay
method at variable concentrations of hMetAP2 (6-30 nM) and at
changing fixed levels of inhibitor (0-30 nM) in HEPES buffer
(pH 7.5) containing 100 mM NaCl and 10µM CoCl2 at 30 °C.
The curves drawn through the experimental data points were
generated by fitting the data to eq 8. (A) Titration of the full-length
hMetAP2 at 6 (b), 12 (9), 18 (2), 24 (1), and 30 nM enzyme
([). (B) Titration of the N-terminally truncated hMetAP2 at 6 (O),
12 (0), 18 (4), 24 (3), and 30 nM enzyme (]).

Table 4: Effect of Exogenous Addition of Divalent Cations on the
Full-Length hMetAP2 Enzyme (pH 7.5 and 30°C)a

treatment
relative activity

(%) treatment
relative activity

(%)

no addition 100 5.0 mM MgCl2 75
0.1 mM CoCl2 83 0.1 mM MnCl2 74
1.0 mM CoCl2 42 1.0 mM MnCl2 78
0.1 mM MgCl2 83 5.0 mM MnCl2 64
1.0 mM MgCl2 79 0.1 mM ZnCl2 0.2

a Relative enzymatic activities were determined using Met-AMC (400
µM) as a substrate. Control samples assayed under the same conditions
(with no additions) were considered to be 100% activity. The estimated
errors are(10%.

Table 5: Effect of Co2+ and Zn2+ on the Kinetic Parameters of
Full-Length Human Methionine Aminopeptidase (Type 2) (pH 7.5
and 30°C) Using Met-AMC as a Substratea

metal cation Km (mM) kcat (min-1) kcat/Km (M-1 min-1)

no metal 0.27( 0.03 0.88( 0.04 (3.3( 0.1)× 103

0.1µM CoCl2 0.21( 0.03 1.0( 0.05 (4.8( 0.7)× 103

1.0µM CoCl2 0.18( 0.03 2.0( 0.1 (1.1( 0.2)× 104

10 µM CoCl2 0.12( 0.02 3.8( 0.2 (3.2( 0.6)× 104

0.1µM ZnCl2 0.24( 0.03 0.73( 0.03 (3.0( 0.2)× 103

1.0µM ZnCl2 0.22( 0.03 0.16( 0.01 (7.3( 1.1)× 102

10 µM ZnCl2 - inactive -
a Data were fitted to eq 5.

FIGURE 6: Velocity vs [S] plot of hMetAP2-catalyzed hydrolysis
of Met-AMC in the presence of 10µM CoCl2 (4), 1.0 µM CoCl2
(+), 0.1µM CoCl2 (×), 0 µM metal ions (]), 0.1µM ZnCl2 (0),
and 1.0µM ZnCl2 (O). Reactions were carried out at pH 7.5 and
30 °C as described in Materials and Methods.
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ZnCl2, the enzyme lost 78% of its original activity (Figure
6). CoCl2, on the other hand, clearly enhanced the methionine
aminopeptidase activity of hMetAP2 at a concentration as
low as 100 nM (1 equiv) (Figure 6). However, unlike the
observation for theE. coli MetAP (10), 1 equiv of Co(II)
apparently was not sufficient to activate the hMetAP2
enzyme to its optimal activity, suggesting that 2 equiv of
metal ions is most likely required for hMetAP2 to be fully
functional (at least in vitro). From crystallographic data of
hMetAP2 (23), one tightly bound and one loosely bound
Co(II) ion were clearly seen in the metal center of the active
site of hMetAP2. At 10µM CoCl2 [100 equiv, which could
reflect the relatively weak association of the loosely bound
Co(II) ion in the hMetAP2 active site], the enzyme appeared
to reach its optimal activity (10-fold elevation of the base-
line activity). The baseline hMetAP2 activity that is ob-
served, thus, is not a result of lack of an additional 1 equiv
of Zn(II) in the enzyme active site. The 1 equiv of Zn(II)
associated with hMetAP2 during expression and purification
is most likely not due to a requirement of the enzyme active
site but bound external to the active site. This is consistent
with our current crystallography data that a second metal
binding site was observed near the surface of a MetAP
enzyme (unpublished result). The observed baseline hMetAP2
activity can be explained by the<1/10 equiv of Co(II) in the
enzyme active site which is below the detection limit of ICP
analysis. It is worth noting that addition of metal ions [either
Co(II) or Zn(II)] had little effect on theKm value of Met-
AMC (Table 5 and Figure 5). Our data clearly support the
fact that at a low concentration (e10 µM), cobalt ions play
a key role in the stimulation of the activity of hMetAP2.
Although it is still questionable that Co(II) is the physiologi-
cally relevant divalent cation in hMetAP2, Zn(II) clearly is
not the kinetically relevant divalent cation for hMetAP2. The
observed inhibitory effect of Zn2+ upon hMetAP2 could be
a result of modification of an essential active site residue. It
was proposed that Zn(II) was able to modify the key active
site Cys residues in theE. coli MetAP enzyme to inhibit its
catalytic activity (10).

Summary. As previously discussed, the exopeptidase
activity of the type 2 human methionine aminopeptidase has
been implicated to be directly involved in the regulation of
growth factor-stimulated endothelial cell proliferation. Comple-
mentary to the in vitro results which showed that the binding
of fumagillin in hMetAP2 did not impair the association of
the N-terminal region of hMetAP2 with the initiation factor
(eIF-2R) (15), the proteolytic scission of the N-terminal
region of the enzyme also did not significantly alter the
kinetic behavior of hMetAP2 and the binding affinity of
inhibitors of hMetAP2, such as fumagillin, etc., in the
enzyme active site. The study presented here provides a
kinetic basis for further understanding the reaction mecha-
nism of this important enzyme. Like that of many other
metal-containing amidases, such as stromelysin (16), ther-
molysin (19), and dapE- and argE-encoded desuccinylase
(6) and deacetylase (20), the catalysis of hMetAP2 is
apparently metal ion-dependent and follows a random uni-
bi kinetic mechanism. In addition to the common substrate
specificity for methionine aminopeptidases, hMetAP2 dis-
plays a broader substrate selectivity and an apparently
different requirement for the metal center. The fluorogenic
compound, Met-AMC, an alternative substrate for hMetAP2,

appears to have the same steady-state affinity (Km) as that
of the peptide substrates. The true identity of the metal center
in hMetAP2 under physiological conditions remains to be
established. Our results appear to exclude the Zn(II) cation
as the potential metal cofactor for hMetAP2. The existence
of cobalt transporter proteins (21) and other transporters for
a broad range of divalent cations (Zn2+, Ni2+, and Cd2+) (26)
in microorganisms suggests that the metal uptake in mam-
malian cells could be complex, which makes the search for
the true physiological metal cation in hMetAP2 more
compelling. Due to the current analytical limitation, the target
metal-containing protein often needs to be overexpressed in
a host cell. The overexpressed recombinant MetAP enzymes
may not be tightly regulated by the host. As a result, the
metal ion content thus found in the recombinant enzymes
could be a reflection of the uptake of the most abundant metal
cation in host cells. Genomic mapping for identifying the
metal transporter genes whose expression is regulated by the
expression of MetAP genes will certainly shed light on this
issue, which could provide new therapeutic indications as
well as a better understanding of the molecular mechanism
of hMetAP2 in cell cycle regulation.
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