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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 (AM@étnoaniline (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 ok../Kn were approximately 5< 10° M~ min~%. It was found that while the

nature of the PIresidue of peptide substrates dictates the substrate specificity in the active site of hMetAP2,
the P2residue 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 rakey), 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(ll) cation was found to significantly activate
the full-length hMetAP2, while Zn(ll) cation, on the other hand, was unable to activate hMetAP2 under
any concentration that was tested.

Human methionine aminopeptidase (type 2) (hMetAP2), in endothelial cells by fumagillin and other inactivators has
an apparent cobalt(ll)-containing exopeptidase, catalyzes thebeen shown to effectively block the proliferation of these
removal of the amino-terminal methionine from newly cells (14, 33, 37). Since endothelial proliferation permits
translated polypeptides. Inactivation of the hMetAP2 activity extension of the microvascular tubules (angiogenesis), a
process apparently critical to the neovascularization and
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Asp262 __Glud59 Despite the progress in the structural and chemical
approaches to understanding the chemical mechanism of this
Glu3o4 enzyme 3, 24), detailed and systematic kinetic analysis

Co,~ /C|02 remains preliminary to date. Herein, we report the steady-

Asp251 / (l)

His331 state kinetic characterization of both the full-length enzyme
OH Tvradd and a truncated isoform of hMetAP2 which lacks the 107
NHF ‘¢ N-terminal residues of hMetAP2, and an analysis of substrate

Phe219 specificities of these enzyme forms. We found that the

s exogenous addition of divalent metal ions (including divalent

H
o
Phe366 , tr i
P NH Tle338 cobalt) ablates hMetAP2 activity. Zn(ll) apparently is not
I TTie130 the kinetically relevant metal cofactor for the type 2 human
18
HN

His231 methionine aminopeptidase enzyme.
o}

o MATERIALS AND METHODS
2
o ) ) General Enzyme assays were carried out on either a

methionyl peptide in the binding pocket of human methionine o _
aminopeptidase type 2, based on the crystal structures of apo-plate reader. For fluorescence emission, a Fluorolog-3

hMetAP2 and the hMetAP2fumagillin complex 3). Each arch ~ SPectrofluorometer equipped with a DataMax operation
curve represents the binding pocket for the metal ion (cobalt, Co system (Instruments S. A., Inc.) and a Cytofluor Series 4000
and Co) center, the methionine side chain, and thedide chain. multiwell plate reader (PerSeptive Biosystems) or a Spec-
Residues in the active site of hMetAP2 defining each pocket are 4 \MAX Gemini plate reader (Molecular Devices) were used.

listed near each arch. The bonds between two cobalt ions and five . . .
active site residues indicate either a bidentate or a monodentateoPECrophotometric assays were measured using either a

coordination of each residue in metal ion chelation. HO represents Vectra XA UV —vis spectrometer (Hewlett-Packard) or a
the metal-bound water molecule (or ion) in the active site of SPECTRAmax microplate spectrophotometer with the SOFT-

hMetAP2. R' and B represent the side chains of amino acids at max PRO operation system (Molecular Devices). All chemi-

position K" and B of a peptide. 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.

(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) Subcloning and Gerexpression of hMetAP2A fetal

in the catalytic domain distinguishes the MetAP2 family from €ndothelial cell-derivedEST clone encoding full-length

the MetAP1 family. Preliminary kinetic characterization of NMetAP2 (GenBank accession number 296441; TIGR THC
hMetAP2 @2) indicated that like other MetAPs, hMetAp2 ~ €ntry THC171071) was obtained from American Type
catalyzes a Co(ll)-dependent cleavage of the N-terminal Culture CoIIecnpn (_Rock\_/llle, MD). Thg complete sequence
methionine with a stringent substate specificity, which is ©f the pBluescript insertion was confirmed by automated
apparently dictated by the steric nature of thé residue  dideoxy sequencing (Applied Biosystems, Foster City, CA).
(gyration radius 0<1.29 A:5, 17, 32). Recent studies with 1€ complete coding sequence was then subcloned on an

the type 1 yeast methionine aminopeptida3é) @nd the EcoRI—Hindlll restriction fragment into thepFastbac-1
Escherichia colimethionine aminopeptidasé)(suggested ~ donor plasmid (Life Technologies, Gaithersburg, MD)

that Zn(I1) and Fe(ll) cations, respectively, could be the metal PEtween the same restriction sites, placing it under the
ions utilized in vivo. It has been further suggested recently régulation of the baculovirus polyhedrin promoter. Sequence

that theE. coli MetAP enzyme could function as a mono- confirmation of the resultant construct, MABEB, was
nuclear metalloproteasa). performed across cloning junctions.

The N-terminal extension of MetAP enzymes differentiates ~Recombinant hMetAP2 was expressed in Sf9 cells using
the methionine aminopeptidases in eukaryotes from thosethe Bac-To-Bac Baculovirus expression system (Life Tech-
in eubacteria. For yeast methionine aminopeptidase (Typenologies). The Mini-Tn7 element-directed polyhedrin pro-
1), its N-terminal extension (zinc finger domain) was shown moter-driven expression cassette (element) was transposed
not to be required for the methionine aminopeptidase activity into bacmid bMON14272 using. coli DH10Bac according
(41). The N-terminally truncated yeast MetAP1 enzyme to the manufacturer’s protocols. Transfection of Sf9 cells
exhibited essentially the sarig, andk. values as the full- ~ with recombinant bacMids resulted in the production of
length enzyme. The highly charged N-terminal extension in recombinant baculovirus capable of expressing recombinant
mammalian MetAP2 enzymes has been speculated to be onlh)MetAP2 in Sf9 cells. Approximately 6 mg of purified,
involved in the binding of elF-@ to prevent phosphorylation ~ active enzyme was recovered per cell pellenfra L of
of this factor (L5). Inactivation of the catalytic activity of  infected cell culture harvested 3 days postinfection (see the
hMetAP2 by ovalicin, fumagillin, and TNP470 (a fumagillin ~ purification methods described below).
analogue) did not affect protection of elle-Zrom phos- Purification of Full-Length Recombinant hMetAPPhe
phorylation by cellular enzymesl4), suggesting that the full-length hMetAP2 enzyme was purified using a modifica-
active site responsible for peptidolysis is functionally distinct tion of the procedure of Li and Chang3). The cell pastes
from the subsite which binds elFe2 (from the previous section) were resuspended in a lysis buffer
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containing 10 mM Hepes (pH 7.4), 0.5 mM CoCL0% using the MarquardtLevenberg nonlinear least-squares
glycerol, 1.5 mM MgCJ, 100 mM KCI, and protease algorithm from SigmaPlot (SPSS Science, Chicago, IL).
inhibitors (1 ug/mL aprotinin, 1ug/mL leupeptin, 0.7:9/

mL pepstatin A, and 1 mM AEBSF) and disrupted with a M(1 — 7p)w(r? — r,.9)

Dounce homogenizer on ice. The lysate was centrifuged at A=A, ex SRT + offset (1)
3000@ for 30 min, and the supernatant fractions of the cell-

free extracts were loaded onto a Source-15 S column h and the absorb  tith dat int
(Pharmacia) equilibrated with buffer A [10 mM Hepes (pH whereA an Am are the absorbances o data poin
and at the meniscus, respectivdl§ is the solution mass of

7.4), 0.5 mM CoCJ, and 10% glycerol]. Active fractions Co_ ; o X
from the Source-15 S purification step were then further _the protein is the partial specific volume of the protey,

purified using a Source-15 Q column (Pharmacia). The Is the solvent densityy Is the a_ngular_ \_/elocity if‘ radians
enzyme activity was monitored using the uncoupled direct per second; apdrm are the r.adlall positions of trieh da}a
assay method described below. A gradient of NaCl (from point and meniscus, respectivel}js thg gas constant, is
100 to 500 mM) in buffer A was used in both columns to the a_bsolute temperature, :_:md offset is an offset absorbance
elute the active enzyme. A typical yield of 6 mg of pure that is Eonstant as a function of In the study presented
hMetAP2 (90% pure judging by the SDSPAGE gel) was here,p = 1.005 g/mL and of_the hMetAP? molecules_ was
obtained per liter of cell culture. calculated as 0.73 mL/g using the Sedmterp (vers_lon ;.O)
Purification of Truncated Recombinant hMetARRwas p;ogram of D. IE]: Hayesh T. Laue, and J. Philo (University
found that prolonged incubation of the full-length hMetAP2 0 New Hamps '_re’ Durham, NH).
in the elution buffer of the first Source-15 S cation exchange _ Circular dichroism (CD) data were measured on a Jasco
column in the absence of protease inhibitors resulted in J-710 CD spectropolarimeter. Samples at approximately 0.2
various proteolytic products of hMetAP2. These major mg/mL in a 0.1 cm path length Water—Jaqketed cuvette at 20
truncated products were proteins with apparent molecular ‘C Were scanned at a rate of 50 nm/min, and four spectra
masses of 43 kDa (estimated by SBBAGE). N-Terminal were averaged in each case. A buffer-only spectru_m_vyas
sequencing of the 43 kDa protein fragment excised from an subtractgd from hMetAP2 spectra, and the re_sultlng ellipticity
SDS-PAGE gel was consistent with a sequence correspond-data, 0 (in degrees), were converted to difference molar
ing to an N-terminus at Gly-108 of the predicted sequence €Xtinction coefficient data by the relatiake = 6/(32.48¢),
of full-length hMetAP2 %GPRVQTVDPPS). Western wherel is the pajth Iength in gentlmeters ans the mol'arlty
analyses using the hMetAP2 specific polyclonal antipeptide ©f hMetAP2 amino acid residue8d). The concentration of -
(both N-terminal and C-terminal epitope sequence) antibodies"MetAP2 was determined by the absorbance at 280 nm using
confirmed that the 43 kDa protein is a truncated form of Molecular masses of 52 791 and 41 456 Da, and extinction
hMetAP2 in which the N-terminal region has been removed. coefficients of 0.872 and 1.11 mL/mg, respectively, calcu-
The truncated hMetAP2 was found to no longer bind to the lated @€9) from the sequence for the full-length and truncated
Source-15 Q column used in the purification of the full-length forms. Guanidinium and urea denaturation studies were
enzyme, suggesting that an anionic (acidic) region of the carried out_by incubating the hMetAP2_ sam_ples in each fl_nal
protein had been removed. concentration of denaturant for 30 min prior to measuring
To purify the truncated hMetAP2, cell-free extracts the extent of unfolding via measurement of the protein
containing recombinant full-length hMetAP2 were first ellipticity at 225 nm. The 30 min |nc.l_Jba_1t|on time was chosen
subjected to the Source-15 S column purification in the t0 allow all samples to reach equilibrium.
absence of protease inhibitors using the same chromato- Synthesis af-Norleucine p-Nitroanilidei(-Nle-pNA).The
graphic conditions described above. The combined fractionssynthesis of-Norleucinep-nitroanilide was carried out by
containing full-length hMetAP2 were then incubated at 4 adaptation of the procedure developed by Rijkers and co-
°C for 5 days to allow protease digestion in situ for removal workers 80). Accordingly, treatment of theert-butyl oxy-
of the first 107 amino acids at the N-terminus and gen- carbonyl amino acid with phosphorus oxychloride in pyridine
eration of the 43 kDa truncated hMetAP2 (the extent of led to amidation by-nitroaniline, and further treatment with
cleavage was monitored by SBSAGE). The mixture  HCI in ethyl acetate led to the desired amino agid
containing the truncated protein was next purified using a hitroanilide (yield of~80%). The identity of the compound
Superdex G-75 size exclusion column [prepacked Pharmaciawas established bH NMR and mass spectrometry.
HiLoad 26/60, 2.6 cm (diameterx 60 cm (length)] Coupled Spectrophotometric Assays of hMetAPBe
equilibrated in buffer A. The truncated hMetAP2 was eluted methionine aminopeptidase activity of hMetAP2 could be
with buffer composed of 10 mM Hepes (pH 7.4), 10% measured spectrophotometrically by monitoring the free
glycerol, and 0.5 mM CoGlat a flow rate of 2 mL/min, [-amino acid formation upon peptidolysis. The release of
which yielded 90% pure truncated hMetAP2. Five milligrams N-terminal methionine from a tripeptide (Met-Ala-Ser,
of purified enzyme was typically obtained per liter of cultured = Sigma) or a tetrapeptide (Met-Gly-Met-Met, Sigma) substrate
cells. was assessed by using a coupled enzyme assay comprised
Equilibrium Sedimentation and Circular Dichroisi8edi- of L-amino acid oxidase (AAO) and horseradish peroxidase
mentation equilibrium data were measured on a Beckman(HRP) as outlined in egs-24a,b.
XL-A analytical ultracentrifuge at 20C. Samples of pure
hMetAP2 at 0.15 mg/mL in buffer containing 5 mM Hepes hMetAP2
(pH 7.5) and 100 mM NaCl were applied in double-sector L-Met-Ala-Ser—=__ = L-Met + H,N-Ala-Ser  (2)
cells equipped with charcoal-filled Epon centerpieces and AAO .
sapphire windows. The resulting data were fitted to egt) ( L-Met+ H,0 + O, —— 2-oxo acid+ NH; + H,0, (3)
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405 nm for pNA) or the fluorescence emissidiax(= 360
nm, Aem = 460 nm, for AMC) in each well was used to
calculate the initial velocity of hMetAP2. Each al assay
contained 50 mM Hepes (pH 7.5), 100 mM NaCl,-11D0
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
Oxidation byL-amino acid oxidase (AAO, Sigma) (eq 3) the same assay conditions described above. The metal ions,

of the product methionine (eq 2) generated hydrogen including Cé*, Mg?", Mn", and Z#* (0.14M to 5 mM),

ously monitored by its utilization as a substrate for horserad- (4004M). For substrate specificity studies, 13 commercially
ish peroxidase (HRP, Sigma) which then oxidized either available amino acid AMC analogues (Phe-, His-, Lys-, Ile-,
o-dianisidine (Sigma) (eq 4a) or Amplex Red (Molecular L&u-, Asn-, GIn-, Arg-, Ser-, Thr-, Val-, Trp-, and Tyr-
Probes) (eq 4b) as a cosubstrate. Oxidatioo-dfanisidine ~ AMC), in addition to Met-AMC, were used in the hMetAP2-
was monitored at 36C as an increase in absorbance at 450 Catalyzed reactions. As a control, all these amino amides were
nm (Ae = 15300 M® cm3)2 in 1 cm path length firsttested in reactions catalyzed by alanine aminopeptidase
self-masking cuvettes3). The oxidation of Amplex Red ~ from bovine intestinal mucosa (Sigma), a nonspecific ex-
was monitored at 30C as an increase in fluorescence ©OPeptidase. The product or product analogues examined as
emission e = 54 000 M ¢, Aex = 563 NMlex = 587 putative inhibitors were-methionine,-norleucine (-Nle),

nm, slit width for excitation and emission 1.25 mm) 40). L-methioninesulfone,-methionine-RS-sulfoxide, and AMC.

In a total volume of 500.L, a typical assay contained 50 Compounds were preincubated with hMetAP2 for 10 min
mM Hepes (pH 7.5), 100 mM NaCl, 0-1.0 mM CoC}, 1 at room tgmperature before the addition of substrate to initiate
mM o-dianisidine or 5uM Amplex Red, 5 units of HRp  the reaction. _ _ _
(Sigma), 1 unit of AAO (Sigma), 16100 nM hMetAP2, Kinetic Data AnalysisData were fitted to the appropriate

and varying amounts of peptide substrates. The high sensitiv-1t¢ eéquations by nonlinear regression using Grafit 4.09
ity of Amplex Red also allowed the conversion of the (Erithacus Software). Initial velocity data conforming to

coupled enzyme assay into a 96- or 384-well assay formatMichaeIis—Menten kinetics were fitted to eq 5. Inhibition
using>0.5 M enzyme in the assay. For a typical 96-well patterns conforming to apparent linear competitive and linear

plate assay, the increase in the fluorescence emision( noncompetitive inhibitipn were fitted to both egs 6 and 7,
563 nm,lem = 587 nm) of each well was used to calculate respectively, for each inhibitor, and the best fit was deter-

the initial velocity of hMetAP2. Each 50L assay contained ~ Mined from the data which yielded the lower residuals.
50 mM Hepes (pH 7.5), 100 mM NacCl, 6% nM purified

(o-Dianisidine)

HO. O. OH
TR0, HO SNy C or
)I 2 =z, (4b)
SN HRP NNy
O)\CH

(Resorufin}
(Amplex Red)

hMetAP2 enzyme, 1aM CoCl,, 0.5 unit of HRP, 0.04 unit v=VAK,+A) (5)
of AAO, 50 uM Amplex Red, and varying amounts of v=VA[K1+ /K + Al (6)
peptide substrate. The fluorescence plate reader was cali-

brated using authentic oxidized Amplex Red (Resorufin) v=VA[K(1+ I/Kg) + A1+ I/K;)] (7)

(Molecular Probes) for determination of the stoichiometry

of the hMetAP2 reaction. Assays were initiated with the In eqs 57, v is the initial velocity,V is the maximum
addition of substrate, and the initial rates were corrected for velocity, K, is the apparent Michaelis constart,s the
the background rate determined in the absence of hMetAP2.inhibitor concentrationA is the concentration of the variable

Direct (Uncoupled) Spectrophotometric Assays of hMetAP2 substrate, antis andK; are the apparent slope and intercept

on a Multiwell Plate ReaderfThe hMetAP2 activity could
also be measured by direct spectrophotometric assay method
using alternative substratesmethioninegp-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 fluorescehge« 360

nm, Aem = 460 nm), respectively, on a corresponding plate
reader. All assays were carried out at’8) 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

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

inhibition constants, respectively. The nomenclature used in
the rate equations for the inhibition constants is that of
Cleland B), in whichKis andK; 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 87, 13, 25) as
shown below:

I, — K" + [(aE — I, + Ki')2 +
4K1]V 120E, (8)

vilvg={0oE —
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Ficure 3: Sedimentation equilibrium analysis of the solution
Te— masses of full-length4) and truncated ) hMetAP2. Best-fit
. . curves are plotted along with the data (Materials and Methods).
FiGURE 2: Nu—PAGE (10% polyacrylamide, Novex) analysis of  nonlinear least-squares fitting to a single-molecular species model
purified full-length and N-terminally truncated hMetAP2. Proteins  yje|ded solution masses of 5470.2 and 41.7 0.5 kDa for full-
were visualized by staining with Coomassie Blue. Lanesia  jength and truncated hMetAP2, respectively. The buffer was 5 mM

represent approximately /g of full-length hMetAP2 (a), Zg of Hepes and 100 mM NaCl (pH 7.5 and 28). The rotor speed
truncated hMetAP2 (b), Sug of truncated hMetAP2 (c), and a5 22 000 rpm.

molecular markers (d). The estimated purity of the enzyme samples
is >90%.

wherey; andug are the initial velocities in the presence and
absence of inhibitor, respectively,is the fraction of active
enzyme,Ki' = Ki(1 + A/Ky) (whereK; is the inhibition
constant) A is the fixed substrate concentratidf, and I;

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

Ag

Adb N Lo =~ v e s
(o™

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 61 2 3 4 5 6 7
the expected values calculated from the amino acid sequences [GdnHCI], M

(52 791.4 and 41 456.3 Da, respectively). . . I
. . . Ficure 4: Circular dichroism spectra (A) and guanidinium
Analytical ultracentrifugation showed that both hMetAP2  hydrochloride denaturation (B) analyses of full-lengm) (and

forms were apparently monomeric at concentrations up to truncated &) hMetAP2. CD spectra are shown as molar ellipticity
approximately 10tM. Sedimentation patterns of both the Vs wavelength. Best-fit curves are shown for an assumed two-state
full-length and truncated proteins were well-described in unfolding model (Eftink, 1995). Guanidinium HCI denaturation data

luti b inale-h . del with show that both enzyme forms have a broad unfolding transition
solution by a single-homogeneous species model WItN 54 have similar folding stabilities. Denaturation of lysozyr@ (

average molecular masses at equilibrium of 54.@.2 and is shown for comparison. The conditions included 5 mM HEPES,
41.7+ 0.5 kDa, respectively (Figure 3). Circular dichroism 100 mM NaCl, pH 7.5, and 20C.

spectra showed that both molecules are predominantly well-

folded (Figure 4A), and appeared to be similar in their overall the recent crystal structure study of hMetAP2 that the first
secondary structural content. The folding stabilities of the 109 N-terminal residues of hMetAP2 are disordered and
two forms were also compared using guanidinium and ureadistal to the enzyme active sit3). Interestingly, both forms
as denaturants. The denaturation curves for the full-length of the enzyme exhibit unusually broad denaturant unfolding
and truncated forms of hMetAP2 were found to be essentially curves. The physical origin of this is unknown, but may be
the same (Figure 4B), thereby indicating that both forms have due to overlapping of multiple unfolding transitions. To our
similar energetics of folding. The deletion of the 107 knowledge, hMetAP2 is the only known monomeric enzyme
N-terminal residues from hMetAP2, thus, does not apparently to have such an unusually broad denaturation transition, a
affect the overall structure of the catalytic, C-terminal domain finding that may be related to the unusually high stability of
of hMetAP2. This is consistent with the observation from its enzymatic activity. Human MetAP2 can be stored in a

Fraction Unfolded
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Table 1: Kinetic Parameters of the Full-Length Human Methionine Scheme 1
Aminopeptidase (Type 2) kK EQ K,
. KA K ks TN
KealKm relative E == EA=—EX==EPQ E
substrate Kn (MM)  kegr(Mind)  (MIminY)  kealKm ks Ke ks k\n*Ep /k:
Met-Ala-Seb 0.38+0.03 210+5  (5.5+0.5)x 10° 100
Met-Gly-Met-MeP 0.34+ 0.04 170+ 6 5.1+ 0.6)x 10¢ 93 I
Mgt_,_eﬁ_,;ﬁé € N/A 0.0 ( 0.0 )x 0.0 Xaa could also be the substrates of the enzyrelethionine
Met-Alab ~15 ~7.7 ~5.2x 10? dipeptides of the form Met-Xaa, in which Xaa includes Ala,
&O?g'\c/;)et-GW >2185i 02 '\;//;i 04 P‘Z/gi 0.2)x 10 No/ﬁg Asn, Glu, Gly, lle, Leu, Lys, Metp-Met, Phe, Pro, Ser, Thr,
et-Pr . . . . . 2) X .

Met-vab 12401 0.80£002 (6.7406)x 1 012 Trp, Tyr, and Val, were tested as substrates for hMetAP2
Met-Thi 1.3+ 0.3 0.60+ 0.06 (4.6+0.1)x 12 0.084 using the_ coupled assay methods. Due.to the.fact that 1 mol
Met-SePP 0.85+ 0.23 0.37+ 0.04 (4.4+0.1)x 1®  0.080 of dipeptide generates 2 mol of freeamino acids, théxa
Met-Xaa N/A 0.0 0.0 0.0 i i i i

values in Table 1 for the active dipeptides were corrected
Met-AMC® 0.31£0.02 3.3+0.1 (L.1+0.1)x10* 2.0 : L
x:az-AMcc N/A 0.0 (o.o > 0.0 by a factor of 2. The catalytic efficiencie&:4/Krm) of the
Met-pNA® 0.67+£0.11 95+0.3 (1.4+0.2)x 100 25 dipeptides were summarized and compared to that of Met-
Nle-pNA® 20+£03 4.4+03 (22+04)x10° 040 Ala-Ser (relativek:o/Ky, = 100) in Table 1. In general, the

aXaal, one of the-amino acids of Asn, Glu, lle, Leu, Lys, Met,  dipeptides that were tested were apparently poorer substrates
E-Meltf Pflle, TLF\), ang lTyrAXaaSZ, orﬁ] of \'[/hia?ino ac(ijdi of Féhti, His,  than the amino acid amide substrates Met-AMC and Met-

S, lle, Leu, Asn, n, Arg, ser, r, val, 1rp, an r. Data were i i i i i
fit);ed to eq 5. AAO/HRP cgupling enzyme assgy (pH 7}./5 and°gy). PNA. As eXpeCf[ed, dl_peptldes in which the rESIdue- at PL
¢ Fluorimetric or spectrophotometric assays (pH 7.5 and@p was a small amino ac"?' (Ala' Pro, Se_r’ etc.) were s_unable as

substrates, whereas dipeptides bearing larger residues$ at P1
were poor substrates. Since tGecoli MetAP was found to
be only active toward tripeptides or larger substras (
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 i§f, and k.,

Eor the amino acid amides Met-AMC and Met-pNA, Met-
PNA exhibited the higher turnover rat&4 = 9.5 mirr?),
tWhereas Met-AMC exhibited the lower Michaelis constant

buffer at 4°C for several months without a significant loss
of activity.

Steady-State Kinetics of Peptide and Amino Acid Sub-
strates of hMetAP2Using 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 observe
for any progressive curve of product formation reported in
this study. The results are summarized in Table 1. Consisten e .
with previous reports on various methionine aminopeptidas:es,(Km N 0'31. mM), similar to that of the peptide subst'rates.
hMetAP2 specifically cleaved the N-terminalMet from NIe-pNA displayed an elevatdd“] valu_e of 2.0 mM which
both Met-Ala-Ser and Met-Gly-Met-Met. When the 'P1 is comparable to those of the dipeptide substrates.
amino acid 81) of the peptide substrate was sterically large A Minimal mechanistic scheme for a metalloprotease
(gyration radius of1.29 A), such as with-Leu, hMetAP2 which has a random release of products is shown in Scheme
exhibited no detectable activity (Table 1). Itis an interesting 1- A P, and Q represent the substrate and two products,
and novel finding that hMetAP2 was also able to utilize respectively, while EX is the adduct of the pe_ptlde substrate
substrates smaller than a dipeptide, such as Met-AMC and@nd water. For the upper pathway, expressionskig,
Met-pNA. Both were competent substrates of hMetAP2, Km andVmaxare shown in egs-911.
albeit with poorer activity than the di- and tripeptides. Human
MetAP2 also demonstrated stringent specificity for the Keaf Km = Kikakska/[koKy(ks + ko) + keka(k, + k3)] (9)
residue at the P1 position. LikE. coli methionine ami- _
nopeptidase (type 1);Nle was found to be the only amino Keat = kalskal[(ks + ki) (ks + ko) +
acid residue other thanMet (N-terminally formylated Met- kakskz(1/ks + 1/k; + 1/kg)] (10)
Ala-Ser also serves as a substrate for hMetAP2, unpublished,, _
data) that could be accommodated at the N-terminus of aKm = Thoky(ks 1 ka) + (i + kaJkakal/ Tkl (ks + k) (ke +
substrate. Thirteen other commercially available amino acid ky) + Ksksky(1ks + 1k, + 1/kg)]} (11)
AMC analogues (from Bachem), including Phe, His, Lys,
lle, Leu, Asn, GIn, Arg, Ser, Thr, Val, Trp, and Tyr, were Modeling studies of the expressions in eq1d indicate that
examined and showed no cleavage by hMetAP2. As athe significant decreases in the relative valuek.gK, and
control, all of these analogues were active as substrates folk.s, with little change in the values €, for the substrates
alanine aminopeptidase (a nonspecific exopeptidase fromthat were examined (Table 1) undoubtedly arise from
bovine intestinal mucosa) (Table 1). These results are decreasing values of eithley;, ks, or both. The greatly reduced
consistent with the fact that hMetAP2 contains a stringently catalytic efficiency K.a/Kn) of Met-AMC (52-fold lower than
specific substrate binding site as shown in the recently that of Met-Ala-Ser, Table 1) as well as Met-pNA (39-fold)
determined crystal structur@3), as it is highly selective is almost entirely due to the reduction in the turnover rate
for L-methionine at the N-terminus. (kea Which could be consistent with either the formation of

The observed hMetAP2-catalyzed cleavage of Met-AMC the tetrahedral intermediate complex (EX) or its breakdown
and Met-pNA suggests that dipeptidoids of the form Met- as being rate-limiting in catalysis.
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Table 2: Product Inhibition of Full-Length Human Methionine Table 3: Kinetic Parameters of the Truncated Human Methionine
Aminopeptidase (Type 2) Aminopeptidase (Type 2)
compound substrate inhibition patternKjs («M) substrate Kn (MM)  keat(Min™)  Kead K (M~ min—1)
L-methionine Met-AMC competitive 26 3 Met-Ala-Sef 0.30£0.03 97+2 (3.2+0.3)x 1®
AMC Met-pNA competitive 290t 40 Met-Gly-Met-Me# 0.364+0.06 120+ 9 (3.3+£0.6)x 1®
L-norleucine Met-AMC competitive 4% 6 Met-AMCP 0.58+0.04 1.3+0.04 (2.2+0.1)x 1
L-Met-(R9-sulfoxide  Met-AMC competitive 18a- 20 Met-pNAP 0.47+£0.05 4.8+0.2 (1.0+£0.1) x 10
Nle-pNAP 2.1+0.3 1.8+ 0.2 (8.6+ 1.5) x 1(?

a Data were fitted to eqs 6 and 7 and best fit was determined from
the sum of the least residuals. aMeasured by the AAO/HRP coupled enzyme as$ayeasured
by the direct spectrophotometric assay at pH 7.5 antiC3@ata were
fitted to eq 5.

As seen in the relative values d&€./Kn, the active

dipeptides displayed less than 0.5% catalytic efficiency N . f th dh
compared to the tri- and tetrapeptides, which is manifested Kinetic Comparison of the Truncated hMetAP2 Enzyme

in both the elevation ik, and the decrease k,; of these For yegst me_:thio_nine aminopeptidase (Type 1), its _N-terminal
substrates. This suggests that the residues at theoBiion ~ €Xtension (zinc finger domain) was shown to be dispensable
and/or beyond are critical to both the formation of Michaelis 0" the methionine aminopeptidase activigl). The N-
complexes and stabilization of transition states in the enzymet€'minal truncated yeast MetAP1 enzyme exhibited es-
active site. Of the active dipeptides, Met-Ala, Met-Pro, Met- Sentially the sameKm and ke values as the full-length
Ser, Met-Thr, and Met-Val, the result indicated that relatively €Nzyme. The N-terminal extension (acidic and basic residue
small amino acids in the Pare the only suitable residues ~ClUSters) of hMetAP2 was postulated to be involved only in
at this position, The similake.values for the dipeptides and Protein—protein recognition with the eukaryotic initiation
Met-AMC or Met-pNA suggest that hMetAP2 catalyzes a factor & (14). In this study, we prepared a truncated
similar hydrolytic cleavage reaction of amide bonds in NMetAP2 enzyme by limited proteolysis of the intact
peptides and in the alternative substrates. The sirijar ~ "MetAP2, whose N-terminal sequence begins at Gly-108
values of Met-AMC and the tri- or tetrapeptides and the (Materials and Methods). Recently, the same N-terminally
ability to directly monitor the AMC release make Met-AMC ~ truncated hMetAP2 was subcloned, overexpressed, and
an ideal substrate in our following mechanistic studies of Purified in-house. The truncated hMetAP2 generated by two
the enzyme system of hMetAP2 using pH profile and solvent different methods vyielded identical kinetic behavior and

isotope effect methods (manuscript in preparation). physical properties (G. Yang et al., unpublished results).
Product Inhibition Inhibition of hMetAP2 by reaction As discussed earlier, the truncated hMetAP2 appeared to

products, L-Met, AMC, and L-Nle, as well as various have physical properties very similar to those of the full-

methionine-related non-natural amino acids, includifdet- length hMetAP2. The same spectrophotometric assays were

(RS-sulfoxide, was performed to elucidate in part the kinetic used to characterize the truncated hMetAP2 enzyme, and
mechanism of the full-length hMetAP2, and to explore the kinetic results are summarized in Table 3. Hgvalues of
proposed deep binding cleft that apparently accommodates?ll competent substrates of the truncated hMetAP2 were
the side chain of-Met, as suggested by X-ray structures €ssentially the same as those of the intact, wild-type enzyme,
(23). Data from product inhibition patterns of inhibitors whereas the turnover rates were 2fold lower than those
versus either Met-AMC or Met-pNA are summarized in Of the full-length hMetAP2 (Tables 1 and 3), assuming that
Table 2, and were fitted to both eqs 6 and 7 to determine Poth enzymes are 100% active. The same steady-state affinity
the patterns of product inhibition. All compounds that were (Km value) for both truncated and intact hMetAP2 enzymes
examined exhibited apparent linear competitive inhibition indicates that the removal of the N-terminal portion of wild-
versus the substrate Met-AMC (and Met-pNA for AMC) type hMetAP2 does not adversely affect the ability of
(Table 2). The fact that both-methionine and AMC hMetAP2 to form the Michaelis complex in the active site.
exhibited competitive inhibition with the inhibition constants The same observed reduction<2-fold) in ke values for
Kis(Met) of 20 uM and Kis(AMC) of 290 uM indicates a all the substrates that were examined suggests that the
likely random uni-bi kinetic mechanism for the hMetAP2 fraction of active enzyme of the truncated hMetAP2 could
enzyme (as depicted in Scheme 1). The 10-fold greaterbe =50% of that of the full-length wild-type enzyme. This
binding affinity of L-Met compared to that of AMC in the was verified by the stoichiometric titration of the active
active site of hMetAP2 further supports the possibility that hMetAP2 for both the full-length and truncated hMetAP2
L-Met is the key anchor for the binding of the substrate. As using the methods of Ackermann and Pottgy;, Morrison
expectedKis values for the substrate analogued\le and (25), and ChaT) (Figure 5). A known active site irreversible
L-Met-sulfoxide, were greater than that of methionine (41 inhibitor, fumagillin (Sigma>90% pure), was used to titrate
and 180uM, respectively). The 210-fold increase in the  the active sites of both enzymes. From the analysis,#10
inhibition constants of the-methionine (Table 2) suggests 10% of the active sites of the full-length hMetAP2 are shown
that, as expected, the side chain of methionine plays anto be functional, whereas only 78 7% of the active sites
important role in the binding of substrate in the active site within the homogeneous N-terminally truncated hMetAP2
of hMetAP2. The sulfur atom and its position in the side (Figure 5) are functional, consistent with the apparent loss
chain ofL-Met also appear to be crucial in substragszyme of activity (ke.a) Of the truncated enzyme. The appar&nt
recognition. The difference in th€s values ofL-norleucine values of fumagillin for the full-length and truncated
andL-methionine matches well with the observed differences hMetAP2 appeared to be the same (£.6.2 and 1.2t 0.2

in the K, values of Nle-pNA and Met-pNA (Table 1). nM, respectively).
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AT oot Table 5: Effect of C&" and Zr#* on the Kinetic Parameters of
BN o 7 Full-Length Human Methionine Aminopeptidase (Type 2) (pH 7.5
08 - = and 30°C) Using Met-AMC as a Substrdte
i 7 metal cation Ky (MM) Kear(Min™Y)  KealKin (M~ min~2)
s °T 7 no metal 027:0.03 088004 (3.3+0.1)x 10°
=S B . 7 0.1uM CoCl,  0.21+0.03 1.0+£0.05 (4.8+£0.7)x 10°
04 - 1.0uM CoCl, 0.18+0.03 2.0+ 0.1 (1.1+0.2) x 10¢
L i 10uM CoCl, 0.124+ 0.02 3.8+ 0.2 (3.2+0.6) x 10*
02 L 0.1uM ZnCl, 0.244+0.03 0.73+£0.03  (3.0+£0.2) x 1¢°
’ 1.0uM zZnCl, 0.22+£0.03 0.16+ 0.01 (7.3£1.1) x 17
r 7 10uM ZnCl, - inactive -
0 1 L 1 | 1 1 1 -
a Data were fitted to eq 5.
0 20 40
[fumagillin] nM [M2+] uM
CoCl, 10
B
=
£
=
£
=
o é CoCl, 10
=< >
s CoCl, 0.1
nometal O
ZnCl, 0.1
ZnCl, 1.0
0 0.2 0.4 06 0.8 1
[Met-AMC] mM

Ficure 6: Velocity vs [S] plot of hMetAP2-catalyzed hydrolysis
of Met-AMC in the presence of 10M CoCl, (A), 1.0uM CoCl,

(+), 0.1uM CoCl, (x), 0 uM metal ions ©), 0.1uM ZnCl, (O),
FiIGURE5: Active site titration of full-length and truncated hMetAP2 and 1.0uM ZnCl, (O). Reactions were carried out at pH 7.5 and
using a known irreversible active site inhibitor, fumagillin, with 30 °C as described in Materials and Methods.

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 a5 employed, no enhancement of the catalytic activity of

method at variable concentrations of hMetAP2-8® nM) and at L
changing fixed levels of inhibitor (630 nM) in HEPES buffer hMetAP2 was observed upon addition 100 uM exog-

(pH 7.5) containing 100 mM NaCl and @M CoCl, at 30 °C. enous divalent metal cations. Exces$ Cappeared to inhibit
The curves drawn through the experimental data points were the enzyme activity with an 16 value of ~1 mM. Zinc
generated by fitting the data to eq 8. (A) Titration of the full-length  cation completely inactivated hMetAP2 at a concentration
hMetAP2 at 6 @), 12 @), 18 (a), 24 (v), and 30 nM enzyme o 1 M. Excess M# and M@+ appeared to have a non-
(#). (B) Titration of the N-terminally truncated hMetAP2 at®)( d d dent effect on th tivity of hMetAP?2. indicati
12'0), 18 (a), 24 (), and 30 NM enzyme<¥). ose-dependent effect on the activity of hMetAP2, indicating
that they are likely not kinetically relevant. Since the type 1
Table 4: Effect of Exogenous Addition of Divalent Cations on the ~ Yeast MetAP enzyme was suggested to us€ Zimstead of
Full-Length hMetAP2 Enzyme (pH 7.5 and 3Q)? Co*"™ as its metal cofactor under physiological conditions

(36), we decided to further examine the inhibitory effects of

[fumagillin] nM

relative activity relative activity

treatment (%) treatment (%) Zn(ll) on hMetAP2. o .
o addition 100 5.0 MM MgGl 75 To minimize the exogenous mgtal ions introduced during
0.1 mM CoC} 83 0.1 mM MnCh 74 the enzyme expression and purification [normally, 0.5 mM
1.0 mM CoC} 42 1.0 mM MnC} 78 Co(ll) was added during column chromatography], the
0.1 mM MgCh 83 5.0 MM MnC} 64 recombinant hMetAP2 was overexpressed and purified in
1.0 mM MgCh 79 0.1 mM ZnC} 0.2

the absence of any exogenous divalent metal cations (except
? Relative enzymatic activities were determined using Met-AMC (400 endogenous amounts in the cell growth medium). The Co-

uM) as a substrate. Control samples assayed under the same condition I
(with no additions) were considered to be 100% activity. The estimated ﬁl) and Zn(ll) content of the purified hMetAP2 was

errors aret10%. quantitated by ICP emission analysis (detection limit of 0.08
ppm). No detectable Co(ll) was found, whereas stoichio-
Effect of Dvalent Metal CationsTable 4 summarizes the metric amounts (0.78 ppm) of Zn(I§1:1 [hMetAP2]:
effects of added Cd, Mg?*, Mn?*, and Zr#" on hMetAP2 [Zn(11)]} were detected in the enzyme sample. The purified
activity. Assays were carried out using the direct spectro- hMetAP2 was then tested for enzymatic activity in the
photometric method with Met-AMC as the substrate (Materi- presence of 810 uM CoCl, or ZnCk (final assay concen-
als and Methods). The control sample (no added metal ions)tration) using the direct spectrophotometric assay method
contained a baseline concentration of Co(ll) of oM. It with MetAMC as the substrate (Table 5 and Figure 6). The
appears that all the metal cations that were examined showedpoenzyme showed detectable activity even in the absence
a certain degree of inhibition on the full-length hMetAP2- of any additional divalent metal cations. No stimulation of
catalyzed hydrolysis of Met-AMC (Table 4). Unlike the hMetAP2 activity was observed with stoichiometric addition
previous reportsA?), in which a noncontinuous assay method of ZnCl, (100 nM ZnC} vs 70 nM enzyme), and at 1M
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ZnCl,, the enzyme lost 78% of its original activity (Figure appears to have the same steady-state affikify @s that

6). CoC}, on the other hand, clearly enhanced the methionine of the peptide substrates. The true identity of the metal center
aminopeptidase activity of hMetAP2 at a concentration as in hMetAP2 under physiological conditions remains to be
low as 100 nM (1 equiv) (Figure 6). However, unlike the established. Our results appear to exclude the Zn(ll) cation

observation for theée. coli MetAP (10), 1 equiv of Co(ll)
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 @3), one tightly bound and one loosely bound
Co(ll) ion were clearly seen in the metal center of the active
site of hMetAP2. At 1QuM CoCl, [100 equiv, which could
reflect the relatively weak association of the loosely bound
Co(ll) 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(Il) in the enzyme active site. The 1 equiv of Zn(ll)
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

as the potential metal cofactor for hMetAP2. The existence
of cobalt transporter protein21) and other transporters for

a broad range of divalent cations &nNi%*, and Cd") (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.

enzyme (unpublished result). The observed baseline hMetAP2ACKNOWLEDGMENT

activity can be explained by the¥o equiv of Co(ll) 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(ll) or Zn(I)] had little effect on theK, value of Met-
AMC (Table 5 and Figure 5). Our data clearly support the
fact that at a low concentratiorx (L0 «M), cobalt ions play

a key role in the stimulation of the activity of hMetAP2,
Although it is still questionable that Co(ll) is the physiologi-
cally relevant divalent cation in hMetAP2, Zn(ll) clearly is
not the kinetically relevant divalent cation for hMetAP2. The
observed inhibitory effect of Zt upon hMetAP2 could be

a result of modification of an essential active site residue. It
was proposed that Zn(ll) was able to modify the key active
site Cys residues in the. coli MetAP enzyme to inhibit its
catalytic activity (0).

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
(elF-2a) (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 stromely%6), (ther-
molysin @9), and dapE- and argE-encoded desuccinylase
(6) and deacetylase2(), 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-

We thank Drs. Ricardo Macarron and Murray J. Brown
for reviewing the manuscript and for many helpful com-
ments, Ms. Nicole Robertson and Mr. Gilbert Scott for
performing amino acid composition, amino-terminal se-
guencing, and MALDI-MS analysis, and Mr. Thomas C.
Potter and Dr. Stephen A. Carr of the Analytical Department
for ICP emission spectroscopy. We also acknowledge Dr.
Yie-Hwa Chang and St. Louis University as the source of
the intellectual property of the type 2 human methionine
aminopeptidase.
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