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ABSTRACT. The identity of the physiological metal cofactor for human methionine aminopeptidase-2
(MetAP2) has not been established. To examine this question, we first investigated the effect of eight
divalent metal ions, including €&, Cc*t, CU*, Fe¢t, Mg2t, MnZ", Ni2*, and Z@#, on recombinant
human methionine aminopeptidase apoenzymes in releasing N-terminal methionine from three peptide
substrates: MAS, MGAQFSKT, antH-MASK(biotin)G. The activity of MetAP2 on either MAS or
MGAQFSKT was enhanced 125-fold by Céd" or Mn*" metal ions in a broad concentration range
(1—2000uM). In the presence of reduced glutathione to mimic the cellular environme#ft, &l Mr?+

were also the best stimulators30-fold) for MetAP2 enzyme activity. To determine which metal ion is
physiologically relevant, we then tested inhibition of intracellular MetAP2 with synthetic inhibitors selective
for MetAP2 with different metal cofactors. A-310840 below 4 did not inhibit the activity of MetAP2-

Mn2* but was very potent against MetAP2 with other metal ions includingy Jee”*, Ni2*, and Zi#* in

the in vitro enzyme assays. In contrast, A-311263 inhibited MetAP2 with"\Mas well as C&, Fet,

Ni2*, and Z#". In cell culture assays, A-310840 did not inhibit intracellular MetAP2 enzyme activity
and did not inhibit cell proliferation despite its ability to permeate and accumulate in cytosol, while
A-311263 inhibited both intracellular MetAP2 and proliferation in a similar concentration range, indicating
cellular MetAP2 is functioning as a manganese enzyme but not as a cobalt, zinc, iron, or nickel enzyme.
We conclude that MetAP2 is a manganese enzyme and that therapeutic MetAP2 inhibitors should inhibit
MetAP2-Mr?t,

Methionine aminopeptidases (MetAPsye intracellular and prolidaseZ). Two types of MetAPs exist based on their
metalloenzymes responsible for removal of the N-terminal amino acid sequence§)( and both are present in human
initiator methionine residue of nascent proteifs2). They cells 8). Human MetAP1 has not been fully characterized,
are required for protein co- and/or posttranslational modifica- while MetAP2 is a protein of dual functions: methionine
tions and participate in cellular signal transduction and cell aminopeptidase activity and protection of elé&-Zrom
cycle progression by controlling protein subcellular localiza- inactivation. MetAP2 was first cloned by Li and Charj (
tion and/or protein degradation. The importance of these as the human orthologue of rat ellb-Zssociated protein
enzymes in cell growth and tumor progression has been(p67). Arfin et al. ) also independently cloned human
increasingly appreciated, especially since the identification MetAP2 from a partial amino acid sequence of the purified
of the type-2 enzyme (MetAP2) as a molecular target for porcine MetAP2 enzyme. Full-length human MetAP2 con-
the anti-angiogenesis/antitumor agent TNP-4304]. The sists of 478 amino acids. The C-terminal portion contains
natural product bengamide and its derivatives can inhibit the the catalytic domain showing high amino acid identity with
enzyme activity of both MetAP1 and MetAP2, and this type MetAP sequences from prokaryotes and yeast, while the
of agent is under clinical development as a novel cytotoxic N-terminal region has two basic poly-lysine motifs and an
agent for cancer therap¥) aspartic acid motif. N-terminal truncation of the highly

MetAPs belong to a new class of proteases with a pita- char_ged domain, which was spegulated to be invo_lved in the
bread fold that was first observed in the crystal structure of Pinding of elF-2 to prevent its phosphorylation and
Escherichia coliMetAP1 (). This family also includes ~ consequent inactivationl(), did not affect the enzyme

aminopeptidase P, creatine amidinohydrolase (creatinase)activity in vitro (11). On the other hand, MetAP2 was able
to protect elF-& from phoshorylation even when its enzyme

activity was covalently inhibited by TNP-47@)(
* To whom correspondence should be addressed. Phone: (847) 938-

0434. Fax: (847) 937-4150. E-mail: Jieyi.Wang@abbott.com. The physiological metal ions for MetAPs have not been
* Cancer Research. established and are controversial. Like MetAPs of bacteria
8 Advanced Technology. and yeast, human MetAP2 has been categorized as a cobalt

“ Abbreviations: MetAPs, methionine aminopeptidases; MetAP1, ganandent metalloenzyme, based on the observations that
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(7, 12). A more recent study showed thatZmwas a superior
cofactor to Cé" for yeast MetAP1 because €odid not
stimulate yeast MetAP1 activity in the presence of physi-
ological concentrations of reduced glutathiot8)( Another
study demonstrated that the physiologically relevant metal
ion for E. coli MetAP1 was likely F&" on the basis of whole
cell metal analyses1d). In addition, Cosper et al.1f)
provided structural evidence thd&. coli MetAP1 is a
mononuclear enzyme. Most recently, D’souza et &b) (
showed the kinetic and structural characterization of man-
ganese-loaded MetAPs frol coli and the hyperthermo-
philic archaeorPyrococuus furiosysmplicating manganese
as a metal cofactor for MetAPs. However, detailed studies
on the effect of metal ions on human MetAP1 and MetAP2
have been lacking. Identification of physiological metal
cofactors for MetAP2 is critical for discovery of small
molecule therapeutic inhibitors since their potency may vary
for different metal ions. In the current study, we extensively
compare the effect of most common divalent metal ions on
the activity of recombinant human MetAP1 and MetAP2
enzyme and use synthetic inhibitors selective for MetAP2
with different metal cofactors to show that human MetAP2
iS a manganese enzyme.

MATERIALS AND METHODS

Cloning and Expression of Human MetAP2 and MetAP1.
MetAP2 cDNA was amplified from total RNA of human
neonatal dermal microvascular endothelial cells (Clonetics,
San Diego, CA) by RT-PCR with the following two
oligonucleotide primers: '5- -ATT AAT AGA TCT TTG
GAC AAG AGG CAC CAT CAC CAT CAC CAT GCG
GGC GTG GAG GAG GTA GCG GCC T- - ‘&nd 5- - -
ATT AAT CTC GAG GAA TTC TTA ATA GTC ATC
TCC TCT GCT GAC AAC T---3. Access RT-PCR kit
from Promega (Madison, WI), 0.bg of RNA per 50uL,
and 1uM primers were used in the one tube RT-PCR
reaction according to manufacturer’s instruction. The ampli-
fied DNA product was cloned into pCR-Blunt vector
(Invitrogen, San Diego, CA), and its (pCR-Blunt-MetAP2)
sequence was confirmed by DNA sequencing. MetAP2
cDNA was cut from pCR-Blunt-MetAP2 with Bgl Il and
EcoR | and ligated to a baculovirus transfer vector pAcGP67B
(Pharmingen, San Diego, CA) cut with BamH | (generating
compatible ends to that of Bgl II) and EcoR I. The final
expression vector pAcGP67B-MetAP2 is shown in Figure
1A.

Human MetAP1 cDNA sequence was reported in the
literature as mRNA for KIAA009417), which has complete
3'-end sequence of potential MetAP1 but not the defined
5'-end starting codon. To clone full-length MetAP1 cDNA,
human fetal liver marathon-Ready cDNA library (Clontech,
Palo Alto, CA) was used to do’'/RACE with a MetAP1
primer, 8- - -CGT TAA AAT TGA GAC ATG AAG TGA
GGC CGT- - -3, which is complimentary to the' 2nd of
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Ficure 1: Recombinant human MetAP1 and MetAP2. Both human
MetAP1 and MetAP2 were cloned by RT-PCR from endothelial
cell total RNA, and coding sequences were then cloned in a
baculovirus transfer vector pAcGP67B with a N-terminal 6-His tag
(A). Both proteins were expressed and secreted by this system.
MetAP1 and MetAP2 purified by one-step nickel column were
analyzed by SDSPAGE as shown in a Coommassie blue stained
gel (B). Both enzymes showed methionine aminopeptidase activity.

coding sequence. The MetAP1 coding sequence was then
further PCR amiplified with the following two primers:
5'---ATT AAT GGA TCC A GCG GCC GTG GAG ACG
CGG GTG T---3 and 3---ATT AAT CTC GAG GAA

TTC TTA AAA TTG AGA CAT GAA GTG AGG CCG

T- - -3, which was cleaved with BamH | and EcoR | and

MetAP1 coding sequence. The PCR products were clonedcloned into the baculovirus transfer vector pAcGP67B as

into pT-Adv cloning vector (Clontech, Palo Alto, CA) and
sequenced. The clone with most extendéerid sequence

shown in Figure 1A.
Both MetAP2 and MetAP1 recombinant transfer vectors

had 40 bp additional sequence as compared to the KIAAOO94were transfected with BaculoGold (Pharmingen, San Diego,
sequence. No new ATG codon upstream of the ATG codon CA) into insect sf9 cells, and recombinant viruses were
(position 26) in KIAA0094 sequence was found, indicating obtained. Recombinant MetAP2 and MetAP1 were expressed
that KIAA0O094 may already have the full-length MetAP1 and secreted into the culture medium of sf9 cells infected
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with the recombinant viruses. The active enzymes were Scheme 1: Synthesis of A-311263

purified in a similar manner as outlined below.
The serum-free culture media with expressed MetAP1 or Ls Ls Ls
MetAP2 was diluted with an equal volume of cold water k abc K de K

and loaded to a hydroxyapatite column equilibrated with 10 H : -
mM potassium phosphate buffer, pH 6.7, and MetAP2 or HzN/\[]/OH 69% BOCHN/\H/H 84% HZN/\{COZH
MetAP1 activity was eluted with a gradient of potassium o] 0 OH
phosphate buffer (86400 mM). The pooled fractions

containing MetAP2 or MetAP1 activity were pooled and Ls s

diluted 5-fold with cold water and loaded to a cation L fg K_ o

exchange S20 column (BioRad, Hercules, CA) equilibrated —— H —_— /\gk ‘
with 10 mM Hepes buffer pH 7.4, 10 mM NaCl. MetAP2 ~ 91% BOCHN&E/C%H 71% HaN 8 ﬂ
or MetAP1 was eluted with a salt gradient (1800 mM OH

NaCl) and finally purified on a Sephacryl S-100 gel filtration A-311263

column with 10 mM Hepes buffer, pH 7.4, 150 mM NacCl. 2Reagents and conditions: (a) BOC-ONgNEt dioxane/HO; (b)

Peptide Substrates for MetARgetAP peptide substrate EEHDéa }t(t)cl:u’\tlengioiZ;Sw‘g;(()C)e 'aQ;' (gyrciidine, E/i’[\l) Dl]}l/lSO:l 8((2
MAS (methionine-alanine-serine) was purchased from Bacheman>% ' 0, (€ , dioxane/il, retiux, ;
(King of Prussia, PA). The octapeptide substrate, MGAQF- ((jfi)oxiagl' HOBT, NMM, (S)-1-(1-naphthylethylamine; (g) HCI/
SKT, based on the N-terminal sequence of human MARCKS
protein, was synthesized and HPLC purified by Research scintillation counting (Beckman LS1801, Beckman Coulter,
Genetics (Huntsville, AL). Fullerton, CA) after removal of the uncleaved biotinylated

3H-Methionine-alanine-serine-lysine(biotin)-glycine-am- peptide substrate with Streptavidin-agarose (Pierce, Rockford,
ide CH-MASK (biotin)G) was synthesized in our laboratory IL).
on an Applied Biosystems Synergy peptide synthesizer using Effect of Metals on MetAP1 and MetAP2 Adies. The
standard FMOC chemistry. FmaeLys(biotinyl)-OH was chromogenic assay with either the 3-mer MAS peptide or
purchased from BACHEM. Fmoc{methyl-H]methionine the 8-mer MGAQFSKT peptide was used to study the effect
was synthesized by reacting Fmoc-Cl witfmethyl-H]- of metals on MetAP1 and MetAP2 activities. Calcium
methionine (Amersham) in a 1:1 dioxane/10%,8&s(aq) chloride (C&t), cobalt chloride (C®), cupric chloride
mixed solvent. The peptides were deprotected and cleaved(Cw?"), ferrous chloride (F&), magnesium chloride (Mg),
from the resin using a trifluoroacetic acid solution containing manganese chloride (M), nickel chloride (N#"), or zinc
water, thioanisole, and ethanedithiol (900:25:5025 as chloride (Zr#") was included in the assay at final concentra-
scavengers. The peptides were purified by HPLC using ations of 0, 0.1, 1, 10, 100, 1000, and 10 Q@4 in the assay
Waters C18 Symmetry column (758 300 mm, 7um). A buffer (50 mM HEPES, pH 7.4, 150 mM NacCl). Since
gradient of acetonitrile/water (0.1% TFA) was used going glutathione affects the chromogenic assay, the radioactive
from 3 to 15% acetonitrile in 20 min and a flow rate of 2 assay with®H-methionine-alanine-serine-lysine(biotin)-gly-
mL/min. Radioactive’H-MASK(biotin)G peptide had spe-  cine-amide peptide was used in assays with 5 mM reduced
cific activity of 25 000 dpm/nmol. glutathione.

Activity Assays for MetAP1 and MetAP2 coupled- Synthesis of a Triazole MetAP2 Inhibitor A-310840 (3-
enzyme chromogenic assay was developed to measurd(2-Naphthylmethyl)sulfanyl)-4H-1,2,4-triazol€)o a sus-
methionine aminopeptidase activity by monitoring the pro- pension of 3-mercapto-1,2,4-triazole (0.18 g, 1.8 mmol) and
duction of free methionine with-amino acid oxidase and cesium carbonate (0.72 g, 2.2 mmol) in 5 mL HNfN-
horseradish peroxidase. Assays were performed in 96-welldimethylformamide was added 2-(bromomethyl)naphthalene
microtiter plates. Enzyme preparations were diluted in assay(0.38 g, 1.7 mmol). The mixture was heated at'@dfor 16
buffer (50 mM HEPES, pH 7.4, 150 mM NacCl), and 2D h. The volume was reduced by rotary evaporation, and the
enzymes were introduced into each well of the plate. A remaining mixture was shaken with water and methylene
mixture (90uL) of 0.1 mg/mLcL-amino acid oxidase (Sigma chloride and then filtered. The layers of the filtrate were
Catalog No. A-9378), 0.1 mg/mL horseradish peroxidase separated, and the organic phase was dried over magnesium
(Sigma Catalog No. P-8451), 0.1 mg/noktho-dianisidine sulfate. Filtration and solvent removal gave a white solid
(Sigma Catalog No. D-1954), and 0.5 mM peptide substrate (0.143 g).
was added to each well. The reactions were carried out at MS (DCI/NHz) m/e 242 (M + H)*, 259 (M+ NH,)*; *H
room temperature, and absorbance at 450 nmyo(Avas NMR (300 MHz, DMSO#s) ¢ 14.08 (s, 1H), 8.57 (bds, 1H),
measured every 20 s over a period of 20 min using an 7.88 (m, 4H), 7.49 (m, 3H), 4.51 (s, 2H); Anal. Calcd for
automatic plate reader (Molecular Devices, CA). The rate CioHz0N4S: C, 64.70; H, 4.59; N, 17.41. Found: C, 64.93;
in mOD/min, calculated for each well, was converted to nM H, 4.58; N, 17.25.
methionine releases per minute per nM MetAP1 or MetAP2  Synthesis of Bestatin MetAP2 Inhibitor A-311263 ((2RS,-
in the reaction (nM/min/nM). 3R)-3-Amino-2-hydroxy-5-ethylthio)pentanoyl-((S)H(1-

Another assay for methionine aminopeptidase activity used naphthyl)ethyl)amide)The compound was prepared from
the peptide substratéd-methionine-alanine-serine-lysine- p-ethionine (Aldrich Chemical Co.) by the route shown in
(biotin)-glycine-amide. MetAP2 or MetAP1 was incubated Scheme 1.
with 0.1 mM radioactive peptide in the assay buffer (50 mM  Spectroscopic data for A-311263: MS (ESIQ1MS)nve
HEPES, pH 7.4, 150 mM NacCl) for 20 min at room 347 (M + H)*, 693 (2M + H)*; '"H NMR (300 MHz,
temperature, and releaséd-methionine was measured by DMSO-dg) 6 8.75-7.47 (m, 7H), 6.55 (br, 1H), 4.824.75
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(m, 1H), 4.15 (d, 1H), 3.6063.33 (br m, 3H), 2.682.34 vector construct (Figure 1A) and a Coommassie blue stained
(m, 3.6H), 2.18 (q, 0.4H), 1.871.68 (m, 2H), 1.581.53 SDS-PAGE gel (Figure 1B) of MetAP1 and MetAP2
(m, 3H), 1.13 (t, 0.6H), 0.98 (t, 0.4H). Anal. Calcd for purified with nickel-agarose columns. MetAP1 had an
CioH27N,0O,SeHCI: C, 59.59; H, 7.11; N, 7.32. Found: C, expected electrophoretic mobility for a 47 kDa protein, while
59.54; H, 7.13; N, 7.16. MetAP2 had mobility of 67 kDa instead of theoretical 54
Cellular MetAP2 Actiity Assay.HMVEC cells from kDa. The unusual electrophoretic behavior of MetAP2 was

Clonetics were grown in EGM2 medium as describ8d (  documented in the literature when it was identified as p67
Cells in T75 flasks at~70% confluence were changed to (10), probably because of its elongated motifs of acidic and
15 mL EGLM (labeling medium, also from Clonetics) basic residues7j. MetAP1 and MetAP2 are known to be

without added methionine. Fumagillin or A-310840 was Mmetalloenzymes7( 12), and the presence of nickel ion may
added to the culture at final concentrations of 1 nM affect the activity of these enzymes. We therefore developed

(Fumagillin) or 0.5, 2, and 18M (A-310840 or A-311263). a scheme to purify MetAP1 and MetAP2 in the absence of
The cells and inhibitors were incubated # h before®®S- added metals te-95% purity. Recombinant MetAP1 and
methionine (Amersham) was added to final 1 mCi/flask. The MetAP2 expressed and purified without added exogenous
cells were allowed further incubation f® h and then metal ions in the culture medium or in purification buffers
washed, trypsinized, and lysed in 0.5 mL RIPA buffer. The still showed significant methionine aminopeptidase activity
lysate samples having the same amount of radioactivity were@s seen in a coupled enzyme assay. To minimize the baseline
loaded ond a 1 mL column of Reactive Blue 72-agarose activity of MetAP1 and MetAP2 without added metal ions,
(Sigma) equilibrated with 20 mM Tris/HCI, pH 7.5, 150 mM  both enzymes were treated with 5 mM EDTA followed by
NaCl. The columns were washed with 30 mL of equilibration €xtensive dialysis as described befoi@)( These enzyme
buffer to get a baseline count of radioactivity and then Preparations were used for all following studies.
washed with 1 mL of 100 nM MetAP2 in washing buffer ~ Effect of Metal lons on the Enzymatic Adties of MetAP1
three times at room temperature. The unprocessed initiatorand MetAP2.Two peptide substrates were used in the
methionine (MetAP2 cleaved radioactivity) was the differ- coupled enzyme chromogenic assays for methionine ami-
ence between the last 3 mL washing buffer counts and thenopeptidase activity. These were the tripeptide MAS and the
3 mL MetAP2 eluted counts. octapeptide MGAQFSKT of the natural N-terminal sequence
HMVEC Proliferation AssayHuman neonatal dermal ©f human MARCKS protein, a myristoylated alanine rich
microvascular endothelial cells (HMVEC) and the growth Protein kinase C substratdd). The baseline activity of
medium EGM2 were purchased from Clonetics (San Diego, MEtAP2, in the absence of added exogenous metals, was
CA), and the cells were grown according to the manufac- minimal and was not significantly different for the two
turer’s instructions. Cell proliferation assay was performed Substrates (3.1 nM/min/nM turnover of MAS vs 4.1 nM/
in 96-well plates using cells between passages 6 and 12. Cellgnin/nM turnover of MGAQFSKT). MetAP1 had 14-fold
were seeded at 3000 cells/well and allowed to attach for 4 Nigher baseline activity (14.0 nM/min/nM turnover) on the
h. MetAP2 inhibitors, diluted in culture medium, were added Shorter MAS peptide than that on the longer peptide
in quadruplicate wells, and the cells were incubated for 3 MGAQFSKT (0.94 nM/min/nM turnover).
days before MTS reagents (Promega, Madison, WI) were MetAP2 activity was stlml_JIated by the addmon. of metal
added to quantify the live cells in each wef)( ions. Both C&" and Mr#* stimulated MetAP2 activity on
Cell Permeability of MetAP2 InhibitorsHMVEC cells ~ MAS and MGAQESKT substrates 120-fold (Figure

" . ; ; ;
were grown in complete EGM2 medium to 70% confluence 2A.B). C&* showed maximum stimulation at 104, while

2+ i i ;
in T175 flasks. A-311263 or A-310840 was added into the "~ reachied 18 Maxium erect & A i bOner,
culture medium at a final concentration of AM. The cells concentrations a € metal 1ons, except Winshowe

were incubated at 37C for 4 h. At the end of incubation inhibitory activity on the enzymes. MetAP1 had higher
the medium was removed. and cells were washed qui(':kly baseline activity with MAS substrate, and stimulation of its
with 30 mL of PBS. The célls were then lysed in 1 mL of activity by CG" and Mr¢* was about 2-fold (Figure 3A).
water by scraping, and the cytosol fraction was obtained afterWhen MGAQFSKT was used as the substrate, MetAP1 was

! ; ; timulated 5-fold by C& and 3-fold by Mi&* (Figure 3B).
centrifugation at 10 0a@Px 10 min. A separate flask of cells S .
was detached by trypsinization to measure the total cell These data show Goand Mr¢* are the best cofactors for

volume (20uL). A-311263 and A-310840 concentrations in the purified MetAP enzymes.

the cytosolic fractions were determined by LC-MS using hTO. sltUQy Itlhe :effectt of dmetgl :otrls:[h[n theG%resence of
YMC-basic column and 30% ACN, 0.1% acetic acid mobile PTYStologically relevant reguced giutatnione ( ; B)( we
phase. used an assay measuring radioacfidemethionine release

from the peptidéH-methionine-alanine-serine-lysine(biotin)-
RESULTS AND DISCUSSION glycine-amide because GSH affected the coupled enzyme
chromogenic assay. The baseline activity of MetAP2 without
Recombinant Human MetAP1 and MetARRtAP1 and added exogenous metals under these assay conditions was
MetAP2 enzymes each with an N-terminal six histidine tag very low, 0.33 nM/min/nM. In the presence of 5 mM
were expressed and secreted by baculovirus infected sf9 cellsglutathione, both Co and Mr#+ stimulated MetAP2 activity
Both recombinant MetAP1 and MetAP2 showed enzymatic by 30—40-fold (Figure 4A). At low concentrations (G-1L
activity, cleaving a tripeptide MAS substrate after purification M), Zn?** and C&" also enhanced MetAP2 activity-3.0-
on the nickel column. The culture medium of normal sf9 fold. MetAP1 showed high baseline activity (20 nM/min/
cells or cells infected with wild-type baculovirus did not have nM). The effect of metal ions on MetAP1 activity in the
activity cleaving MAS peptide. Figure 1 shows the expression presence of 5 mM glutathione (Figure 4B) was different from
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was measured by a coupled enzyme chromogenic assay as describgecure 3: Metal dependence of MetAP1 activity. MetAP1 act|V|ty
in Materials and Methods with a short 3-mer peptide substrate MAS was measured by a coupled enzyme chromogenic assay as described
(panel A, 60 nM MetAP2) and a longer 8-mer peptide substrate in Materials and Methods with a short 3-mer peptide substrate MAS

MGAQFSKT of MARCKS protein (panel B, 30 nM MetAP2). Both

(panel A, 120 nM MetAP1) and a longer 8-mer peptide substrate

peptides were used at 0.5 mM final concentrations. The initial rate MGAQFSKT of MARCKS protein (panel B, 500 nM MetAP1).

for MAS with MetAP2 without added metal was 3.1 nM/min/nM
enzyme (defined in Materials and Methods) and that for MGAQF-
SKT with MetAP2 without added metal was 4.1 nM/min/nM
enzyme. C&" and Mr¥™ showed highest stimulation of MetAP2
activity, while Ni™ and Zr#+ showed minor stimulation. The data

are from one of two independent experiments with similar results.

Concentrations of metal ions are in log scale.

that without glutathione (Figure 3). Zh showed best
activity, while C@" and Fé* were also stimulatory. These

Both peptides were used at 0.5 mM final concentration. The initial
rate for MAS with MetAP1 without added metal was 14.0 nM/
min/nM enzyme and that for MGAQFSKT with MetAP1 without
added metal was 0.94 nM/min/nM enzyme 2Cand Mr#+ showed
highest stimulation of MetAP1 activity, while Zh showed minor
stimulation. The data are from one of the two independent
experiments. Concentrations of metal ions are in log scale.

MetAP2 inhibitor that has little preference for metal ions
board to MetAP2, as it inhibits MetAP2-Mh, Co**, Zn?t,

results with MetAP1 are consistent with the observations by F&t, or Ni2* with ICso of 55-149 nM (Table 1). Both

Walker and Bradshawi@), who demonstrated that Znwas
a better cofactor for yeast MetAP1 than’Cin the presence
of reduced glutathione.

MetAP2 Inhibitors with Seleetity for Metal Cofactors
Show MetAP2 as a Manganese Enzykive have demon-
strated that C& and Mr#t form highest active MetAP2

A-310840 and A-311263 are able to permeate and ac-
cumulate in HMVEC cells (63157 uM in cytosol vs 10
uM outside, Figure 5A, inset). To determine if these
inhibitors inhibited cellular MetAP2 enzyme activity, we
analyzed the N-terminal initiator methionine status of cellular
proteins including GAPDH, a known MetAP2 substréil8)(

enzymes in purified systems. We also have discoveredA-310840 at concentrations up to 1 does not inhibit

synthetic MetAP2 inhibitors that selectively inhibit MetAP2
complexes with different metal cofactors. To determine
which metal ion is physiologically relevant, we then used
these inhibitors to determine their effects on intracellular
MetAP2 inhibition and on cell proliferation in human
microvascular endothelial cells (HMVEC). A-310840 is a
triazole MetAP2 inhibitor with potent inhibitory activity on
MetAP2 with C&" (ICsp of 61 nM) and many other metal
ions including ZA", FE", and NP (ICso of 26—69 nM),
but it is 1000-fold less potent on MetAP2-Knenzyme with

an 1G5, of 58 uM (Table 1). A-311263 is a bestatin type

the processing of cellular protein initiator methionine in
HMVEC (Figure 5A), while A-311263 blocks N-terminal
initiator methionine processing in a dose-dependent manner
(Figure 5A). Consistent with its inactivity on cellular MetAP2
enzyme inhibition, A-310840 does not inhibit the cell
proliferation (Figure 5B). In contrast, A-311263 inhibits
HMVEC proliferation in a dose response (Figure 5B) similar
to that observed for cellular MetAP2 inhibition (Figure 5A).
Fumagillin, a covalent MetAP2 inhibitor that inhibits MetAP2
by alkylating a histidine residue in the enzyme active site
regardless of which metal ion, resulted in inhibition of cell
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Ficure 5: Cellular activity of inhibitors selective for MetAP2 with

FIGURE 4. Metal dependence of MetAP2 and MetAP1 activity in  different metals. (A) Cellular MetAP2 activity is determined by
the presence of glutathione. The activity of MetAP2 (panel A) and abeling newly synthesized cellular proteins wiig-methionine
MetAP1 (panel B) was measured with a biotinylated radioactive N the presence of inhibitors in HMVEC followed by treating the
peptide substratéH-MASK (biotin)G (at 0.1 mM final concentra-  isolated radioactive cellular proteins with recombinant MetAP2 to
tion) as described in the Materials and Methods. The initial rate '€lease unprocessed N-terminal initiat@methionine. A-310840
for MetAP2 (60 nM) was 0.33 nM/min/nM enzyme and that for at concentrations below 1M does not inhibit cellular MetAP2
MetAP1 (40 nM) was 20 nM/min/nM enzyme. @oand Mr+ enzyme activity, while A-311263, in a dose-dependent manner,
showed maximal stimulation of MetAP2 activity, while Zn Co*, blocks cellular MetAP2 activity as shown by the unprocessed
and F&" showed stimulation of MetAP1 activity. The data are from initiator 35S methionine of cellular proteins. The irreversible

one of the two separate experiments with similar results. Concentra-MetAP2 inhibitor fumagillin at 1 nM also inhibits cellular MetAP2.
tions of metal ions are in log scale. The inset shows that both compounds are able to permeate and

concentrate in cytosol. Cells are treated with:@d inhibitors in
the medium for 4 h, and intracellular compound concentrations are
. . ) determined by LC-MS. (B) Effect of HMVE proliferation by
proliferation (IGo of ~1 nM) (8) and accumulation of  MetAP2 inhibitors is determined by incubating cells with inhibitors
unprocessed N-terminal methionine of cellular proteins at 1 for 3 days, and total viable cells are quantified by MTS reagents.

nM concentrations (Figure 5A). These data indicate that The absorbance at 490 nm 4f) represents live cell numbers.

: . A-310840 at concentrations below 4 does not affect HMVEC
cellular MetAP2 is not functioning as a €oenzyme. These proliferation, while A-311263 inhibited cell proliferation in the same

data also exclude Zh, Ni*, and F&" as physiologically  dose ranges that inhibit cellular MetAP2 enzyme (A).

relevant metal ions for the MetAP2 enzyme because A-310840

is able to inhibit purified MetAP2 with these metal ions but  Studies by others are consistent with our conclusion that
not intracellular MetAP2. These data further suggest cellular manganese is the physiological metal cofactor for MetAP2.
MetAP2 uses manganese as its cofactor in physiological An earlier study of recombinant human MetAP2 showed that
environment. However, direct evidence on the MetAP2 metal manganese, as well as cobalt, is able to stimulate the
cofactor identity is still lacking. Purification of MetAP2 from  enzyme’s activity although the authors conclude MetAP2 is
a natural source without extra metal contamination and with a cobalt-dependent metalloenzyni®)( In a study on yeast
chelating agents during the process should allow true metalMetAP1 (13) that argues for Z#1 as the cofactor, manganese
ion identification. On the basis of characterization of the is also shown to stimulate the enzyme activity both in the
enzyme in vitro and results of metal selective MetAP2 absence and in the presence of glutathione. Manganese is
inhibitors A-310840 and A-311263 in cellular MetAP2 shown to be concentrated in bacteria overexpressirgpli
enzyme inhibition and cell proliferation inhibition, we MetAP1 by a factor of 2.2, similar to the increase of iron,
conclude that MetAP2 uses manganese as its physiologicaland it also stimulateé. coli MetAP1 enzyme activityX4).
metal ion and that therapeutic MetAP2 inhibitors should In our studiesk. coli MetAP1 (kindly provided by Dr. B.
inhibit MetAP2-Mr?+. Matthews) behaves similarly to human MetAP1, capable of
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Table 1: Inhibition of MetAP2 Activity by Two Types of Inhibitots
IC,, (uM) for MetAP2 with metal ions

Zn* Ni%* Co”* Fe®* MnZ*

A-310840 v | 0031 |0043 [0.069 |0.026 |57.8
Y
N—N
o
N N.
o
i/s

A-311263 0.121 | 0.107 |0.149 |0.110 | 0.055

aThe compounds at final concentrations of 0.6200xM were added to the coupled enzyme assay using the 8-mer peptide substrate MGAQFSKT
of MARCKS protein as described in Materials and Methods. Thg V@lues were the average of at least two separate experiments.

using Mr?* and Cé* as cofactors (data not shown) in the different metal cofactors with potency varying up to 1000-
absence of glutathione. Human MetAP2 enzyme activity is fold. To identify the physiological relevant metal cofactor
fully stimulated by manganese at a concentration as low asfor methionine aminopeptidase, we first analyzed the effects
1 uM, and manganese has a broader window of activating of eight divalent metal ions on the purified recombinant
concentrations (Figure 2A), suggesting that it is superior to human MetAP1 and MetAP2 and demonstrated that man-
cobalt as a MetAP2 cofactor. Most recently, D’souza et al. ganese, as well as Cobait, max|ma|iy stimulated MetAP1 and
(16) describe the kinetic and structu_ral characterization of pjetap2 activity in the absence of physiologically relevant
manganese-loaded MetAPs frdn coli and the hyperther- g 1ytathione. Manganese and cobalt also were shown to be
mophilic archaeoi®. furiosus demonstrating manganese can the best activators of MetAP2 enzyme activity when 5 mM
serve as a metal cofactor for these methionine aminOpepti'glutathione was present in the assay. These in vitro bio-
dases. chemical data indicated that either manganese or cobalt was
Manganese as an enzyme cofactor is not unprecedentedeapable of being a MetAP2 cofactor. We next used synthetic
The concentration of Mt in human plasma is 0.3M (20), inhibitors A-310840 and A-311263, selective for MetAP2
and in rat hepatocytes Mhconcentrations are in the range \yith different metal ions, in cell culture studies and showed
of approximately 0.250.7 uM (21). Manganese is kKnown — yha+ cohalt was not a physiological metal cofactor. A-310840
to be a_catalytlca_lly requwed_ cofac_:tor in certain metalloen- did not inhibit MetAP2 with manganese but was a potent
Zymes involved in mammallan_nltrogen an_d oXygen me- inhibitor for MetAP2 with many other metal ions including
tabolism. In plants, manganese is an essential componentocobait, zinc, iron, and nickel, while A-311263 was an

the oxygen-evolving complex of photosystem Il in green ... :
plants @2). Arginase, manganese catalases, enolase, Super|_nh|b|tor of MetAP2 with manganese, as well as the above

oxide dismutase, and serine/threonine protein phosphatase-{"€tals. A-310840 did not inhibit cellular MetAP2 activity,
are just a few examples of well-studied manganese enzymefs_ .measured. bY determining the celluiar pr_oteln N-terminal
(23). In addition, aminopeptidase P froR coli has been inltlator methionine status, and cell prollferatlon,. even though
shown to contain a binuclear Mncore @4). Aminopepti- it permeated cell membrane and accumulated inside the cells
dase P hydrolyzes amino-terminal X-Pro peptide bonds UP to 60uM concentration. In contrast, A-311263 inhibited
(where X may be any amino acid). Its biological functions, cellular MetAP2 enzyme activity and cell proliferation in a
amino acid sequence, and metal specificity are remarkab|y8imi|ar concentration range. Therefore, we conclude MetAP2
similar to human prolidase, an enzyme involved in proline functions as a manganese enzyme. Classification of MetAP2
recycling for collagen biosynthesis. Aminopeptidase P and as a manganese enzyme further expands the array of
prolidase structurally belong to the new protease family with manganoenzymes in the new protease family with pita-bread
a pita-bread foldZ5), which includes methionine aminopep- fold, such as aminopeptidase P and prolidase.

tidases. Identification of human MetAP2 as a manganese

enzyme further expands the array of manganoenzymes. ACKNOWLEDGMENT
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