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ABSTRACT: Methionine aminopeptidases (MetAP) are responsible for the proteolytic removal of the initiator
methionine from nascent proteins. This processing permits multiple posttranslational modifications and
protein turnover. We have cloned, expressed inEscherichia coli, and purified the recombinant human
mitochondrial MetAP isoform (MetAP1D). The full-length enzyme and a truncated form lacking the
mitochondrial targeting sequence (residues 1-55) have been characterized as metal-requiring proteases,
with Co2+ being the best activator. At the optimal pH (8.0), thekcat of MetAP1D of 0.39 min-1 is 280-
fold lower, and theKm of the substrate Met-Pro-p-nitroanilide (576µM) is 3-fold greater, than the respective
kinetic parameters obtained with MetAP fromE. coli, although MetAP1D is 61% homologous toE. coli
MetAP and their circular dichroic spectra are nearly identical. MetAP1D thus appears to be a less efficient
enzyme than other known MetAPs in vitro. At saturating substrate concentrations, a plot ofVmax versus
free Co2+ shows sigmoidal metal activation of MetAP1D, both with and without an N-terminal His-tag,
with a Hill coefficient (n) of 1.9 and aK0.5 of 0.40µM. Similarly, E. coli MetAP showsn ) 2.1 andK0.5

) 0.2 µM. Hence, at least two Co2+ ions, which may act cooperatively, are needed to promote catalysis,
providing kinetic evidence for the functioning of both Co2+ ions of the binuclear complex found in the
X-ray structure ofE. coli MetAP [Roderick, S. L. and Matthews, B. W. (1993)Biochemistry 32, 3907-
3912] and resolving a disagreement in the literature. The X-ray structure of the human cytosolic MetAP1
showed three Co2+ ions at the active site, with the third Co2+ coordinated by the conserved residue His
212 [Addlagatta, A., Hu, X., Liu, J. O., and Matthews, B. W. (2005)Biochemistry 44, 14741-14749].
Consistent with the structure, kinetic studies of the human cytosolic MetAP1 yielded a Hill coefficient
(n) of 2.9 and aK0.5 of 0.26µM for activation by Co2+, as well as akcat of 25.5 min-1 and aKm of 740
µM for the substrate Met-Pro-p-nitroanilide. The H212A mutation decreasedn to 2.2, decreasedkcat 60-
fold to 0.42 min-1, and increasedK0.5 6.5-fold to 1.8µM. The H212K mutation further decreasedn to
1.4, decreasedkcat 1800-fold to 0.014 min-1, and increasedK0.5 158-fold to 41µM. Hence, at least three
Co2+ ions are needed to promote optimal catalysis by human MetAP1. Both mutations of His212 abolished
the binding and/or the cooperativity of the third Co2+ ion, as indicated by the decreases inn and the
increases inK0.5 of the remaining two Co2+ ions, but did not affect theKm of the substrate. The more
damaging effects of the H212K mutation on both the Hill coefficient for Co2+ binding and the catalysis
suggest that Lys 212 might directly compete with Co2+ for the third metal-binding site. Together, these
results suggest that human MetAP1 is distinct from other members of the MetAP superfamily in the
number of metal ions employed and likely mechanism of catalysis.

Structural studies of metal-activated enzymes occasionally
show two or more divalent cations sharing common ligands
at the active site to form binuclear or higher complexes (1-
4). In hydrolases, the shared ligands may include a nucleo-
phile derived from water, such as hydroxide. While coor-

dination by a second metal cation would facilitate the
deprotonation of water to form hydroxide by the combined
electrophilic effects of the two metals, the presence of the
second metal would decrease the nucleophilicity of the metal-
bound hydroxide by occupying one of its lone pairs of
electrons (2, 5). Three possible rationales have been proposed
to explain the paradoxical existence of the second metal-
binding site: (i) The second metal ion is not required for
catalysis but is populating a second site because of the high
metal ion concentrations used in the crystallization media.
(ii) The second metal ion is required to form the hydroxide
but dissociates from the shared hydroxide prior to nucleo-
philic attack. (iii) The attacking nucleophile is actually a
doubly deprotonated oxide dianion shared by both metal
cations (2, 5). Average metal to oxygen distances are shorter
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in oxides than in hydroxides of Zn2+, Co2+, and Mg2+ by
0.07, 0.14, and 0.14 Å respectively. Such small differences
can be resolved crystallographically in small metal complexes
(5) but only rarely in proteins, where the resolution is usually
too low.

Methionine aminopeptidases (MetAP)1 catalyze the im-
portant posttranslational hydrolytic removal of the initiator
methionine from many proteins, which is required for their
proper subcellular localization, function, and degradation (6).
Their physiological significance is underscored by the lethal
phenotypes of knockout mutants inEscherichia coli(7),
Salmonella typhimurium(8), andSaccharomyces cereVisiae
(9). Most prokaryotic organisms have only one MetAP gene,
while eukaryotic organisms express at least two different
isoforms of MetAP, types 1 and 2. MetAP2 contains an
inserted domain of about 60 amino acids in comparison with
MetAP1 (10). Human MetAP2 has been identified as the
physiological target of the anti-angiogenic natural products
fumagillin and ovalicin (11, 12). Inhibition of MetAP2 has
been found to activate the p53 pathway and to induce p21,
the G1 cyclin-dependent protein kinase inhibitor, leading to
arrests in the endothelial cell cycle at the G1/S transition (13,
14). Recently, the use of isoform-selective inhibitors has also
revealed the important function of human MetAP1 during
the G2/M transition of the cell division cycle (15).

A new isoform of MetAP, MetAP1D, was recently
reported to be expressed in human cells and indicated to
function in the mitochondria (16). MetAP1D is overexpressed
in colon cancer cell lines and in colon tumors (17). Its
downregulation by a small hairpin RNA in HCT-116 colon
carcinoma cells reduces their anchorage-independent growth
in soft agar, suggesting that MetAP1D may play an important
function in oncogenesis (17).

Structural studies of MetAPs fromE. coli, Mycobacterium
tuberculosis, Staphylococcus aureusandPyrococcus furiosus
revealed two active-site divalent cations, typically Co2+,
which share the conserved ligands Asp108 and Glu 235 (E.
coli numbering) and a water molecule, forming a binuclear
complex (18-21). Unlike the prokaryotic MetAPs, human
cytoplasmic MetAP1 holoenzyme contains, in addition to
the two Co2+ ions shared by the conserved Asp240 and
Glu367 ligands (human MetAP1 numbering), a third Co2+

that is coordinated by the conserved residue His212, forming
a trinuclear complex (22). This observation further fueled
the ongoing debate in the literature as to whether the MetAP
reaction requires one, two, or possibly three divalent cations
for full activity (18, 22-25).

A convenientfunctional test of whether the additional
metals are actually required for catalysis is based on our
previous observation that binuclear (or higher) metal com-
plexes of enzyme and substrate may form cooperatively, that
is, the binding of the first metal cation to the enzyme-
substrate complex raises the affinity of the active site for
the second metal cation (26-28). Moreover, even in the
absence of cooperativity, if no activity occurs until two or

three metal-binding sites are populated, a plot of reaction
velocity versus free metal ion concentration, at saturating
substrate, can be fit by the Hill equation (29) to generate
the Hill coefficient (n) for the catalytically functional binding
of free metal. The Hill coefficient provides a lower limit to
the number of essential metal ions in catalysis. Consistent
with structural observations, such functional kinetic studies
have previously detected multiple essential metal require-
ments for a reverse transcriptase (n ) 2) (26), the 3′,5′
exonuclease of DNA polymerase I (n ) 2.4) (27), and Ap4A
pyrophosphatase (n ) 3) (28).

In this study, we have cloned, expressed inE. coli, and
purified the recombinant full-length human mitochondrial
MetAP1D and a truncated mutant (∆TS-MetAP1D) lacking
residues 1-55, the mitochondrial targeting sequence. Our
kinetic characterizations demonstrate that MetAP1D belongs
to the family of metal-activated proteases with Co2+ being
the best activator.2 The optimal pH and kinetic constants have
been determined for MetAP1D. We have also carried out
functional, kinetic studies of metal activation of MetAP1D
along with methionine aminopeptidases fromE. coli and
human cytosol (MetAP1), which clarified the number of
essential metal ions required by each enzyme. A preliminary
abstract of this work has been published (30).

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification.Human MetAP1D
cDNA was cloned by RT-PCR with TRIZOL (Invitrogen)
and SuperScript II reverse transcriptase from Invitrogen
(Carlsbad, CA). The full-length open reading frame was
subcloned into the pET28a vector (Novagen) by use of the
following primers: forward, 5′-GCGGCTAGCAACATG-
GCGGCGCCCAGTGG, and reverse, 5′-GCGGAATTCT-
CAGGCCTCATGGGGTAG, which contain addedNheI and
EcoRI restriction sites, respectively.∆TS-MetAP1D, which
lacks the mitochondrial targeting sequence (residues 1-55),
was subcloned with the following primers: forward, 5′-
GCGGCTAGCGCTGCAGTTTCTTCAGCTC, and the full-
length reverse primer. The N-terminal His-tag was separated
from FL- and∆TS-MetAP1D via a thrombin cleavage site
in the vector backbone. Both constructs were transformed
into BL21(DE3) E. coli cells (Stratagene) for protein
expression. A 50 mL overnight culture was inoculated into
2 L of LB medium and incubated at 37°C while shaking at
250 rpm. At OD600 ) 1.0, the temperature was reduced to
16 °C and the culture, induced with 1 mM IPTG, was further
incubated for 72 h while shaking at 150 rpm. Cells were
harvested by centrifugation at 5000g and stored at-80 °C.

The frozen cell pellet was resuspended in phosphate buffer
[50 mM NaH2PO4, 300 mM NaCl, and 10 mM imidazole,
pH 8.0, with complete protease inhibitor cocktail (Roche,
Indianapolis, IN)] and lysed by passing twice through a
French press. All subsequent steps were conducted at 4°C.
Cell debris was cleared by centrifugation at 15 000 rpm for
60 min. The supernatant was loaded onto a Ni-NTA nickel
affinity column (Qiagen). The protein purification was carried
out according to the manufacturer’s recommendations under1 Abbreviations: MetAP(1,2), methionine aminopeptidase (type 1

or 2); ProAP, proline aminopeptidase;p-NA, p-nitroaniline; RT-PCR,
reverse transcriptase-polymerase chain reaction;∆TS, deletion of
mitochondrial targeting sequence; FL, full-length; HEPES,N-(2-
hydroxyethyl)piperazine-N′-ethanesulfonic acid; IPTG, isopropylâ-D-
thiogalactoside; MALDI-TOF, matrix-assisted laser desorption ioniza-
tion time-of-flight.

2 The terms metalloprotein and metalloenzyme are best reserved for
proteins or enzymes that copurify together with their essential metal
ions, implying a dissociation constante 10 nM; this is not the case
with MetAPs, which bind their metal activators more weakly.
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native conditions. Briefly, phosphate buffer was continuously
used to wash the column until the absorption at 280 nm
reached the baseline. The column was further washed with
lysis buffer plus 20 mM imidazole and then lysis buffer plus
40 mM imidazole. The bound proteins were eluted with lysis
buffer plus 75 mM imidazole before subsequent dialysis into
storage buffer (25 mM HEPES, pH 8.0, 150 mM KCl, and
10% glycerol) in the presence of Chelex 100 (Bio-Rad). The
protein was then concentrated by Amicon ultracentrifugal
filter devices (Millipore), frozen in liquid nitrogen, and stored
at -80 °C. Protein concentrations were determined by
absorption at 280 nm with an estimated extinction coefficient
of 28 608 M-1 cm-1 for the full-length protein and 27 118
M-1 cm-1 for the∆TS protein. Both purification procedures
yielded a total of 1 mg of pure protein (single band on the
SDS-polyacrylamide gel) froma 4 L culture. Cleavage of
the N-terminal His-tag was carried out with biotinylated
thrombin from Novagen (San Diego, CA), and the residual
biotin-thrombin was removed by streptavidin-agarose
beads, according to the manufacturer’s instructions.

The expression and purification of GST-tagged wild-type
human MetAP1 and H212A and H212K mutants were
conducted as described by Addlagatta et al. (22). Site-directed
mutagenesis was performed with the QuikChange site-
directed mutagenesis kit from Stratagene (La Jolla, CA)
according to the manufacturer’s instructions. The primers
for the H212A mutant are (up) 5′-GAATGAAGT-
CATTTGCGCGGGAATACCAGACAGAAG and (down)
5 ′ - C T T C T G T C T G G T A T T C C C G C G C A A A T -
GACTTCATTC. The primers for the H212K mutant are (up)
5′ -GAATGAAGTCATTTGCAAAGGAATACCA-
GACAGAAG and (down) 5′-CTTCTGTCTGGTATTC-
CTTTGCAAATGACTTCATTC (the altered codons are
underlined). Constructs were confirmed by DNA sequencing
before transformation into BL21 cells for expression. The
construct ofE. coli MetAP was a generous gift from Dr.
Brian W. Matthews’ group, and the recombinantE. coli
MetAP was purified as described by Lowther et al. (31).
All of the proteins were dialyzed in storage buffer (25 mM
HEPES, pH 8.0, 150 mM KCl, and 10% glycerol) in the
presence of Chelex 100. The proteins were then concentrated
as described above, frozen in liquid nitrogen, and stored at
-80 °C.

MetAP Enzymatic Assay.The enzymatic assay was adapted
from Zhou et al. (32) and was performed at 23°C on a 96-
well polystyrene microplate. All of the compounds were
purchased from Sigma (St. Louis, MO) except where noted.
Proline aminopeptidase (ProAP) was a generous gift from
Dr. Brian W. Matthews. The reaction buffer solution (40
mM HEPES, pH 8.0, and 100 mM NaCl) and the substrate,
Met-Pro-p-NA, were passed over a Chelex 100 column (10
× 1 cm) to remove all traces of contaminating metal ions.
ProAP was treated with approximately 1 mL (wet bed
volume) of Chelex 100 resin at 4°C with periodic mixing.
The resin was then separated by centrifugation in a conical
tube and the supernatant protein solution was removed. In
the kinetic studies of metal activation, each well contained
a 100µL mixture of 40 mM HEPES (pH 8.0), 100 mM NaCl,
3 mM Met-Pro-p-NA, 1 unit/mL ProAP, 0.4µM FL- or
∆TS-MetAP1D and various concentrations of divalent metal
ions (CoCl2, MnCl2, NiCl2, ZnCl2, MgCl2, or CaCl2) (Sigma,
St. Louis, MO). EDTA, 1,10-phenanthroline, 1,7-phenan-

throline and 2,6-pyridinedicarboxylic acid were purchased
from Sigma. The production ofp-NA was monitored
continuously by the increasing absorbance at 405 nm (ε )
1.06 × 104 M-1 cm-1). The initial rate of hydrolysis was
determined from the early linear portion of the enzymatic
reaction curve, by subtraction of the background spontaneous
hydrolysis rate measured in the absence of MetAP1D. The
incubation periods were adjusted in length to result in the
utilization of e15% of the added substrate. The kinetic
constants,Km and kcat, were determined by the same
experimental procedures, and the data were fit to the
Michaelis-Menten equation with GraphPad Prism 4 software
(San Diego, CA).

pH studies.The enzymatic activity of∆TS-MetAP1D was
measured with Met-Pro-p-NA as the substrate. Apoenzyme
(1 µM) was incubated with Co2+ at 23°C for 10 min prior
to reaction. All buffers were 40 mM with 100 mM NaCl.
The buffers used were as follows: pH 5.0-5.5, sodium
acetate; pH 6.0-7.0, Na+-MES; pH 7.5-8.0, Na+-HEPES;
pH 8.5-9.0, Tris-HCl. The kinetic parameters at each pH
value were determined by fitting the data to the Michaelis-
Menten equation with GraphPad Prism 4 software.

Metal ActiVation Assay.All enzymes, buffer solutions, and
substrates were treated with Chelex 100 (Bio-Rad) before
each experiment (33). Each reaction contained a mixture of
40 mM Na+-HEPES (pH 8.0), 100 mM NaCl, 3 mM Met-
Pro-p-NA, and 1 unit/mL ProAP in a total volume of 100
µL. For the E. coli MetAP, 0.1µM enzyme was used in
each reaction. For the wild-type human MetAP1, 0.4µM
enzyme was used in each reaction. For the H212A and
H212K mutants of human MetAP1, the mitochondrial FL-
and∆TS human MetAP1D, 1µM protein was used in each
reaction. The production ofp-NA was monitored continu-
ously by the increasing absorbance at 405 nm (ε ) 1.06×
104 M-1 cm-1). The initial rate of hydrolysis was determined
from the early linear portion of the enzymatic reaction curve,
subtracting the background hydrolysis measured in the
absence of the corresponding MetAP. The velocity was
initially plotted against the total metal concentrations and
fit to the Hill equation (eq 1):

to estimate the Hill coefficient (n) and the macroscopic
dissociation constant (K0.5) with GraphPad Prism 4 software
(San Diego, CA). EMn is assumed to be the kinetically active
species. The resulting initial values ofK0.5 andn were used
to calculate the free metal concentrations by fitting the data
to eq 2, which is obtained from eqs 1, 3, and 4 by the mass
conservation rules, and plotted against the corresponding
velocity.

E + nM a EMn (1a)

(K0.5)
n ) ([E]free[M] free

n)/[EMn] (1b)

(K0.5)
n ) {([E]total - [EMn])([M] total -

n[EMn])
n}/[EMn] (2)

[M] total ) [M] free + n[EMn] (3)
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Such a plot is fit again with the Hill equation (eq 1) to
generate newK0.5 andn values. This process was repeated
until K0.5 and n did not change by further iterations.
Generally, no further changes inn or K0.5 were found after
five iterations.

Prediction of Mitochondrial Targeting Sequence.A mul-
tilayer classifier system, Protein Prowler 1.2 (34), was used
to predict the mitochondrial targeting sequence in human
MetAP1D. Sequences from human MetAP1D (AY374142)
andE. coli MetAP (NP_285862) were aligned by ClustalW
(35) from http://www.ebi.ac.uk/clustalw/ and Blast (36) from
http://www.ncbi.nlm.nih.gov/blast/ to compare the overall
sequence homology and the conservation of specific residues.

Circular Dichroic Spectroscopy. Far-UV CD spectra were
collected between 200 and 280 nm on an Aviv 62A DS
spectropolarimeter in a 0.1 cm cuvette at 23°C. Spectra were
accumulated by scanning four times at a scan rate of 20 nm/
min. The baseline offset was corrected by subtracting the
readings from buffer alone [20 mM Tris (pH 8.0) and 100
mM NaCl]. Protein concentrations ranged from 12 to 18µM.
The ellipticity is reported as the mean residue ellipticity,θ
(in units of degrees centimeter2 decimole-1 residue-1). The
fractions of helix,â-structure, and random coil were com-
puted by using thek2d program based on Kohonen neural
network calculations (37, 38).

Determination of Molecular Weight by Mass Spectrometry.
Purified proteins were dissolved in 20 mM Tris (pH 8.0) to
a final concentration of 10µM. The samples were subjected
to MALDI-TOF mass spectrometry by using a Voyager-DE
STR mass spectrometer. Aldolase (Sigma), MW 39 212.28,
was used as the standard molecular weight marker.

Metal Analysis.Purified proteins, after removal of the His-
tag by on-column thrombin digestion, were diluted in Chelex-
100-treated buffer (10 mM Tris-HCl, pH 8.0) to a final
concentration of 2.5µM. Concentrations of metal ions were
determined by standard inductively coupled plasma (ICP)
emission analysis (39) at the Chemical Analysis Laboratory,
University of Georgia, 110 Riverhead Rd., Athens, GA
30602-4695, and corrected by buffer alone. Data were
expressed as micromolar metal/micromolar protein.

RESULTS

Recombinant Expression of Full-Length and Targeting-
Sequence-Deletion (∆TS) Human MetAP1D. To facilitate the
characterization of the newly reported human mitochondrial
MetAP1D, we cloned the cDNA according to the open
reading frame (ORF) sequence in the GenBank database (16).
An expression plasmid was constructed for the full-length
MetAP1D to be expressed as a fusion protein with an
N-terminal hexa-His-tag. A thrombin cleavage site was
placed between the His-tag and the MetAP1D ORF. Al-
though the His-tagged full-length MetAP1D fusion protein
was expressed upon IPTG induction, most of it was insoluble
when E. coli cells were grown at 37°C. The insolubility
problem was solved by growing the bacteria at 16°C upon
IPTG induction. The recombinant His-tagged full-length
MetAP1D fusion protein was purified by use of Ni-NTA
Superflow resins. Thrombin treatment released the full-length
MetAP1D from the fusion protein (Figure 1).

Previous studies suggested that MetAP1D contains an
N-terminal targeting sequence for mitochondria (16). By use
of a multilayer classifier system, Protein Prowler 1.2 (34),
the first 55 amino acids were predicted as the mitochondrial
targeting sequence. A targeting-sequence-deletion mutant
(∆TS) lacking residues 1-55 was constructed with an
N-terminal hexa-His-tag and a thrombin cleavage site
between the His-tag and Ala 56 of MetAP1D. The recom-
binant fusion protein was expressed inE. coli at 16°C before
purification on Ni-NTA resins. The predicted molecular
weight for the His-tagged∆TS-MetAP1D was 33 091.1 Da,
and the value obtained by MALDI-TOF mass spectroscopy
was 33 132.4 Da. Thrombin cleavage was able to release
∆TS MetAP1D from the fusion protein (Figure 1). The
predicted and observed molecular weights were 31 209.0 and
31 229.6 Da, respectively.

DiValent Cations Are Required To ActiVate MetAP1D.
Methionine aminopeptidases are known to be metal-activated
proteases (6). Sequence alignments between human MetAP1D
and other MetAP family members have confirmed the
conservation of the metal-coordinating residues. As shown
in Table 1, trace metal analysis of FL- and∆TS-MetAP1D
revealed negligible levels of Ca, Co, Cr, Mg, Mn, Mo, and
Sr. Trace amounts of Cd, Cu, Fe, Ni, Si, and Zn were
detected. The slightly higher levels of Ni (0.2µM/µM

FIGURE 1: Recombinant proteins of full-length MetAP1D and∆TS-
MetAP1D resolved from SDS-polyacrylamide gel. Lane 1, purified
His-tagged FL-MetAP1D (2µg of protein loaded); lane 2, purified
FL- MetAP1D with His-tag removed by thrombin cleavage (1µg
of protein loaded); lane 3, purified His-tagged∆TS-MetAP1D (4
µg of protein loaded); lane 4, purified∆TS-MetAP1D with His-
tag removed by thrombin cleavage (3µg of protein loaded). M,
protein markers.

Table 1: Total Metal Ion Amounta after Purification

metal FL-MetAP1D ∆TS-MetAP1D

Ca <0.01 0
Cd 0.04 0.04
Co <0.01 <0.01
Cr <0.02 <0.03
Cu 0.05 0.10
Fe 0.07 0.09
Mg <0.1 <0.2
Mn 0 0
Mo 0 0
Ni 0.2 0.2
Si 0.6 0.7
Sr 0 0
Zn 0.04 0.05

a Micromolar metal/micromolar MetAP1D.

[E]total ) [E]free + [EMn] (4)
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protein) likely came from the Ni resin used for enzyme
purification. To explore the metal ion requirement for
MetAP1D, we used a proline aminopeptidase (ProAP)
-coupled enzymatic assay (32) to study the metal-dependent
hydrolysis of Met-Pro-p-nitroanilide by FL- and∆TS-
MetAP1D, respectively. As shown in Figure 2, the processing
of the methionine-containing substrate remained at the
background level observed in the absence of MetAP, when
metal ions were not added to the enzymatic assay. However,
the addition of divalent cobalt ions (Co2+) significantly
stimulated the activities of the FL- and∆TS-MetAP1D
enzymes. Such stimulations were quenched to background
level in the presence of metal chelators, for example, EDTA,
1,10-phenanthroline, and 2,6-pyridinedicarboxylic acid, but
much less so by 1,7-phenanthroline, an isomer of 1,10-
phenanthroline with no metal-chelating ability (Figure 2).3

These observations indicated that MetAP1D is a member of
the MetAP metal-activated protease family.2

Although MetAPs have been studied as metal-activated
proteases, the physiological metal for this family of enzymes
remains to be defined (18, 40-42). Previous reports have
demonstrated that, in addition to Co2+, a few other divalent
metal ions are also capable of activating this family of
enzymes in vitro (43, 44). As shown in Figure 3, both full-
length MetAP1D and∆TS-MetAP1D were significantly
activated by Co2+. At high concentrations (100µM), Co2+

appeared to be inhibitory to the full-length enzyme. Zn2+

was found to activate full-length MetAP1D slightly (at∼1
µM) and∆TS-MetAP1D (at 100µM), while other divalent
metal ions were ineffective. These results indicate that Co2+

is by far the best activator of MetAP1D in vitro and likely
its required activator in vivo.

Kinetic Properties of MetAP1D.By kinetic analysis,
optimal enzymatic activity of∆TS-MetAP1D in the presence
of Co2+ was found to occur over the narrow pH range
between 7.5 and 8.0 (Figure 4), similar to the pH profile on
Vmax of E. coli MetAP (45). While theKm of Met-Pro-p-NA
with ∆TS-MetAP1D at pH 8.0 was comparable to that for
human cytosolic MetAP1, thekcat was 66-fold lower (Table
2). Moreover, in comparison withE. coli MetAP, thekcat of
∆TS-MetAP1D was 280-fold lower, and theKm was 3-fold
greater (Table 2). These differences did not result from the
deletion of the targeting sequence since full-length MetAP1D
showed similar kinetic parameters (Km ) 573( 45 µM; kcat

3 The slight inhibition by 1,7-phenanthroline may result from its weak
hydrophobic binding with the active site.

FIGURE 2: Metal dependence for activation of (A) full-length
MetAP1D and (B) ∆TS-MetAP1D, tested in the absence and
presence of 10µM divalent cobalt (Co2+) ions. Chelating agents
1,10-phenanthroline (100µM), EDTA (100 µM), and 2,6-py-
ridinedicarboxylic acid (100µM) were added in addition to the
metal ions. 1,7-Phenanthroline (100µM) is shown as a negative
control. All rates have been corrected for background rates measured
in the absence of enzyme as a result of spontaneous hydrolysis of
the substrate. Bars labeled None show the error levels in the
background-corrected rates. Error bars represent 1 standard devia-
tion from triplicate measurements.

FIGURE 3: Activation of (A) full-length MetAP1D and (B)∆TS-
MetAP1D by divalent metal ions, tested with fixed substrate
concentration (2 mM) in the presence of various concentrations of
divalent metal ions. Error bars represent 1 standard deviation from
triplicate measurements.
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) 0.42 ( 0.06 min-1). Human MetAP1D is 61% homolo-
gous to E. coli MetAP and gave a CD spectrum nearly
identical to that of theE. coli MetAP (Figure 5), suggesting
that they are likely to have very similar secondary structures.
The X-ray structure of theE. coli MetAP-Co2+ complex has
27.4% helix, 21.3%â-structure, and 51.3% coil (18).
Analysis of the CD spectra (Table 3) confirms very similar
and presumably intact secondary structures ofE. coli MetAP,
FL-MetAP1D, and∆TS-MetAP1D. Hence human mitochon-
drial MetAP1D is a less efficient catalyst than human
cytosolic MetAP1 orE. coli MetAP under the present assay
conditions in vitro.

ActiVation of ∆TS-MetAP1D by Co2+. To further inves-
tigate the metal activation of recombinant MetAP1D, we
performed steady-state kinetic analyses on∆TS-MetAP1D
because the targeting sequence is removed in vivo after the
full-length protein is transported into mitochondria (46). At
saturating substrate concentrations, a plot of velocity versus
free Co2+ concentration showed sigmoidal metal activation,
both with (Figure 6A) and without (Figure 6B) the His-tag.
Fitting these data to the Hill equation (eq 1) (29) yielded a
Hill coefficient (n) of 2.0 ( 0.2 and aK0.5 of 0.37 ( 0.04
µM for His-tagged∆TS-MetAP1D, and indistinguishable
values ofn ) 1.8 ( 0.2 andK0.5 ) 0.42 ( 0.04 µM for
non-His-tagged∆TS-MetAP1D (Table 2). These results
indicate the binding of at least two Co2+ ions in the activation
of MetAP1D, which may or may not be cooperative, and
indicate that the His-tag is not interfering with the metal-
binding properties of this enzyme.

ActiVation of E. coli and Human MetAP1 by Co2+.
Previous observations that Co2+ maximally stimulatedE. coli
MetAP have suggested that this family of enzymes prefer-

entially utilize Co2+ in vivo (4, 47). X-ray structural studies
of EcMetAP have demonstrated two metal-binding sites, with
each metal ion sharing one Glu, one Asp, and one water

FIGURE 4: pH dependence of maximal activity for∆TS-
MetAP1D: plot of Vmax versus pH. The assays were performed
with 3 mM Met-Pro-p-NA as substrate. Co2+ concentration in the
assay was 10µM; other components are given in the text. Error
bars represent 1 standard deviation from triplicate measurements.

Table 2: Kinetic Parameters for Methionine Aminopeptidasesa

MetAP n (Co2+)
K0.5 (Co2+)

(µM) kcat (min-1)
Km (substrate)

(µM)

E. coli 2.1( 0.2 0.2( 0.02 109( 10 180( 20
human type

1D/∆TS
1.8( 0.2 0.42( 0.05 0.4( 0.1 588( 72

human type 1D
(His-tag)/∆TS

2.0( 0.2 0.37( 0.04 0.37( 0.03 564( 58

human type
1 WT

2.9( 0.2 0.26( 0.03 25.5( 0.9 740( 80

H212A 2.2( 0.2 1.7( 0.2 0.42( 0.01 270( 37
H212K 1.4( 0.1 41( 4.0 0.014( 0.002 787( 56

a Hill coefficients (n) and macroscopic dissociation constants (K0.5),
kcat, andKm values were determined by the ProAP-coupled assay with
Met-Pro-p-nitroanilide as substrate (31). Errors represent 1 standard
deviation.

FIGURE 5: Far-UV circular dichroic spectra of (A) apo-EcMetAP,
(B) apo-full-length MetAP1D (FL-MetAP1D), and (C) apo-∆TS-
MetAP1D with or without CoCl2 (molar ratio of protein:cobalt is
1:3). Conditions: 20 mM Tris (pH 8.0) and 100 mM NaCl at 23
°C. (s) Apoenzyme; (---) Co2+-charged enzyme.

Table 3: Estimation of the Fractions of Protein Secondary Structure
from UV Circular Dichroism Spectraa

helix â-structure random coil

EcMetAP (apo) 0.31 0.18 0.52
EcMetAP (Co) 0.28 0.20 0.52
FL-MetAP1D (apo) 0.31 0.16 0.53
FL-MetAP1D (Co) 0.29 0.18 0.53
∆TS-MetAP1D (apo) 0.31 0.15 0.54
∆TS-MetAP1D (Co) 0.30 0.16 0.54
a By use of thek2d Program.
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ligand (18). Additional Glu, Asp, and His residues serve as
unshared metal ligands. These five metal-coordinating
residues have been conserved in MetAP family members
throughout evolution from prokaryotes to humans (4).
However, some studies ofE. coli MetAP claim the activation
of this enzyme by only one divalent cation (24, 48).
Moreover, although all of the metal-coordinating residues
are conserved in human MetAP1 and this enzyme is activated
by Co2+ in vitro, X-ray structural studies of human MetAP1
have detected a third metal-binding site in the active pocket
(22).

These observations have raised questions about how many
metal ions are required for maximal activation ofE. coli
MetAP and human cytosolic MetAP1, respectively. At
saturating substrate concentrations, the plots of velocity
versus free Co2+ showed sigmoidal metal activation ofE.
coli MetAP (Figure 7A) and human MetAP1 (Figure 7B).
Fitting the data to the Hill equation (eq 1) yielded Hill
coefficients (n) of 2.1 forE. coli MetAP and 2.9 for human
MetAP1, respectively (Table 2). These results indicate that
E. coli MetAP requires at least two cobalt ions for maximal
activation, while human cytosolic MetAP1 requires at least
three, in accord with the X-ray structures of these enzymes
(17, 21).

Since His212 is a conserved residue that coordinates only
the third Co2+ ion in the crystal structure of human MetAP1,
we generated two mutant proteins by site-directed mutagen-
esis, H212A and H212K, to further explore possible activa-

tion of MetAP1 by the third metal ion. Recombinant mutant
proteins were expressed and purified fromE. coli. Fitting
the plot of velocity versus free Co2+ to eq 1 yielded decreased
values ofn ) 2.2 for H212A (Figure 7C) andn ) 1.4 for
H212K (Figure 7D), respectively. The average dissociation
constants (K0.5) of Co2+ from H212A and H212K increased
6- and 157-fold, respectively, andkcat decreased 60- and
1800-fold, respectively, in comparison with the wild-type
enzyme (Table 2). These results indicate that His212 is
essential for the activation of human MetAP1 by the third
metal ion, which contributes significantly to catalysis.

DISCUSSION

The processing of the initiator methionine from nascent
polypeptides is a modification that has been found to be
essential for about two-thirds of the proteins of various
proteomes (6, 49, 50). Methionine aminopeptidases have
been shown to be involved in this process in all of the
organisms studied. In addition to the two isoforms of MetAP
in eukaryotic cells conserved from yeast to humans, a third
isoform has recently been identified in human cells, namely,
MetAP1D, which is localized in the mitochondria (16).
Downregulation of MetAP1D expression in HCT-116 colon
carcinoma cells suggested an important function in colon
oncogenesis (17). Our expression and purification of the
recombinant FL- and∆TS-MetAP1D proteins have facili-
tated the kinetic characterization of this enzyme. The
observations that MetAP1D activity is stimulated by the

FIGURE 6: ∆TS-MetAP1D activation by Co2+. Specific activities at saturating substrate of (A) His-tagged∆TS-MetAP1D and (B) non-
His-tagged∆TS-MetAP1D are plotted versus free Co2+ concentrations. Hill plots (29) for (C) His-tagged∆TS-MetAP1D and (D) non-
His-tagged∆TS-MetAP1D utilize a form of the Hill equation that may be extended to kinetic measurements [i.e., log (V/(Vmax - V)) ) n
log [M] - log K0.5, whereV ) velocity, Vmax ) maximum velocity, andK0.5 ) macroscopic equilibrium constant]. Solid lines result from
linear regression analysis. The parameters from the Hill plot fitting agree with those from the sigmoidal regression fitting. Hill coefficients
(n) andK0.5 values are summarized in Table 2. Error bars represent 1 standard deviation from triplicate measurements.
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addition of divalent metal ions (Co2+) and is inhibited by
metal chelating agents indicate that MetAP1D is a metal-
activated protease (Figure 2).2 Comparison of various diva-
lent metal ions has indicated that Co2+ is by far the best,
and hence the likely physiologically relevant, activator of
human MetAP1D (Figure 3).

Thekcat values reveal that the recombinant human MetAP1D
is 280-fold less efficient a catalyst thanE. coli MetAP and
66-fold less efficient than human MetAP1 (Table 2). It is
possible that Met-Pro-p-NA is not the optimal substrate for
MetAP1D despite the fact that three mitochondrially encoded
proteins which are likely substrates for MetAP1D contain
Met-Pro- at their amino termini (50). A comparative assay
with the substrate Met-Ala-Ser showed human MetAP1D to
be significantly less active than human MetAP1 and com-
parable in activity to human MetAP2 (16). Although
MetAP1D is 61% homologous toE. coli MetAP, containing
all of the five conserved metal-liganding residues and
showing very similar secondary structure to theE. coli
enzyme by CD spectroscopy (Figure 5, Table 3), it remains
possible that human MetAP1D is missing one or more
important residues that contribute to enzyme catalysis. While
the human mitochondrial genome encodes only 13 proteins,
which constitute the substrate pool of human MetAP1D (51),
the lower catalytic activity of MetAP1D apparently is
kinetically and biologically competent in this specialized
compartment. Indeed, the low activity of mitochondrial
MetAP1D may be biologically necessary to minimize inap-
propriate hydrolytic events. By analogy, intracellular pro-
teases are usually in the form of inactive zymogens (52),

and intracellular nucleases, such as the 3′,5′-exonuclease of
DNA polymerase 1, are low in activity (53).

By using a functional assay of velocity versus free Co2+,
we have observed sigmoidal metal binding to, and activation
of, MetAP1D. The Hill coefficient (n) indicates that at least
two Co2+ ions are required for maximal MetAP1D activation
(Table 2). This is probably not the result of contamination
by a chelating agent (e.g., EDTA) because the Chelex 100
chelating resin, rather than EDTA, was used for the removal
of trace metals from all solutions (Table 1). Our results also
reveal thatE. coli MetAP requires at least two Co2+ ions
for maximal activation, consistent with the X-ray structure,
which revealed a binuclear Co2+ complex (18). We note that
these results differ from those of other studies which claimed
thatE. coli MetAP requires only one divalent cation for full
activity (24, 45). We have reanalyzed the data from Ye et
al. (24) that show velocity as a function of total Co2+

concentration. Fitting these data to eq 1 yields a Hill
coefficient (n) of 2.1 ( 0.2, and iteration of these data to
calculate free Co2+ yieldsn values significantly greater than
2, possibly due to enzyme aggregation at the high protein
concentrations (20µM) used by Ye et al. (24). Reanalysis
of the data from Copik et al. (45) that show velocity as a
function of free Fe2+ by use of eq 1 yields a Hill coefficient
of 0.8 ( 0.08. While metal activation by Fe2+ may differ
from that with Co2+, the small number of rate measurements
at low metal concentrations do not exclude sigmoidal
behavior (45).

A titration of E. coli MetAP with Co2+, in the absence of
substrate, monitored by atomic absorption spectrometry and

FIGURE 7: E. coli MetAP and human MetAP1 activation by Co2+. Specific activities at saturating substrate of (A)E. coli MetAP, (B)
human MetAP1 wild type, (C) human MetAP1 H212A, and (D) human MetAP1 H212K are plotted versus free Co2+ concentrations. The
plots were fitted by the Hill equation (eq 1). Hill coefficients (n) andK0.5 values are summarized in Table 2. Error bars represent 1 standard
deviation from triplicate measurements.
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magnetic circular dichroism detected 1.1 Co2+ binding sites
but two ground-state geometries for bound Co2+, a fully
populated pentacoordinate site and a∼10% populated
octahedral site (54). The Hill coefficient (n) for Co2+ binding
of 1.3( 0.2 was interpreted as showing slight cooperativity
in forming a binuclear enzyme-(Co2+)2 complex (54). Our
kinetic data suggest that the presence of saturating substrate
may increase the cooperativity of Co2+ binding to E. coli
MetAP, raising the Hill coefficient to 2.1( 0.2 (Table 2).

With human cytosolic MetAP1, our kinetically determined
Hill coefficient of 2.9 (Table 2) indicates that the wild-type
enzyme binds at least three Co2+ ions for maximal activation.
The results of this functional assay are consistent with the
X-ray structure of this enzyme, which shows a third Co2+

ion coordinated primarily by the conserved residue His212
(22). To examine the function of the third Co2+ in the active
site of human MetAP1, we generated two mutants, H212A
and H212K. Kinetic studies (Table 2) show no increases in
the Km of the substrate but marked 60- and 1800-fold
decreases inkcat with H212A and H212K, respectively.
Significant decreases in the Hill coefficients for Co2+

activation (n) to values of 2.2 and 1.4 for H212A and H212K,
respectively, indicate that the side chain of His 212 is
important for coordinating the third Co2+ ion, which may
cooperatively contribute to maximal enzyme activation. The
6.5- and 158-fold increases in theK0.5 values of Co2+ with
the H212A and H212K mutants, respectively, may also
reflect a decrease in cooperativity, and the absence of an
increase in theKm value of the substrate suggests that these
mutations do not weaken substrate binding. The observation
that the H212K mutation is much more damaging to both
Co2+ binding (K0.5), and catalysis (kcat) suggests that the
positively charged side chain of Lys212 may directly
compete with Co2+ for the third metal-binding site.

Activation of enzymatic catalysis by the third Co2+ (Co2+3)
may be direct or indirect. A reasonable and direct catalytic
role for the third Co2+ (Co2+3) would be that of an oxyanion
hole, namely, an electrophile to polarize the carbonyl group
of the methionyl-substrate, thereby facilitating the attack by
a water-derived nucleophile, ON. In the 1.1 Å X-ray structure
of the trimetal complex of human MetAP1, Co2+3 (at 50%
occupancy) is coordinated not only by His212-Nε but also
by a Cl- anion (2.31 Å). This Cl- closely approaches the
likely water nucleophile ON (2.12 Å), which is a shared
ligand of both Co2+1 and Co2+2 (Figure 8A). In our
modeling, replacing the Cl- ligand of Co2+3 by the carbonyl
oxygen of a methionyl substrate would, with minor adjust-
ments, permit the water nucleophile ON to directly contact
(3.2 Å) the carbonyl carbon of the methionyl-substrate
(Figure 8B). The oxyanion hole may also contain other
electrophiles such as His310, which is positioned to donate
a hydrogen bond (3.07 Å) to the Cl-, and presumably to the
carbonyl oxygen of the substrate (22).

A more remote candidate for the binding site of Co2+3 is
found in the 1.1 Å X-ray structure of human MetAP1, in
which His212 has been covalently modified by the epoxide
inhibitor ovalicin (55). In this structure, a third Co2+ is
detected with full occupancy, at a site 11.4 Å from Co2+1
and 12.8 Å from Co2+2. This third Co2+ is coordinated by
Glu128 (2.4 Å), Tyr195 (2.0 Å), and His310 (2.2 Å), which
has been displaced from the active site by the inhibitor. This
Co2+ is positioned where it might interact with residue 3 of

the substrate to activate the leaving group. However, this
third Co2+ binding site is not seen in the unmodified enzyme,
in which His310 remains in the active site. Mutagenesis
studies of theE. coli MetAP show that both His212 and
His310 contribute significantly to catalysis (56). Of course,
indirect activation of human MetAP1 by Co2+3 could also
occur, resulting from improved organization and stabilization
of the active site.

That human MetAP1 requires a third metal ion for catalysis
in comparison toE. coli MetAP and human MetAP2 has
important implications on the future design and development
of isoform-specific inhibitors of human MetAP1 as potential
anti-cancer agents (15, 42). Among the newly discovered
MetAP1 inhibitors, a few have been shown to interact with
the third metal ion that remains coordinated to His212 in
MetAP1. Given the critical role of this third metal ion in
catalysis by MetAP1, it is not surprising that these inhibitors
bind to MetAP1 by partly forming liganding interactions with
the third metal ion. It is interesting to note that although
only two metal ions have been seen in the structures ofE.
coli MetAP, the third metal ion was seen in complexes
between theE. coli enzyme and several of its inhibitors (25,
57). Our kinetic analysis clearly indicates that at least two
metal ions are required for optimal activity ofE. coli MetAP.
Thus, the third metal ion seen in structures of enzyme-
inhibitor complexes of the bacterial enzyme is likely brought
in by the metal coordinating inhibitor. In contrast, the third
metal binding site in human MetAP1, which is partially
occupied (22), is likely to become more fully occupied in
the presence of the substrate. The existence of the third metal
ion can be further exploited for the development of isoform-
specific inhibitors of the MetAP1 subgroup of MetAP
enzymes.

CONCLUSIONS

Expression and purification fromE. coli of the recombi-
nant human MetAP1D have made it possible to characterize
the kinetic properties of this mitochondrial-targeted protein.
Our studies establish that human mitochondrial MetAP1D
is a metal-activated protease with Co2+ as the best activator.
Functional kinetic studies indicate that at least two Co2+ ions

FIGURE 8: Proposed role of Co2+3 as the oxyanion hole in the
mechanism of human cytosolic MetAP1. (A) Arrangement of three
Co2+ ions, His 212, the nucleophilic oxygen ON, and a presumed
Cl- ligand at the active site of human cytosolic MetAP1, from the
1.1 Å X-ray structure of the trimetal enzyme (22). (B) Nucleophilic
attack step in the mechanism of MetAP1, consistent with the present
results, derived by replacing the Cl- ligand of Co2+3 by the carbonyl
oxygen of methionyl-1 of a protein substrate (Pr), and positioning
the carbonyl carbon in molecular contact (3.2 Å) with the
nucleophilic oxygen ON. The nucleophile is either hydroxide or
oxide as discussed in the text.
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bind, with possible cooperativity, to maximally activate this
enzyme as well asE. coli MetAP, consistent with the X-ray
structure of theE. coli enzyme, which shows a binuclear
Co2+ complex at the active site (18). Similarly, functional
kinetic studies indicate that at least three Co2+ ions bind with
possible cooperativity to maximally activate human cytosolic
MetAP1, consistent with its X-ray structure, which shows a
trinuclear Co2+ complex at the active site (22). In all of the
MetAPs studied here, the simultaneous coordination of the
attacking water by two Co2+ ions would facilitate its
deprotonation to form a more nucleophilic species, hydroxide
or oxide, thereby promoting catalysis (2, 5). In the human
cytosolic MetAP1, binding of the third essential Co2+ ion
might activate the enzyme directly by serving as an oxyanion
hole (Figure 8), together with His310 or indirectly by better
organizing or stabilizing the structure at the active site, as
indicated by the marked decreases in both sigmoidicity of
Co2+ binding and in catalysis on mutating His212, a major
ligand of the third Co2+ ion. Moreover, distinct substrate
specificities have been observed between hMetAP1 and
hMetAP2 (58). It is possible that the unique presence of the
third metal ion in the active site of hMetAP1 may also help
to define its substrate specificity.
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