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ABSTRACT: Methionine aminopeptidase (MetAP) carries out an essential posttranslational modification of
nascent proteins by removing the initiator methionine and is recognized as a potential target for developing
antibacterial, antifungal, and anticancer agents. We have established anEscherichia coliexpression system
for human type I MetAP (HsMetAP1) and characterized the full lengthHsMetAP1 and its N-terminal-
truncated mutantsHsMetAP1(∆1-66) andHsMetAP1(∆1-135) for hydrolysis of several thiopeptolide
and peptide substrates and inhibition by a series of nonpeptidic inhibitors. Although the N-terminal extension
with zinc finger motifs inHsMetAP1 is not required for enzyme activity, it has a significant impact on
the interaction of the enzyme with substrates and inhibitors. In hydrolysis of the thiopeptolide substrates,
a relaxation of stringent specificity for the terminal methionine was observed in the truncated mutants.
However, this relaxation of specificity was not detectable in hydrolysis of tripeptide or tetrapeptide
substrates. Several nonpeptidic inhibitors showed potent inhibition of the mutantHsMetAP1(∆1-66) but
exhibited only weak or no inhibition of the full length enzyme. With the recombinantHsMetAP1 available,
we have identified several MetAP inhibitors with submicromolar inhibitory potencies againstE. coli MetAP
(EcMetAP1) that do not affectHsMetAP1. These results have demonstrated the possibility of developing
MetAP inhibitors as antibacterial agents with minimum human toxicity. In addition, micromolar inhibitors
of HsMetAP1 identified in this study can serve as tools for investigating the functions ofHsMetAP1 in
physiological and pathological processes.

Protein biosynthesis is initiated with either Met (in
eukaryotes) orN-formylmethionine (in prokaryotes, mito-
chondria, and chloroplasts) (1). In a significant fraction of
intracellular proteins, the N-terminal Met is cleaved enzy-
matically after the initiation of translation by methionine
aminopeptidase (MetAP).1 This posttranslational modification
is often required for proper localization, targeting, and
eventual degradation of proteins.

MetAP maintains stringent specificity for the N-terminal
Met (2) and accepts no other natural amino acid residues.
The formyl group in formylmethionine must be removed by
deformylase before Met can be cleaved by MetAP (3). The
enzyme also has a strong preference for the penultimate

residue, and only a small, uncharged amino acid (Gly, Ala,
Ser, Thr, Pro, Val, or Cys) allows MetAPs to cleave the
N-terminal Met.

MetAPs are grouped into two subtypes according to
sequence homology. Eubacteria, such asEscherichia coli,
Bacillus subtilis, andSalmonella typhimurium, have only type
I MetAPs, while archaea, such asMethanobacterium thermo-
autotrophicum, Sulfolobus solfataricus, and Pyrococcus
furiosis, have only type II MetAPs. Eukaryotic cells contain
both type I and type II MetAPs (1). The most significant
difference between these two types is an insertion of
approximately 60 residues in the C-terminal aminopeptidase
domain characteristic of the type II isozymes (4). This
inserted subdomain shares no sequence or structural homol-
ogy with any other known protein, and its function is
unknown.

The eukaryotic MetAPs are differentiated from their
prokaryotic counterparts by an additional N-terminal exten-
sion. The eukaryotic type I MetAPs have two putative zinc
finger motifs in this 12 kDa region (5), and the eukaryotic
type II enzymes have a highly charged N-terminus with alter-
nating polyacidic and polybasic stretches in a similarly
sized segment (6). These N-terminal extensions may be
involved in the association of eukaryotic MetAP isozymes
with intracellular structures or organelles such as the ribo-
some (7).

† This research was supported by the National Natural Science
Foundation of China Grants 30271528 (F.-J.N.) and 39725032 (Q.-
Z.Y.) and by the NIH Grant P20 RR15563 from the COBRE Program
of the National Center for Research Resources and matching support
from the State of Kansas and the University of Kansas (Q.-Z.Y.).

* To whom correspondence should be addressed. (Q.-Z.Y.) Phone:
(785)330-4330. Fax: (785)330-4332. E-mail: qye@ku.edu. (F.-J.N.)
Phone: 86-21-5080-1313. Fax: 86-21-5080-0721. E-mail: fjnan@
mail.shcnc.ac.cn.

‡ Chinese National Center for Drug Screening.
§ University of Kansas.
1 Abbreviations: MetAP, methionine aminopeptidase;EcMetAP1,

E. coli MetAP type I; HsMetAP1, human MetAP type I; GST,
glutathione S-transferase; DTNB, 5,5-dithiobis(2-nitrobenzoic acid);
Nle, norleucine.

7892 Biochemistry2004,43, 7892-7898

10.1021/bi0360859 CCC: $27.50 © 2004 American Chemical Society
Published on Web 05/07/2004



Deletion of the single MetAP gene fromE. coli (8) or S.
typhimurium(9) is lethal, demonstrating the essential role
of MetAP enzymes in bacteria. Deletion of either type I or
type II MetAP from the yeastSaccharomyces cereVisiae
rendered a slow growth phenotype, and removal of both
MetAPs made the yeast nonviable (10). Therefore, MetAPs
are valid potential targets for developing antibacterial and
antifungal drugs (11).

The enterohemorrhagicE. coli O157:H7 strain and the
common K-12 strain have the same MetAP sequence (12).
The E. coli MetAP, a type I enzyme (EcMetAP1), shares
high sequence homology with MetAPs in other clinically
important pathogens such asMycobacterium tuberculosisin
tuberculosis,Enterococcus faecalisin urinary tract infection
and endocarditis,Streptococcus pneumoniaein pneumonia,
Haemophilus influenzaein respiratory tract infection, and
Helicobacter pyloriin ulcers. MetAPs in these pathogens
are all type I enzymes, and the sequence homology among
them provides a convenient way to translate knowledge from
EcMetAP1 to other type I MetAPs. However, the sequence
similarity in type I MetAPs also presents a challenge in
developing specific inhibitors for bacterial and fungal
MetAP1s without affecting human type I enzyme (Hs-
MetAP1).

We report here a uniqueE. coli expression system for
the full length HsMetAP1, as well as for N-terminal-
truncatedHsMetAP1 mutants. These proteins have been
characterized for catalysis and inhibition with several
peptide and thiopeptolide substrates and nonpeptidic inhibi-
tors. We have observed a significant influence of the
N-terminal extension on catalysis and inhibition and also
identified inhibitors with specificity forEcMetAP1 and
potent inhibitors of HsMetAP1. These studies provide
valuable information for developing MetAP inhibitors for
therapeutic applications.

EXPERIMENTAL PROCEDURES

Materials and Instruments.The plasmid pGEX-KG (13)
was a generous gift from Professor Kunliang Guan at the
University of Michigan, and theE. coli strain BL21(DE3)-
pLysS was purchased from Promega (Madison, WI). Restric-
tion enzymes and other enzymes used in DNA cloning were
purchased from Sangon (Shanghai, China). Thrombin and
Ellman’s reagent DTNB was purchased from Sigma (St.
Louis, MO). Thioester substrate Met-S-Gly-Phe was syn-
thesized in this laboratory according to a literature procedure
(14). Synthesis of the nonpeptidic inhibitors has been
reported previously (15), and synthesis of the thiopeptolides
Xaa-S-Gly-Phe will be reported elsewhere. Tripeptide sub-
strates Xaa-Ala-Ser, where Xaa is norleucine (Nle), Leu, or
Phe, and tetrapeptide substrates Xaa-Ala-Ser-Trp, where Xaa
is Ile, Leu, Met, Phe, Thr, or Val, were synthesized by GL
Biochem (Shanghai, China). Met-Ala-Ser was purchased
from Sigma.

Protein purification was carried out on an AKTA FPLC
system with UV and conductivity monitors from Amersham
Biosciences (Piscataway, NJ), and the protein concentration
was determined by the BCA protein assay with a kit from
PIERCE (Rockford, IL). Enzyme assays were performed on
a SpectraMax 340 microplate reader from Molecular Devices
(Sunnyvale, CA) that was controlled by Softmax software.

Construction of Plasmids Expressing Full Length and
Truncated HsMetAP1s.A cDNA library was prepared by
reverse transcription PCR amplification from total RNA of
ECV304 cultured bladder carcinoma cells (ATCC CRL-
1998). The full length gene ofHsMetAP1 was amplified
from the cDNA library with introduction of restriction sites
for EcoR I andSal I. The PCR primers had the following
sequence: forward, ATTATAAGAATTCTAATGGCGGC-
CGTGGAGAC GCGG, and reverse, ACGGTAGTCGAC-
TTAAAATTGAGACATGAAG TG (the restriction sites are
in italics, and the coding sequences are underlined). The PCR
fragment was cloned into the vector pGEX-KG (13) as a
fusion protein with an N-terminal glutathione S-transferase
(GST). The recombinant plasmid, pGEX-KG/HsMetAP1,
was confirmed by DNA sequencing and transformed into
E. coli strain BL21(DE3)pLysS for expression.

The genes for the truncated mutantsHsMetAP1-
(∆1-66) and HsMetAP1(∆1-135) were amplified by
PCR from pGEX-KG/HsMetAP1 using forward primers
TAGGGAATTCTATGGACTGTGGAAGGTGATATT and
ATCAGAATTCTAATAGAAGGGATGCGACTTGTA, re-
spectively. The PCR fragments were also cloned into the
vector pGEX-KG for expression.

Expression and Purification of Full Length and Truncated
HsMetAP1s. E. colicells containing the plasmid pGEX-KG/
HsMetAP1 were cultured in 1 L of LB medium at 37°C.
Expression of the recombinant GST-HsMetAP1 protein
was induced at an OD of 0.6 by adding IPTG to 0.5 mM
and allowed to continue for 5 h at 30°C. Harvested cells
(2.0 g) were resuspended in 200 mL of PBS buffer (140
mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM
KH2PO4) with 1% Triton X-100 and sonicated for 5 min on
ice. After centrifugation at 12 000g for 15 min, the clarified
supernatant was loaded onto a 5 mL GSTrap FF column
previously equilibrated with the PBS buffer, and the GST-
HsMetAP1 fusion protein was eluted with 10 mM reduced
glutathione in 50 mM Tris, pH 8.0. Then, the eluted fractions
were loaded onto a 55 mL HiPrep desalting column pre-
equilibrated with 50 mM Tris, pH 8.0, and 150 mM NaCl
to remove the reduced glutathione. ActiveHsMetAP1 was
released from the fusion protein by incubation with 2µg/
mL thrombin and 1.5 mM CaCl2 at 4°C overnight, and the
mixture was loaded on the GSTrap FF column to remove
the GST protein. The finalHsMetAP1 protein (10 mg)
appeared as a single band on SDS-PAGE gel by Coomassie
blue staining.

Similarly, the truncatedHsMetAP1(∆1-66) and Hs-
MetAP1(∆1-135) were expressed at 30°C for 5 h and at
16 °C for 18 h, respectively, after induction by IPTG and
purified to homogeneity.

Enzyme ActiVity Assays. Thiopeptolide Assay. The assay
was performed at room temperature on a 96 well clear
polystyrene microplate. In the metal activation experiments,
the assay mixture in each well contained 50 mM MOPS,
pH 7.0, 1 mM 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB),
100 µM Met-S-Gly-Phe, 750 nMHsMetAP1 or 650 nM
HsMetAP1(∆1-66), and various amounts of metal ions
(CoCl2, MnCl2, ZnCl2, or NiCl2). The hydrolysis of Met-S-
Gly-Phe was monitored continuously by the change of
absorbance at 412 nm. The initial rate of the hydrolysis was
determined using the early linear portion of the enzymatic
reaction curve, and the rate of background hydrolysis of the
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thiopeptolide was subtracted.
To obtain thekcat and Km values using Met-S-Gly-Phe,

the reaction was carried out in a 100µL assay mixture
containing 50 mM MOPS, pH 7.0, 50µM CoCl2, 500-750
nM HsMetAP1s, and thiopeptolide Met-S-Gly-Phe in 2-fold
dilutions up to 10 mM for 2 min at room temperature. A 50
µL solution containing 2 mM DTNB, 50 mM MOPS, pH
7.0, and 6 M guanidine hydrochloride was added to the
mixture, and the absorbance at 412 nm was determined
immediately. The rate of background hydrolysis of the
thiopeptolide was subtracted. Thekcat and Km values of
HsMetAP1s were derived from a nonlinear regression fitting
of the curve in the plot of the initial rates vs the substrate
concentrations, using the Michaelis-Menton equationV )
Vmax[S]/(Km + [S]). In the inhibition assays, the inhibitor
was dissolved in DMSO, and the final assay system had less
than 2% DMSO.

For hydrolysis of thiopeptolide substrates Xaa-S-Gly-Phe,
the reaction was carried out in a 100µL assay mixture
containing 50 mM MOPS, pH 7.0, 50µM CoCl2, 200 nM
EcMetAP1 or 500-750 nM HsMetAP1, HsMetAP1(∆1-
66) or HsMetAP1(∆1-135), 500µM Xaa-S-Gly-Phe, and
1 mM DTNB. Change in the absorbance at 412 nm was
monitored continuously for 1 min at room temperature.

Peptide Assay. Assays with tripeptide substrates Xaa-Ala-
Ser were performed at room temperature in a 20µL reaction
system containing 50 mM MOPS, pH 7.0, 50µM CoCl2, 8
mM Xaa-Ala-Ser, and 5µM EcMetAP1 for 5 min or 1µM
HsMetAP1, HsMetAP1(∆1-66), or HsMetAP1(∆1-135)
for 30 min. The reaction was terminated by adding 80µL
of 0.1% trifluoroacetic acid (TFA), and the mixture was
applied to a reverse-phase HPLC C8 column (4.6× 150 mm,
5 µm) after centrifugation at 10 000g for 10 min. The elution
conditions were as follows: mobile phase A was water with
0.1% TFA, and mobile phase B was 50% acetonitrile with
0.1% TFA; the sample was loaded onto the column by 5%
phase B at a flow rate of 1 mL/min. Then, 100% phase B
was used to elute any residual material in 15 min before
returning to the initial conditions. The product released was
calculated from substrate depletion, which was determined
by monitoring the absorbance at 215 nm.

Assays with tetrapeptide substrates Xaa-Ala-Ser-Trp were
performed in a similar way. Xaa-Ala-Ser-Trp (5 mM) and 1
µM EcMetAP1, HsMetAP1, HsMetAP1(∆1-66), or Hs-
MetAP1(∆1-135) were used, and the reaction was termi-
nated after 5 min. The sample was loaded onto a C18 column
(4.6 × 150 mm, 5µm) by 40% phase B at a flow rate of 1
mL/min. The product Ala-Ser-Trp released from the reaction
was monitored by absorbance at 215 nm and used for
calculations.

RESULTS

E. coli Expression of Full Length HsMetAP1.Recombinant
expression and purification ofHsMetAP1 has been reported
only briefly in insect cells (16). Dummitt et al. (17) described
the expression ofHsMetAP1 inS. cereVisiae for an in vivo
study without purification. To facilitate our mutagenesis
studies and generate a sufficient amount of recombinant
proteins for enzyme characterization, our laboratory has
successfully established the firstHsMetAP1 expression
system inE. coli.

An expression plasmid was constructed so thatHsMetAP1
was expressed as a fusion protein with an N-terminal
glutathione S-transferase (GST) and a thrombin cleavage site
was located between the GST andHsMetAP1. The recom-
binant GST-HsMetAP1 fusion protein was expressed inE.
coli as a soluble protein after IPTG induction and purified
on a glutathione-Sepharose affinity column (Figure 1).
Thrombin treatment releasedHsMetAP1 from the fusion
protein, and the yield after thrombin cleavage was usually
5-10 mg from a 1 Lculture. Molecular mass measured by
matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) for the releasedHsMetAP1 was 44 199 Da,
consistent with the calculated value from the amino acid
sequence, 44 207 Da.

Specific N-Terminal Truncation of Full Length HsMetAP1.
The recombinantHsMetAP1 was not very stable during
purification and storage at 4°C, and a smaller but enzymati-
cally active protein appeared at around 36 kDa. We purified
the 36 kDa fragment (Figure 1, lane 5) and performed
N-terminal sequencing. The sequence, WTVEGD, suggested
a hydrolytic site located between Ser-66 and Trp-67 of
the N-terminus ofHsMetAP1 following the predicted zinc
finger motifs (Figure 2). This truncated enzyme cleaved
the synthetic substrates (peptides and thiopeptolides) as
efficiently as the full length enzyme, indicating that the
N-terminal extension was not indispensable forHsMetAP1
aminopeptidase activity. Our observation is consistent with
the reports that the N-terminal extension in eukaryotic
MetAPs (Figure 2) can be truncated without losing peptidase
activity in S. cereVisiae type I methionine aminopeptidase
(ScMetAP1) (5) and human type II methionine aminopep-
tidase (HsMetAP2) (18).

On the basis of the finding that the N-terminal truncation
of HsMetAP1 retains enzymatic activity, we constructed two
truncated mutants to study the role of the N-terminal
extension in catalysis and inhibition. MutantHsMetAP1-
(∆1-66) began at Trp-67 with the zinc finger motifs
removed, and mutantHsMetAP1(∆1-135) began at Ile-136
with complete removal of the N-terminal extension found
in eukaryotic type I MetAPs. Both were expressed as GST
fusion proteins and purified similarly as the full length
HsMetAP1.

Hydrolysis of the Thiopeptolide Substrate Met-S-Gly-
Phe by Full Length and Truncated HsMetAP1s.MetAPs
have been studied as Co(II) enzymes, but their in vivo

FIGURE 1: Purification ofHsMetAP1. Lane M, protein markers;
lane 1, cell lysate containing GST-HsMetAP1; lane 2, purified GST-
HsMetAP1; lane 3, after thrombin cleavage; lane 4, purified
HsMetAP1; lane 5, N-terminal-truncatedHsMetAP1.
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metal remains to be defined. A few other divalent metals
are also capable of activating the enzyme in vitro (19, 20).
Using thiopeptolide Met-S-Gly-Phe as the substrate, both
the full length HsMetAP1 and the truncated mutant
HsMetAP1(∆1-66) can be activated by Co(II) and Zn(II)
(Figure 3). However, neither Ni(II) nor Mn(II) can activate
the full length enzyme or the truncated mutantHsMetAP1-
(∆1-66). HsMetAP1(∆1-135) can also be activated by
Co(II), but its activity was much weaker. Meanwhile, excess
Co(II) and Zn(II) appeared to have an inhibitory effect on
the intact and truncatedHsMetAP1s (Figure 3).

The truncatedScMetAP1 had essentially the sameKm and
kcat values as the full length enzyme (5). The intact and
truncatedHsMetAP2 enzymes exhibited identical kinetic
behavior and physical properties (18). In this study, two
forms of truncatedHsMetAP1s were prepared and kinetic
properties were investigated along with the full length
enzyme. To avoid DTNB inactivation in the thiopeptolide
assay, an endpoint method was employed.HsMetAP1(∆1-66)
was found to cleave the substrate Met-S-Gly-Phe more
efficiently with slightly lower Km and higherkcat values
(Table 1). At the same time, more extensive deletion of the
N-terminus as inHsMetAP1(∆1-135) resulted in much
lower activity, mostly as a higherKm. These results suggest
that the N-terminal extension inHsMetAP1 is not essential
for catalytic activity, but its existence does affect the catalytic
efficiency in hydrolyzing the thiopeptolide as indicated by
alteredKcat andKm values for the truncated mutants.

Hydrolysis of Thiopeptolide Substrates Xaa-S-Gly-Phe
and Peptide Substrates Xaa-Ala-Ser by Full Length and
Truncated HsMetAP1s.To determine the effect of these

truncations on the specificity toward substrates and inhibitors,
several specially synthesized substrates (thiopeptolides Xaa-
S-Gly-Phe and peptides Xaa-Ala-Ser and Xaa-Ala-Ser-Trp)
and a series of nonpeptidic inhibitors (15) were used.

MetAP is very specific for Met as the terminal residue,
as exemplified byEcMetAP1 in cleavage of Xaa-S-Gly-Phe
(Table 2). Full lengthHsMetAP1 maintains specificity for
Met, and only Thr showed weakly detectable activity.
Surprisingly,HsMetAP1(∆1-66) cleaved the thiopeptolide
with Leu, Phe, Val, or Thr, in addition to Met, as the starting
residue (Table 2). This specificity is further relaxed in the
mutant HsMetAP1(∆1-135). Hydrolysis was detected in
several such thiopeptolides, and some residues such as Phe
and Val even became the preferred residue over Met.

Considering the heightened reactivity intrinsic to Xaa-S-
Gly-Phe substrates, parallel assays were carried out using
substrates with true peptide bonds. The tripeptides Xaa-Ala-
Ser were incubated withEcMetAP1, full lengthHsMetAP1,
and its mutantsHsMetAP1(∆1-66) andHsMetAP1(∆1-135)
for a period of time. The products were separated from the
unreacted starting substrate by HPLC. Met-Ala-Ser and Nle-

FIGURE 2: N-Terminal sequence comparison among MetAPs from human (type I,HsMetAP1 and type II,HsMetAP2),S. cereVisiae (type
I, ScMetAP1), andE. coli (type I, EcMetAP1). Truncations inHsMetAP2 reported by Yang et al. (18), in ScMetAP1 reported by Zou et
al. (5), and inHsMetAP1 described here are underlined. Putative zinc finger residues are shown in bold face.

FIGURE 3: Activation of full lengthHsMetAP1 (A) and truncated mutantHsMetAP1(∆1-66) (B) by divalent ions Co(II) (filled squares)
and Zn(II) (open squares). The metal activation assay was carried out in a 100µL mixture including 50 mM MOPS, pH 7.0, 750 nM
HsMetAP1 or 650 nMHsMetAP1(∆1-66), 100µM Met-S-Gly-Phe, and one of the divalent ions.

Table 1: Kinetic Constants ofEcMetAP1 and Full Length and
TruncatedHsMetAP1s in Hydrolysis of the Thiopeptolide
Met-S-Gly-Phe

Km (mM) kcat (s-1)
kcat/Km

(M-1 s-1)

EcMetAP1 0.35( 0.01 22.48( 0.32 63 835
HsMetAP1 1.88( 0.02 6.47( 0.47 3451
HsMetAP1(∆1-66) 1.28( 0.04 16.61( 1.13 12 956
HsMetAP1(∆1-135) 8.81( 0.44 7.31( 0.18 829
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Ala-Ser were good substrates forEcMetAP1, HsMetAP1,
andHsMetAP1(∆1-66), while the other two tripeptides Leu-
Ala-Ser and Phe-Ala-Ser showed no cleavage.HsMetAP1-
(∆1-135) is a much less efficient enzyme for the peptides
tested, and only Nle-Ala-Ser showed barely detectable
cleavage.

Walker et al. (21) have reported an improved HPLC assay
using the tetrapeptide Met-Ala-Ser-Trp. Since the detection
of the tripeptides at 215 nm was not sensitive, several
tetrapeptides Xaa-Ala-Ser-Trp, where Xaa is Met, Leu, Phe,
Ile, Val, or Thr, were prepared. Hydrolysis of Met-Ala-Ser-
Trp by EcMetAP1, full lengthHsMetAP1, orHsMetAP1-
(∆1-66) mutant could be easily detected, while the activity
of HsMetAP1(∆1-135) was undetectable (Table 2). In
contrast to the absence of cleavage of the tripeptides Leu-
Ala-Ser and Phe-Ala-Ser, cleavage of Leu-Ala-Ser-Trp and
Phe-Ala-Ser-Trp was easily detected, although more weakly
than Met-Ala-Ser-Trp. However, no cleavage of the tetra-
peptides with either Ile, Val, or Thr at the N-terminus was
detected, indicating that the relaxed specificity observed for
the thiopeptolides did not apply to the tetrapeptide substrates.

Inhibition of Full Length and Truncated HsMetAP1s by
Nonpeptidic Inhibitors.Although bacterial MetAPs share
high sequence homology with mammalian type I MetAPs
in the peptidase domain, the N-terminal extension is a unique
feature in mammalian MetAPs that may allow inhibitors to
differentiate the two groups. We have previously identified
a series of nonpeptidic small molecules with inhibitory
activity againstEcMetAP1 andScMetAP1 (15), and we are
interested in determining whether they also inhibit full length

and truncatedHsMetAP1s, since few, if any,HsMetAP1
inhibitors have been described. We found that some of the
EcMetAP1 inhibitors also inhibitedHsMetAP1, while others
did not show inhibition (Table 3). These results suggest that
ideal inhibitors, which specifically inhibit bacterial MetAPs
without affectingHsMetAP1, can be developed for antibac-
terial applications. Surprisingly, the inhibitory activity was
restored or partially restored for some of the inhibitors such
as 5-7 when tested on the N-terminal-truncated mutant
HsMetAP1(∆1-66). However, no direct interaction between
the inhibitors and the N-terminal extension was expected.

DISCUSSION

Infectious diseases are still a serious health threat, and the
rising resistance to antibiotics has created an urgency to
validate novel targets for therapeutic intervention. MetAP
carries out the essential function of removing the initiator
Met from nascent proteins in microorganisms and is a

Table 2: Substrate Specificity of Full Length and Truncated
HsMetAP1s in Comparison withEcMetAP1

activity (µM/min/µM protein)

Xaa
residue

EcMet-
AP1

HsMet-
AP1

HsMet-
AP1(∆1-66)

HsMet-
AP1(∆1-135)

Thiopeptolide Substrate Xaa-S-Gly-Phe
Met 362( 24 42.7( 5.8 146( 9 18.4( 1.3
Ala NAa NA NA 9.4 ( 2.5
Asp NA NA NA NA
Ile NA NA NA NA
Leu NA NA 5.4( 0.3 13.4( 1.6
Lys NA NA NA 16.0 ( 1.5
Phe NA NA 7.4( 0.8 25.5( 1.4
Pro NA NA NA 15.2( 0.3
Ser NA NA NA 11.7( 1.2
Tyr NA NA NA 15.0 ( 0.3
Val NA NA 8.1 ( 1.0 30.4( 2.3
Gly NA NA NA NA
Thr NA 7.3( 1.3 12.1( 0.2 8.8( 1.1
Asn NA NA NA 6.0 ( 2.1
Trp NA NA NA NA

Tripeptide Substrate Xaa-Ala-Ser
Met 248( 9 142( 13 100( 13 NA
Nle 279( 4 183( 12 141( 10 1.3( 0.7
Leu NA NA NA NA
Phe NA NA NA NA

Tetrapeptide Substrate Xaa-Ala-Ser-Trp
Met 212( 15 396( 20 201( 15 NA
Leu 3.5( 1.0 30( 2 23( 0.2 NA
Phe 16( 0.2 30( 4 22( 3 NA
Ile NA NA NA NA
Val NA NA NA NA
Thr NA NA NA NA
a NA, no activity was detected (<5.0 for the thiopeptolide assays or

<1.0 for the peptide assays).

Table 3: Inhibition ofEcMetAP1,HsMetAP1, and
HsMetAP1(∆1-66)
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promising target for novel antibiotics (11). Common patho-
genic bacteria have only a single type I MetAP. These
MetAPs are homologous toHsMetAP1, which along with
type II MetAP (HsMetAP2) carries out important physi-
ological functions. Our successfully establishedE. coli
expression system forHsMetAP1 provides a useful tool for
characterizing MetAP inhibitors that specifically inhibit
bacterial MetAPs without affectingHsMetAP1. This inhibi-
tion profile is required for effective control of infection and
minimum toxicity to humans. With the recombinantHs-
MetAP1 available, we have characterized a series of non-
peptidic EcMetAP1 inhibitors and identified a few with
desirable inhibition profiles that show submicromolar poten-
cies forEcMetAP1 and no activity againstHsMetAP1 (>100
µM).

HsMetAP2 has been suggested as the in vivo target for
antiangiogenic fumagillin and its analogues (22, 23), while
HsMetAP1 has not been studied extensively. LAF389 was
derived from the natural product bengamides originally
isolated from marine sponges and showed good inhibition
of both HsMetAP1 andHsMetAP2 (24). It causes growth
inhibition in vitro at low nanomolar concentrations on all
human tumor cell lines tested and significantly inhibits the
growth of MDA-MB-435 human breast cancer xenografts
at well-tolerated doses. TheHsMetAP1 inhibitors identified
in this study with micromolar inhibitory activities provide
tools for further investigation of the functions ofHsMetAP1
in physiological and pathological processes.

The functional role of the N-terminal extension in mam-
malian MetAPs is not yet fully understood. The extension
in type I MetAPs has a zinc finger structure, while that in
type II MetAPs contains polyacidic and polybasic clusters.
Deletion of the extension does not significantly alter catalytic
activity as inScMetAP1 (5) and inHsMetAP2 (18), and it
does not seem to be directly involved in enzyme catalysis.
However, it has been demonstrated that deletion of this
extension inScMetAP1 reduced its effectiveness in rescuing
the slow growth phenotype of amap mutant (5), and the
zinc finger motifs are important in the association of MetAP
with the ribosome (7).

Deletion of the N-terminal extension was either observed
during purification (18, and this study) or generated in vitro
by trypsin digestion (5). This phenomenon reveals a suscep-
tible site within the extension, and the existence of truncated
eukaryotic MetAPs in vivo remains to be confirmed.
Nevertheless, our truncated mutantsHsMetAP1(∆1-66) and
HsMetAP1(∆1-135) provide the opportunity to study the
role of the extension in substrate recognition and hydrolysis
and its influence on inhibition.

The N-terminal deletion of residues 1-135 from Hs-
MetAP1 was based on a sequence alignment of the peptidase
domain among MetAPs and represents the longest deletion
in a mammalian MetAP. Its detectable activity by the
sensitive thiopeptolide assay demonstrates that peptidase
domain in a mammalian MetAP is sufficient for catalysis. It
had weak activity and tended to precipitate when concentra-
tion was attempted, which might be due to an improper
position of the deletion or exposure of areas that were
previously covered by the N-terminal extension.

MetAPs are a class of enzymes with stringent specificity
toward the only natural amino acid residue Met at the
N-terminus. It seems that Nle is the only other residue that

can be accommodated at the Met recognition site. We have
observed the hydrolysis of Nle-Ala-Ser at a comparable rate
as for Met-Ala-Ser (Table 2). Bestatin-based inhibitor
AHHpA-Ala-Leu-Val-Phe-OMe has an IC50 of 5 µM against
EcMetAP1 (25), and its (3R)-amino-(2S)-hydroxyheptanoic
acid (AHHpA) moiety is a norleucine analogue. Other
examples in the literature include several Met analogues
in a structural study ofEcMetAP1 (26), in which trifluoro-
methionine, 1-amino-3-(methylmercapto)propylphosphonic
acid, 1-amino-3-(methylmercapto)propylphosphinic acid, and
norleucine phosphonic acid, along with Met, were used.
Although both type I and type II MetAPs maintain the
stringent specificity for Met, they use different sets of amino
acid residues to form the S1 recognition pocket (27).
Recently, we have made systematic mutations of the S1 site
residues inEcMetAP1 andHsMetAP1 and identified Cys-
70 in EcMetAP1 and Cys-202 inHsMetAP1 as crucial
residues in maintaining such specificity (28). Interestingly,
mutantsEcMetAP1(C70A) andHsMetAP1(C202A) cleaved
Phe-Ala-Ser as well as Met-Ala-Ser or Nle-Ala-Ser.

Our experiments with thiopeptolides Xaa-S-Gly-Phe have
demonstrated a progressive relaxation of this specificity from
the full length HsMetAP1 to HsMetAP1(∆1-66) to Hs-
MetAP1(∆1-135), suggesting a significant influence of the
N-terminal extension in interacting with substrates. However,
such relaxation in substrate specificity was not clear when
either tripeptide or tetrapeptide substrates were used. Cer-
tainly, the thiopeptolide assay is much more sensitive than
the peptide assay. It is also worth noting that the sulfur atom
is significantly larger than nitrogen and a thioester linkage
in thiopeptolides is longer than a amide linkage in peptides.
The small but significant structural difference between
thiopeptolides and peptides may account for the observed
difference in the S1 specificity.

No structural information forHsMetAP1 is available at
this time, and the exact location of the extension is not
known. According to the X-ray structure ofHsMetAP2 (29),
the N-terminal extension will probably be folded on the
protein surface but away from the active site. Compounds
5-7, which are competitive inhibitors (19), inhibited the
mutantHsMetAP1(∆1-66) but did not inhibit the full length
HsMetAP1; this inhibition profile demonstrates again the
profound impact of the N-terminal extension on the enzyme
active site. Further investigation is required to elucidate the
mechanism by which the N-terminal extension affects the
recognition and hydrolysis of substrates and the inhibition
by inhibitors if it is indeed not located in the proximity of
the active site.
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