7892 Biochemistry2004,43, 78927898

Characterization of Full Length and Truncated Type | Human Methionine
Aminopeptidases Expressed frdascherichia coll

Jing-Ya Li} Ling-Ling Chen? Yong-Mei Cui} Qun-Li Luo}# Min Gu,* Fa-Jun Nan# and Qi-Zhuang Ye*$

Chinese National Center for Drug Screening, Shanghai Institute of Materia Medica, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences, Shanghai 201203, China, and The High Throughput Screening Laboratory,
Higuchi Biosciences Center, UWrmrsity of Kansas, Lawrence, Kansas 66047

Receied Naember 20, 2003; Résed Manuscript Receéd March 5, 2004

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 establisksdlaerichia colexpression system

for human type | MetAP KIsMetAP1) and characterized the full lengidsMetAP1 and its N-terminal-
truncated mutantslsMetAP1(A1—-66) andHsMetAP1(A1—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 nidaietAP1(A1—66) but
exhibited only weak or no inhibition of the full length enzyme. With the recombikisivtetAP1 available,

we have identified several MetAP inhibitors with submicromolar inhibitory potencies adaineti MetAP
(EcMetAP1) that do not affeddsMetAP1. 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 functiohtsidetAP1 in
physiological and pathological processes.

Protein biosynthesis is initiated with either Met (in residue, and only a small, uncharged amino acid (Gly, Ala,
eukaryotes) oiN-formylmethionine (in prokaryotes, mito-  Ser, Thr, Pro, Val, or Cys) allows MetAPs to cleave the
chondria, and chloroplasts])( In a significant fraction of N-terminal Met.
intracellular proteins, the N-terminal Met is cleaved enzy- MetAPs are grouped into two subtypes according to
matically after the initiation of translation by methionine sequence homology. Eubacteria, suchEasherichia coli
aminopeptidase (MetAP)This posttranslational modification  Bacillus subtilis andSalmonella typhimuriuphave only type
is often required for proper localization, targeting, and | MetAPs, while archaea, such Eethanobacterium thermo-
eventual degradation of proteins. autotrophicum Sulfolobus solfataricysand Pyrococcus

MetAP maintains stringent specificity for the N-terminal furiosis have only type Il MetAPs. Eukaryotic cells contain
Met (2) and accepts no other natural amino acid residues. both type | and type || MetAPs1j. The most significant
The formyl group in formylmethionine must be removed by difference between these two types is an insertion of
deformylase before Met can be cleaved by Met&p The approximately 60 residues in the C-terminal aminopeptidase
enzyme also has a strong preference for the penultimatedomain characteristic of the type Il isozyme4).(This
inserted subdomain shares no sequence or structural homol-
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Deletion of the single MetAP gene froE coli (8) or S.
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Construction of Plasmids Expressing Full Length and

typhimurium(9) is lethal, demonstrating the essential role Truncated HsMetAP1sA cDNA library was prepared by
of MetAP enzymes in bacteria. Deletion of either type | or reverse transcription PCR amplification from total RNA of

type Il MetAP from the yeasBaccharomyces cerisiae

ECV304 cultured bladder carcinoma cells (ATCC CRL-

rendered a slow growth phenotype, and removal of both 1998). The full length gene dfisMetAP1 was amplified

MetAPs made the yeast nonviable)]. Therefore, MetAPs

from the cDNA library with introduction of restriction sites

are valid potential targets for developing antibacterial and for EcaR | and Sall. The PCR primers had the following

antifungal drugs 11).

The enterohemorrhagiE. coli O157:H7 strain and the
common K-12 strain have the same MetAP sequet@g (
The E. coli MetAP, a type | enzymeHcMetAP1), shares
high sequence homology with MetAPs in other clinically
important pathogens such Eycobacterium tuberculosia
tuberculosisEnterococcus faecalis urinary tract infection
and endocarditisStreptococcus pneumoniaepneumonia,
Haemophilus influenzai respiratory tract infection, and
Helicobacter pyloriin ulcers. MetAPs in these pathogens

sequence: forward, ATTATAGAATTOAATGGCGGC-
CGTGGAGAC GCGG, and reverse, ACGGTACGAG
TTAAAATTGAGACATGAAG TG (the restriction sites are
in italics, and the coding sequences are underlined). The PCR
fragment was cloned into the vector pGEX-KG3| as a
fusion protein with an N-terminal glutathione S-transferase
(GST). The recombinant plasmid, pGEX-K@&MetAP1,
was confirmed by DNA sequencing and transformed into
E. coli strain BL21(DE3)pLysS for expression.

The genes for the truncated mutantdsMetAP1-

are all type | enzymes, and the sequence homology among(A1—-66) and HsMetAP1(A1—-135) were amplified by
them provides a convenient way to translate knowledge from PCR from pGEX-KGHsMetAP1 using forward primers
EcMetAP1 to other type | MetAPs. However, the sequence TAGGGAATTOATGGACTGTGGAAGGTGATATT and
similarity in type | MetAPs also presents a challenge in ATCAGAATTOAATAGAAGGGATGCGACTTGTA, re-

developing specific inhibitors for bacterial and fungal
MetAP1ls without affecting human type | enzymeisf
MetAP1).

We report here a uniquE. coli expression system for
the full length HsMetAP1, as well as for N-terminal-

spectively. The PCR fragments were also cloned into the
vector pGEX-KG for expression.

Expression and Purification of Full Length and Truncated
HsMetAP1s. E. coltells containing the plasmid pGEX-KG/
HsMetAP1 were culturedn 1 L of LB medium at 37°C.

truncatedHsMetAP1 mutants. These proteins have been Expression of the recombinant G$IsSMetAP1 protein
characterized for catalysis and inhibition with several was induced at an OD of 0.6 by adding IPTG to 0.5 mM
peptide and thiopeptolide substrates and nonpeptidic inhibi-and allowed to continue fo5 h at 30°C. Harvested cells
tors. We have observed a significant influence of the (2.0 g) were resuspended in 200 mL of PBS buffer (140
N-terminal extension on catalysis and inhibition and also mM NacCl, 2.7 mM KCI, 10 mM NaHPQO,, and 1.8 mM

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 InstrumentsThe plasmid pGEX-KG 13)

KH2PQy) with 1% Triton X-100 and sonicated for 5 min on
ice. After centrifugation at 12 0@dfor 15 min, the clarified
supernatant was loaded ond 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 NacCl

was a generous gift from Professor Kunliang Guan at the to remove the reduced glutathione. ActiMsMetAP1 was

University of Michigan, and th&. coli strain BL21(DE3)-

released from the fusion protein by incubation with@/

pLysS was purchased from Promega (Madison, WI). Restric- mL thrombin and 1.5 mM Caght 4 °C overnight, and the

tion enzymes and other enzymes used in DNA cloning were mixture was loaded on the GSTrap FF column to remove
purchased from Sangon (Shanghai, China). Thrombin andthe GST protein. The finaHsMetAP1 protein (10 mg)
Ellman’s reagent DTNB was purchased from Sigma (St. appeared as a single band on SDS-PAGE gel by Coomassie
Louis, MO). Thioester substrate Met-S-Gly-Phe was syn- blue staining.

thesized in this laboratory according to a literature procedure  Similarly, the truncatedHsMetAP1(A1—66) and Hs-

(14). Synthesis of the nonpeptidic inhibitors has been MetAP1A1—-135) were expressed at 3C for 5 h and at

reported previouslyl(5), and synthesis of the thiopeptolides

16 °C for 18 h, respectively, after induction by IPTG and

Xaa-S-Gly-Phe will be reported elsewhere. Tripeptide sub- purified to homogeneity.

strates Xaa-Ala-Ser, where Xaa is norleucine (Nle), Leu, or

Enzyme Actiity Assays. Thiopeptolide Assayhe assay

Phe, and tetrapeptide substrates Xaa-Ala-Ser-Trp, where Xaavas performed at room temperature on a 96 well clear
is lle, Leu, Met, Phe, Thr, or Val, were synthesized by GL polystyrene microplate. In the metal activation experiments,
Biochem (Shanghai, China). Met-Ala-Ser was purchased the assay mixture in each well contained 50 mM MOPS,

from Sigma.
Protein purification was carried out on an AKTA FPLC
system with UV and conductivity monitors from Amersham

pH 7.0, 1 mM 5,5dithiobis(2-nitrobenzoic acid) (DTNB),
100 uM Met-S-Gly-Phe, 750 nMHsMetAP1 or 650 nM
HsMetAP1(A1—66), and various amounts of metal ions

Biosciences (Piscataway, NJ), and the protein concentration(CoChk, MnCl,, ZnCk, or NiCl,). The hydrolysis of Met-S-

was determined by the BCA protein assay with a kit from Gly-Phe was monitored continuously by the change of
PIERCE (Rockford, IL). Enzyme assays were performed on absorbance at 412 nm. The initial rate of the hydrolysis was
a SpectraMax 340 microplate reader from Molecular Devices determined using the early linear portion of the enzymatic

(Sunnyvale, CA) that was controlled by Softmax software.

reaction curve, and the rate of background hydrolysis of the
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thiopeptolide was subtracted. M 1 2 3 4 5
To obtain thek., and Ky, values using Met-S-Gly-Phe, kDa 3

the reaction was carried out in a 10Q assay mixture o074

containing 50 mM MOPS, pH 7.0, 5aM CoCl,, 500-750 : T,

nM HsMetAP1s, and thiopeptolide Met-S-Gly-Phe in 2-fold 66.2 W T

dilutions up to 10 mM for 2 min at room temperature. A 50 43,0 == 5 —

uL solution containing 2 mM DTNB, 50 mM MOPS, pH ;

7.0, ad 6 M guanidine hydrochloride was added to the 31.0 ; _ e

mixture, and the absorbance at 412 nm was determined ' sl ——

immediately. The rate of background hydrolysis of the '

thiopeptolide was subtracted. The, and K, values of 201

HsMetAP1s were derived from a nonlinear regression fitting
of the curve in the plot of the initial rates vs the substrate Ficure 1: Purification ofHsMetAPL. Lane M, protein markers;
concentrations, using the MichaetiMenton equationv = lane 1, cell lysate containing Gsﬂrsl\/_letAPl; lane 2, purified GS'.I'.-
Ve S}/(Km + [S]). In the inhibition assays, the inhibitor ~ HSMEUAPL; lane 3, after thrombin cleavage; lane 4, purified
was dissolved in DMSO, and the final assay system had less ' ' '
than 2% DMSO. _ An expression plasmid was constructed so HeiletAP1
For hydrolysis of thiopeptolide substrates Xaa-S-Gly-Phe, \yas expressed as a fusion protein with an N-terminal
the reaction was carried out in a 10Q assay mixture  gytathione S-transferase (GST) and a thrombin cleavage site
containing 50 mM MOPS, pH 7.0, 50M CoCl, 200 nM a5 |ocated between the GST aHeMetAP1. The recom-
EcMetAP1 or 500-750 nM HsMetAP1, HsMetAP1(A1—~ binant GSTHsMetAP1 fusion protein was expressedEn
66) or HsMetAP1(A1-135), 500uM Xaa-S-Gly-Phe, and  colj as a soluble protein after IPTG induction and purified
1 mM DTNB. Change in the absorbance at 412 nm was on a glutathione Sepharose affinity column (Figure 1).
monitored continuously for 1 min at room temperature. Thrombin treatment releasddsMetAP1 from the fusion
Peptide AssayAssays with tripeptide substrates Xaa-Ala- protein, and the yield after thrombin cleavage was usually
Ser were performed at room temperature in aR0eaction 5—10 mg from a 1 Lculture. Molecular mass measured by
system containing 50 mM MOPS, pH 7.0, M CoCl,, 8 matrix-assisted laser desorption ionization time-of-flight
mM Xaa-Ala-Ser, and xM EcMetAP1 for 5 min or 1uM (MALDI-TOF) for the releasedsMetAP1 was 44 199 Da,
HsMetAP1, HsMetAP1(A1—-66), or HsMetAP1(A1—135) consistent with the calculated value from the amino acid
for 30 min. The reaction was terminated by adding.&0 sequence, 44 207 Da.

of 0.1% trifluoroacetic acid (TFA), and the mixture was  gpecific N-Terminal Truncation of Full Length HsMetAP1.
applied to a reverse-phase HPLC C8 column ¢4.850 mm, The recombinanHsMetAP1 was not very stable during
5um) after centrifugation at 10 0gGor 10 min. The elution  yrification and storage at%C, and a smaller but enzymati-
conditions were as follows: mobile phase A was water with 5|1y active protein appeared at around 36 kDa. We purified
0.1% TFA, and mobile phase B was 50% acetonitrile with 10”36 kDa fragment (Figure 1, lane 5) and performed
0.1% TFA; the sample was loaded onto the column by 5% N_terminal sequencing. The sequence, WTVEGD, suggested
phase B at a flow rate of 1 mL/min. Then, 100% phase B 4 hygrolytic site located between Ser-66 and Trp-67 of
was used to elute any residual material in 15 min before {he N-terminus oHsMetAP1 following the predicted zinc
returning to the initial conditions. The product released was finger motifs (Figure 2). This truncated enzyme cleaved
calculat_ed _from substrate depletion, which was determined o synthetic substrates (peptides and thiopeptolides) as
by monitoring the absorbance at 215 nm. efficiently as the full length enzyme, indicating that the
Assays with tetrapeptide substrates Xaa-Ala-Ser-Trp were N-terminal extension was not indispensable fsMetAP1
performed in a similar way. Xaa-Ala-Ser-Trp (5 mM) and 1 aminopeptidase activity. Our observation is consistent with
uM EcMetAP1, HsMetAP1, HsMetAP1(A1-66), or Hs- the reports that the N-terminal extension in eukaryotic
MetAP1(A1-135) were used, and the reaction was termi- MetAPs (Figure 2) can be truncated without losing peptidase
nated after 5 min. The sample was loaded onto a C18 columnacitivity in S. cereisiae type | methionine aminopeptidase

(4.6 x 150 mm, 5um) by 40% phase B at a flow rate of 1 (SdvietAP1) () and human type |l methionine aminopep-
mL/min. The product Ala-Ser-Trp released from the reaction tidase HsMetAP2) (18).

was monitored by absorbance at 215 nm and used for o the pasis of the finding that the N-terminal truncation

calculations. of HsMetAP1 retains enzymatic activity, we constructed two

RESULTS truncat_ed mutants to study t_he_z_ role of the N-terminal
extension in catalysis and inhibition. MutaHsMetAP1-

E. coli Expression of Full Length HsMetAFRecombinant ~ (A1—66) began at Trp-67 with the zinc finger motifs
expression and purification ¢éfsMetAP1 has been reported  removed, and mutamisMetAP1(A1-135) began at lle-136
only briefly in insect cells16). Dummitt et al. {7) described with complete removal of the N-terminal extension found
the expression dfisMetAP1 inS. cereisiaefor an in vivo in eukaryotic type | MetAPs. Both were expressed as GST
study without purification. To facilitate our mutagenesis fusion proteins and purified similarly as the full length
studies and generate a sufficient amount of recombinantHsMetAP1.
proteins for enzyme characterization, our laboratory has Hydrolysis of the Thiopeptolide Substrate Met-S-Gly-
successfully established the firsisMetAP1 expression  Phe by Full Length and Truncated HsMetAPMetAPs
system inE. coli. have been studied as Co(ll) enzymes, but their in vivo



E. coli Expressed Human Type | Methionine Aminopeptidase Biochemistry, Vol. 43, No. 24, 2004895

10 20 30 40 50 60

HsMetAP1l MAAVETRVCETDGCSSEAKLQCPTCIKLGIQGSYFCSQECFKGSWATHKLLHEKKAKDEKA
HsMetAP2 MAGVEEVAASGSHLNGDLDPDDREEGAASTAEEAAKKKRRKKKKSKGPSAAGEQEPDKESGASVDEVARQLERSALEDKERDEDDEDGDG
ScMetAP1l MSTATTTVTTSDQASHPTKIYCSGLQCGRETSSQMKCPVCLKQGIVSIFCDTSCYENNY
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HsMetAPl KREVSSWTVEGDINTDPWAGYRYTGKLRPHYPLMPTRPVPSYIQRPDYADHPLGMSESEQALKGTSQIKLLSSEDIEGMRLVCRLAREVLDVAAGMIKPG
HsMetAP2 DGDGATGKKKKKKKKKRGPKVQTDPPSVPICDLYPNGVFPKGQECEYPPTQDGRTAAWRTTSEEKKALDQASEEIWNDFREAAEAHRQVRKYVMSWIKPG
ScMetAP1l KAHKALHNAKDGLEGAYDPFPKFKYSGKVKASYPLTPRRYVPEDIPKPDWAANGLPVSEQRNDRLNNIPIYKKDQIKKIRKACMLGREVLDIAAAHVRPG
EcMetAP1 MAISIKTPEDIEKMRVAGRLAAEVLEMIEPYVKPG

Ficure 2: N-Terminal sequence comparison among MetAPs from human (tyeMetAP1 and type IIHsSMetAP2),S. cereisiae (type
I, SAMetAP1), andE. coli (type |, EcMetAP1). Truncations irHsMetAP2 reported by Yang et all®), in SdMetAP1 reported by Zou et
al. (5), and inHsMetAP1 described here are underlined. Putative zinc finger residues are shown in bold face.
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Ficure 3: Activation of full lengthHsMetAP1 (A) and truncated mutakisMetAP1(A1—66) (B) by divalent ions Co(ll) (filled squares)

and Zn(ll) (open squares). The metal activation assay was carried out in al180xture including 50 mM MOPS, pH 7.0, 750 nM
HsMetAP1 or 650 nMHsMetAP1(A1—-66), 100uM Met-S-Gly-Phe, and one of the divalent ions.

metal remains to be defined. A few other divalent metals Table 1: Kinetic Constants dcMetAP1 and Full Length and

are also capable of activating the enzyme in vitt6, 20). TruncatedHsMetAP1s in Hydrolysis of the Thiopeptolide
Using thiopeptolide Met-S-Gly-Phe as the substrate, both Met-S-Gly-Phe

the full length HsMetAP1 and the truncated mutant KealKm
HsMetAP1(A1—66) can be activated by Co(ll) and Zn(ll) K (mM) ka(s) ~ (M*s™)
(Figure 3). However, neither Ni(ll) nor Mn(ll) can activate =~ EcMetAP1 0.35£0.01 22.48:0.32 63835
the full length enzyme or the truncated mutatsVietAP1- Eygagi@l_%) %-ggi 8-83 12-2& (1“1‘; l;ggé
(A1-66). HsMetAP1(A1—-135) can also be activated by HsMetAP1(A1—135) 8811044  731L0.18 829

Co(ll), but its activity was much weaker. Meanwhile, excess

Co(ll) and Zn(ll) appeared to have an inhibitory effect on . . .
the intact and truncatedsMetAP1s (Figure 3). truncations on the specificity toward substrates and inhibitors,

The truncatecdMetAP1 had essentially the sarkg and several specially syn_thesized substrates (thiopeptolides Xaa-
keat Values as the full length enzymé)( The intact and  S-Gly-Phe and peptides Xaa-Ala-Ser and Xaa-Ala-Ser-Trp)
truncatedHsMetAP2 enzymes exhibited identical kinetic @nd @ series of nonpeptidic inhibitorsy were used.
behavior and physical propertie$g). In this study, two MetAP is very specific for Met as the terminal residue,
forms of truncatecHsMetAP1s were prepared and kinetic as exemplified bfgcMetAP1 in cleavage of Xaa-S-Gly-Phe
properties were investigated along with the full length (Table 2). Full lengttHsMetAP1 maintains specificity for
enzyme. To avoid DTNB inactivation in the thiopeptolide Met, and only Thr showed weakly detectable activity.
assay, an endpoint method was employtsiletAP1(A1—66) Surprisingly,HsMetAP1(A1-66) cleaved the thiopeptolide
was found to cleave the substrate Met-S-Gly-Phe more with Leu, Phe, Val, or Thr, in addition to Met, as the starting
efficiently with slightly lower K, and higherke values residue (Table 2). This specificity is further relaxed in the
(Table 1). At the same time, more extensive deletion of the mutant HsMetAP1(A1-135). Hydrolysis was detected in
N-terminus as inHsMetAP1(A1—135) resulted in much  several such thiopeptolides, and some residues such as Phe
lower activity, mostly as a highé€,. These results suggest and Val even became the preferred residue over Met.
that the N-terminal extension iHsMetAP1 is not essential Considering the heightened reactivity intrinsic to Xaa-S-
for catalytic activity, but its existence does affect the catalytic Gly-Phe substrates, parallel assays were carried out using
efficiency in hydrolyzing the thiopeptolide as indicated by substrates with true peptide bonds. The tripeptides Xaa-Ala-
alteredK.,; and Ky, values for the truncated mutants. Ser were incubated witBcMetAP1, full lengthHsMetAP1,

Hydrolysis of Thiopeptolide Substrates Xaa-S-Gly-Phe and its mutantsisMetAP1(A1—66) andHsMetAP1(A1—135)
and Peptide Substrates Xaa-Ala-Ser by Full Length and for a period of time. The products were separated from the
Truncated HsMetAP1sTo determine the effect of these unreacted starting substrate by HPLC. Met-Ala-Ser and Nle-
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Table 2: Substrate Specificity of Full Length and Truncated
HsMetAP1s in Comparison witEcMetAP1

Table 3: Inhibition ofEcMetAP1, HsMetAP1, and
HsMetAP1(A1—66)

activity (uM/min/uM protein)

Xaa EcMet- HsMet- HsMet- HsMet-
residue AP1 AP1 AP1(A1-66) AP1(A1-135)
Thiopeptolide Substrate Xaa-S-Gly-Phe

Met 362+ 24 42.7+538 146+ 9 18.4+ 1.3
Ala NA2 NA NA 94+25
Asp NA NA NA NA

lle NA NA NA NA

Leu NA NA 54+0.3 13.4+ 1.6
Lys NA NA NA 16.0+ 1.5
Phe NA NA 7.4+0.8 255+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 73+13 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 35+1.0 30+2 23+ 0.2 NA

Phe 16+ 0.2 30+4 22+3 NA

lle NA NA NA NA

Val NA NA NA NA

Thr NA NA NA NA

aNA, no activity was detected<(5.0 for the thiopeptolide assays or
<1.0 for the peptide assays).

Ala-Ser were good substrates fEcMetAP1, HsMetAP1,
andHsMetAP1(A1—66), while the other two tripeptides Leu-
Ala-Ser and Phe-Ala-Ser showed no cleavageMetAP1-
(A1—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,
lle, Val, or Thr, were prepared. Hydrolysis of Met-Ala-Ser-
Trp by EcMetAP1, full lengthHsMetAP1, orHsMetAP1-
(A1—-66) mutant could be easily detected, while the activity
of HsMetAP1(A1—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 lle, 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 | 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 andSdVetAP1 (15), and we are

interested in determining whether they also inhibit full length

Compound Structure 1Cso (uM)

EcMetAP1 HsMetAPI1 HsMetAP1(A1-66)

1.30+0.12 104+1.2 4.93 £0.68

0.82+0.01 8.15+0.63 3.48+0.35

0.24 +0.02 14.9+£09 0.68 +0.03

0.61 =0.08 7.42+0.78 1.04 +0.08

0.51+0.08 >100 0.79 +£0.08

0.38+0.03 86.7+4.4 2.04£0.29

0.89 + 0.06 >100 7.37+ 1.06

0.36 £ 0.06 >100 >100

1.92+0.30 >100 >100

and truncatedHsMetAP1s, since few, if anyHsMetAP1
inhibitors have been described. We found that some of the
EcMetAP1 inhibitors also inhibitetisMetAP1, 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(A1—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
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promising target for novel antibioticd {). Common patho-
genic bacteria have only a single type | MetAP. These
MetAPs are homologous tdsMetAP1, which along with
type Il MetAP HsMetAP2) carries out important physi-
ological functions. Our successfully establish&d coli
expression system faisMetAP1 provides a useful tool for
characterizing MetAP inhibitors that specifically inhibit
bacterial MetAPs without affectinglsMetAP1. This inhibi-
tion profile is required for effective control of infection and
minimum toxicity to humans. With the recombinaHs-
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 forEdMetAP1 and no activity againstsMetAP1 (> 100
uM).

HsMetAP2 has been suggested as the in vivo target for
antiangiogenic fumagillin and its analogu&,(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. Th¢sMetAP1 inhibitors identified
in this study with micromolar inhibitory activities provide
tools for further investigation of the functions BsMetAP1
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 | MetAPs has a zinc finger structure, while that in
type 1l MetAPs contains polyacidic and polybasic clusters.
Deletion of the extension does not significantly alter catalytic
activity as inSdMetAP1 6) 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 irSdMetAP1 reduced its effectiveness in rescuing
the slow growth phenotype of map mutant §), 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 (8, and this study) or generated in vitro
by trypsin digestiong). 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 mutaHsMetAP1(A1—66) and
HsMetAP1(A1—-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—135 from Hs-
MetAP1 was based on a sequence alignment of the peptidas
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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 lgof 5 uM against
EcMetAP1 @5), and its (R)-amino-(Z)-hydroxyheptanoic
acid (AHHpA) moiety is a norleucine analogue. Other
examples in the literature include several Met analogues
in a structural study oEcMetAP1 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 | and type Il MetAPs maintain the
stringent specificity for Met, they use different sets of amino
acid residues to form the S1 recognition pockef)(
Recently, we have made systematic mutations of the S1 site
residues inEcMetAP1 andHsMetAP1 and identified Cys-

70 in EcMetAP1 and Cys-202 irHsMetAP1 as crucial
residues in maintaining such specificit®gj. 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(A1—66) to Hs-
MetAP1(A1—-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 foHsMetAP1 is available at
this time, and the exact location of the extension is not
known. According to the X-ray structure bisMetAP2 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 inhibitorsl@), inhibited the
mutantHsMetAP1(A1—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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