THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2004 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 279, No. 10, Issue of March 5, pp. 9475-9480, 2004
Printed in U.S.A.

A Single Amino Acid Residue Defines the Difference in Ovalicin
Sensitivity between Type I and II Methionine Aminopeptidases*Sl

Received for publication, July 7, 2003, and in revised form, November 12, 2003
Published, JBC Papers in Press, December 15, 2003, DOI 10.1074/jbc.M307246200

Cathleen M. Brdlik} and Craig M. Crews§1**

From the Departments of tGenetics, §Molecular, Cellular, and Developmental Biology, 1Pharmacology,
and ||Chemistry, Yale University, New Haven, Connecticut 06520-8103

TNP-470, the first anti-angiogenic small molecule to
enter clinical trials, targets methionine aminopepti-
dase-2 (MetAP-2), a metalloprotease that cleaves the N-
terminal methionine of proteins. Previously, biochemi-
cal binding, in vivo yeast studies, and structural studies
of human methionine aminopeptidase-2 bound to TNP-
470 and its analogs fumagillin and ovalicin revealed that
these compounds exhibit specificity for MetAP-2 over its
family member MetAP-1. To further elucidate the nature
of this specificity, we developed a yeast-based screen for
human MetAP-2 mutations that confer ovalicin resist-
ance. Of the three resistant alleles, A362T appeared in
the majority of clones and was found to be the most
resistant to the ovalicin class of inhibitors. Alignment of
human MetAP-2 with human MetAP-1, which is natu-
rally ovalicin-resistant, revealed that the analogous res-
idue in MetAP-1 is also a threonine. Mutation of this
residue to alanine resulted in an ovalicin-sensitive
MetAP-1 allele, demonstrating that an alanine at this
position is critical for inhibition by ovalicin. These re-
sults provide a molecular explanation for the specificity
exhibited by this class of anti-angiogenic agents for
MetAP-2 over MetAP-1 and may prove useful in the de-
velopment of additional MetAP-2-specific therapeutic
agents.

Fumagillin, a natural product angiogenesis inhibitor, was
originally purified from a fungal contaminant of an endothelial
cell culture (1). TNP-470, a derivative of the natural product
fumagillin, has been shown to be safe and effective in the
treatment of solid tumors and arthritis in several animal stud-
ies and preclinical trials (1-5). Based on these promising re-
sults, TNP-470 entered human clinical trials for the treatment
of AIDS-related Kaposi’s sarcoma, metastatic breast cancer,
androgen-independent prostate cancer, brain cancer, pediatric
solid tumors, lymphomas, acute leukemias, advanced squa-
mous cell cancer of the cervix, and metastatic renal carcinoma
(6-9). Because of the clinical potential of TNP-470, it is of great
interest to elucidate the mechanism of action of this compound.

The cellular target of fumagillin was purified by natural
product affinity chromatography and identified as methionine
aminopeptidase-2 (10). In subsequent studies, it was found
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that methionine aminopeptidase-2 is also the binding protein of
TNP-470 and ovalicin, another structural analogue of fumagil-
lin (11). Methionine aminopeptidase-2 is a member of the me-
thionine aminopeptidase family of metal-coordinating pro-
teases whose function is to cleave the N-terminal methionine
from nascent proteins. Recently it was shown that manganese
is the physiologically relevant cofactor for methionine amino-
peptidase-2 (12). Because cleavage of the N-terminal methio-
nine is a process essential to life for both prokaryotes and
eukaryotes, the methionine aminopeptidases are highly con-
served from bacteria to humans (13, 14). Methionine aminopep-
tidases (MetAPs)! are divided into two classes, type I and type
II (also known as MetAP-1 and MetAP-2, respectively) (15).
In Saccharomyces cerevisiae at least one MetAP is essential
for viability, as loss of both MetAPs is lethal (14). Studies on
isogenic yeast strains revealed that fumagillin, TNP-470, and
ovalicin specifically inhibit yeast MetAP-2 but not yeast
MetAP-1 (10, 11).

To investigate the molecular basis of MetAP sensitivity to
the fumagillin/TNP-470/ovalicin class of angiogenesis inhibi-
tors, a library of mutant human methionine aminopeptidase-2
alleles was generated and screened for ovalicin resistance in a
yeast-based system. After screening more than 10° colonies in
three independent screens, we found 3 alleles that were veri-
fied to be ovalicin-resistant: A362T, Y444C, and H382Y. These
results suggest that the determinants of MetAP-2 ovalicin sen-
sitivity lie not only in the ligand binding pocket (such as
Y444C) but also may exert some effect from a distance (such as
A362T and H382Y). The A362T allele was present in almost
80% of all ovalicin-resistant yeast colonies obtained from the
screen and was found to be the most resistant of the three
alleles to ovalicin and its analogues fumagillin and TNP-470.
Protein sequence alignment revealed that the analogous resi-
due in human MetAP-1 is a threonine, and interestingly, mu-
tation of this residue to alanine conferred ovalicin sensitivity to
MetAP-1. Taken together, these findings imply that A362 is
critically important to the sensitivity of human MetAP-2 to the
ovalicin class of inhibitors, thus providing a molecular expla-
nation for the specificity of the fumagillin class of compounds
for MetAP-2 over MetAP-1.

EXPERIMENTAL PROCEDURES

S. cerevisiae Strains and Growth Media—The BY4741 strain
mapl:KAN (MATa his3 leu2 met15 ura3) was a gift from the Stanford
Genome Technology Center. The W303 haploid strains mapl::HIS3
(MATa ade2-1 his3-11, 15 leu2-3, 112 ura3-1 trpI-1) and map2::URA3
(MATa ade2-1 his3-11, 15 leu2-3, 112 ura3-1 trp1-1) were gifts from Dr.
Yie-Hwa Chang. Yeast strains were grown either in yeast extract-
peptone-dextrose or synthetic minimal medium.

Yeast Transformation—Yeast were transformed according to the
lithium acetate method described by Schiestl and Gietz (16), except that

! The abbreviation used is: MetAP, methionine aminopeptidase.
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twice the prescribed amount of single-stranded DNA was used. Yeast to
be screened were plated onto 2X synthetic minimal medium minus
leucine agar plates with 10 nm ovalicin and were grown at 30 °C for,
3 days.

Plasmids and Vector Construction—pSE319 (17) was a gift from Dr.
Michael Snyder, and pAD4M (18-20) was a gift from Dr. P. Hieter.
YMAP2 was cloned into the Sall sites of pSE319 vector. YMAP2 was
amplified by PCR using the following primers: forward, 5'-GCAGTC-
GACATCGATATCCGAATTTTGTT-3', and reverse, 5'-TGCGTCGACT-
CAGTAGTCATCACCTTTCG-3' (the Sall sites are underlined). Human
methionine aminopeptidase-2 was cloned into the Sall and Sacl sites of
the pAD4M vector. The p415GPD and p416GPD plasmids (21) were a
gift from Dr. Susan Baserga. Human methionine aminopeptidase-2 was
cloned into the Spel and Xhol sites of p415GPD and p416GPD. The
following primers were used to PCR amplify human methionine ami-
nopeptidase-2: forward, 5'-GGACTAGTATGGCGGGCGTGGAGGAGG-
TAGC-3’ (the Spel site is underlined), and reverse, 5'-CCGCTCGAGT-
TAATAGTCATCTCCTCTGCTGACAACTTCTTTAC-3' (the Xhol site is
underlined). Human methionine aminopeptidase-1 was cloned into the
Spel and Xhol sites of p415GPD. The following primers were used to
PCR amplify human methionine aminopeptidase-1: forward, 5'-GGAC-
TAGTATGGCGCTCTTCCAGCGGGCAGG-3' (the Spel site is under-
lined) and reverse, 5'-CCGCTCGAGTTAAAATTGAGACATGAAGTGA-
GGCCGTGC-3' (the Xhol site is underlined). All PCR amplifications
described above were done with Pfu polymerase (Stratagene) for 35
cycles.

Complementation of YMAP2 with Human MetAP-2—Genomic DNA
from the W303 map1::HIS3 MATa strain was isolated with lyticase and
the Qiagen Genomic Tip prep kit. The map1::HIS3 locus from the W303
mapl:HIS3 MAT«a strain (22) was PCR-amplified using 7Tbr
(Finnzymes) and the primer pair 5'-CCTATACTATGGCGGAATTCAC-
TCC-3' (forward) and 5'-GCAAACTGTAGGACGAAGAGC-3’ (reverse).
W303 map2::URA3 yeast were transformed with YMAP2 in pSE319
and human methionine aminopeptidase-2 in pAD4M and selected on
synthetic minimal medium lacking tryptophan and leucine. This strain
was then transformed with the mapl::HIS3 PCR product and selected
on synthetic minimal medium lacking histidine. The transformants
were then grown in medium supplemented with tryptophan and plated
onto medium with limiting adenine (23) to develop the sectors.

Gap Repair and Error-prone PCR—p415GPD with insert human
methionine aminopeptidase-2 was cut internally with BsaBI and PstI
enzymes to create a gapped vector. Human methionine aminopepti-
dase-2 was PCR-amplified using the following primers: forward, 5'-GG-
ACTAGTATGGCGGGCGTGGAGGAGGTAGC-3', and reverse, 5'-CCG-
CTCGAGTTAATAGTCATCTCCTCTGCTGACAACTTCTTTAC-3'. The
human methionine aminopeptidase-2 was PCR-amplified with Taq po-
lymerase (Roche Applied Science) in 4 separate reactions in which one
of the dNTPs was 40 uM and the remaining three were 200 uM. The
reactions were then pooled (24). For the gap repair in each screen, 500
ng of gapped vector was transformed with 2.5 ug of pooled mutagenized
human methionine aminopeptidase-2 PCR products (25) into the
BY4741 mapl::KAN MATa yeast strain.

Isolation of Plasmids from Yeast and DNA Sequencing—Human
methionine aminopeptidase-2 plasmids were rescued from yeast by the
glass bead lysis procedure (26). The DNA isolated from the yeast was
then transformed into competent DH5« bacteria, and individual colo-
nies were picked and mini-prepped. DNA was sequenced by the Keck
Foundation Biotechnology Resource Laboratory at Yale. Sequence anal-
ysis was performed with DNASTAR Seqman.

Dot Titrations and Yeast Quantitation Assay—Yeast colonies were
inoculated into minimal medium lacking leucine and grown overnight
at 30 °C with shaking. A4, was measured, and the yeast were diluted
to 0.200 absorbance units, then serially diluted 10-fold to 0.00002.
Using a 1-10-ul multichannel pipettor, 3-ul aliquots of diluted yeast
were plated onto extract-peptone-dextrose agar plates with various
concentrations of ovalicin, fumagillin, and TNP-470. Plates were then
incubated at 30 °C for 2-7 days and then photographed. In the yeast
quantitation assay, 3-ul aliquots of yeast diluted to A4, = 0.200 were
plated onto extract-peptone-dextrose agar plates with various concen-
trations of ovalicin, fumagillin, and TNP-470. Plates were then incu-
bated at 30 °C for 2—4 days, and the yeast colonies were scraped from
the plate and resuspended in 1 ml of double-distilled H,O. The amount
of yeast was quantitated spectrophotometrically at 600 nm, and %
growth was determined by the following formula.

Absorbance of yeast grown in the presence of drug % 100

Absorbance of yeast grown in the absence of drug (Eq. 1)
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Fic. 1. Human methionine aminopeptidase-2 complements the
function of yeast MAP2. AMAP2 yeast were co-transformed with the
human MetAP-2 pAD4M and YMAP2 pSE319 vectors. Yeast MAP1 was
knocked out by transformation of the map1::HIS3 locus. The resulting
strain was then grown in medium supplemented with tryptophan to
promote segregation of the pSE319 plasmid and development of red
sectors. Sectors or colonies that are red are yeast rescued by human
MetAP-2.

Site-directed Mutagenesis—Site-directed mutagenesis was per-
formed with the QuikChange site-directed mutagenesis kit by Strat-
agene (La Jolla, CA). Synthetic oligonucleotide primers were used to
PCR amplify the supercoiled double-stranded DNA template plasmid.
Primers complementary to opposite strands of the vector were extended
using Pfu Turbo polymerase (Stratagene) for 18 cycles. The resulting
PCR product was digested with Dpnl to eliminate parental DNA and
transformed into DH5« Escherichia coli. The template for each of the
following primer pairs was wild type human MetAP-2 in the p415GPD
vector: A362T forward, 5'-ggaaggagaagtatatAcaattgaaacctttgg-3’, and
reverse, 5'-ccaaaggtttcaattgTatatacttctecttee-3'; Y444C forward, 5'-ge-
attgtagatccatGtecaccattatgtg-3’, and reverse, 5'-cacataatggtggaCatgg-
atctacaatge-3'; H382Y forward, 5'-gatatggaatgttcaTattacatgaaaaatttt-
g-3', and reverse, 5'-caaaatttttcatgtaatAtgaacattccatate-3'. The tem-
plate for the following primer pair was wild type human MetAP-1 in the
p415GPD vector: T334A forward, 5'-ggccatgtatttGeaattgagecaatg-3',
and reverse, 5'-cattggctcaattgCaaatacatggec-3'.

Sequence Analysis—Protein sequence alignments were performed
with the DNAssist 2.0 computer program (DNAssist cc, South Africa).

RESULTS

Human Methionine Aminopeptidase-2 Complements the
Function of Yeast Methionine Aminopeptidase-2—Because of
the nature of gap repair as a method for creating a library of
mutant MetAP-2 alleles, it was undesirable to screen yeast
MetAP-2 because it preferentially recombines with the yeast
genome. It was, therefore, desirable to screen MetAP-2 from a
different species. Alignment of human and yeast methionine
aminopeptidase-2 reveals that these proteins share a modest
54% amino acid sequence identity and 69% similarity. A dem-
onstration of the functionality of the human MetAP-2 gene in
S. cerevisiae was necessary to perform a fruitful screen; there-
fore, human MetAP-2 was tested for its ability to complement
the function of yeast MetAP-2 or YMAP2. Because loss of both
MetAPs in yeast is lethal, the overall strategy was to rescue a
AMAP1AMAP2 yeast strain with human MetAP-2. The MetAP
null strain, containing the ade2-1 mutation, was constructed
and rescued with episomal human MetAP-2 and YMAP2.
Growth of the resulting strain under non-selective conditions
led to loss of the YMAP2 gene, and surviving yeast were viable
due to the presence of functional human MetAP-2. The ade2-1
mutation in the MetAP null strain causes the buildup of ade-
nine precursor, which colors the yeast red. However, the plas-
mid into which YMAP?2 is cloned also contains an ade2-1 sup-
pressor gene and eliminates the red color when present. As
shown in Fig. 1, the yeast are either completely red or have
sectored, indicating loss of the YMAP2 plasmid and evidence
that human MetAP-2 is sufficient for yeast viability in the
absence of YMAP1 and YMAP2. Further evidence for the func-
tionality of human MetAP-2 in yeast was provided by its ability
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Cell concentration - [Ov]

WT hMetAP-2
A362T

OnM
Y444C

H382Y

WT hMetAP-2
A362T

20nM
Y444C

H382Y

Fic. 2. Dot titrations of ovalicin-resistant human MetAP-2 al-
leles. AMAP1 yeast were transformed with either wild type (WT) or
ovalicin (Ov)-resistant alleles of human MetAP-2 (hMetAP-2). At 20 nm
ovalicin the alleles found in the screen confer significant ovalicin re-
sistance to AMAP1 yeast. Plates were photographed after a 6-day
incubation at 30 °C.

to confer a growth advantage to AMAP1 yeast in the presence
of fumagillin (data not shown).

Given that fumagillin, TNP-470, and ovalicin all target
MetAP-2, it was important to determine whether these three
analogues were equivalently effective in inhibition of yeast
growth. Although wild type yeast are resistant to fumagillin,
yeast with a deleted MetAP-1 gene (AMAP1) cannot grow in the
presence of fumagillin. Comparison of the growth of human
MetAP-2-overexpressing AMAP1 yeast in response to the fum-
agillin analogues showed that ovalicin was the most potent,
followed by fumagillin and TNP-470 (Supplemental Fig. 1).
Therefore ovalicin was the inhibitor of choice for the screening
procedure.

Screening and Discovery of Ovalicin-resistant Mutations of
Human Methionine Aminopeptidase-2—To determine the opti-
mal concentration of ovalicin for screening, AMAP1 yeast ex-
pressing wild type human MetAP-2 were plated in the presence
of various ovalicin concentrations. These pilot studies revealed
that no colonies grew above 10 nm ovalicin. Mutant alleles of
human methionine aminopeptidase-2 were generated by error-
prone PCR and co-transformed with gapped p415GPD yeast
expression vector into AMAP1 yeast to simultaneously create
and screen a library of mutant human MetAP-2 alleles. These
yeast were then plated directly onto plates of minimal medium
lacking leucine with 10 nMm ovalicin. Plasmids were rescued
from the colonies that grew in the presence of 10 nm ovalicin,
and the identities of the alleles was determined by sequencing.
As shown in Table I, the screen was performed independently
three times, generating greater than 10° colonies. Of the 23
colonies confirmed to be resistant, 18 of them had the A362T
mutation, 3 had the Y444C mutation, and 2 had the H382Y
mutation. To confirm that these mutations were the cause of
ovalicin resistance, site-directed mutagenesis was used to gen-
erate single point mutations. Yeast expressing these alleles
were dot-titrated onto plates containing 20 nm ovalicin. As
shown in Fig. 2, there was significant growth of the mutants in
comparison with the wild type in the presence of 20 nm ovalicin.
To determine whether these alleles were also resistant to other
ovalicin analogs, yeast expressing wild type or mutant
MetAP-2 alleles were dot-titrated in the presence of fumagillin
and TNP-470. All three alleles found in the screen were resist-
ant to TNP-470, but only A362T and H382Y were found to be
resistant to fumagillin (Supplemental Fig. 2). To exclude the
possibility that these alleles cause hyperproliferation, doubling
times were measured for the strains expressing wild type,
A362T, Y444C, and H382Y alleles. No significant difference in

9477

doubling times was observed (Supplemental Fig. 3).

Quantitation of Yeast Growth in the Presence of Ovalicin,
Fumagillin, TNP-470—To quantitatively determine the rela-
tive resistance of the mutants to wild type human MetAP-2 and
to each other, yeast growth in the presence of ovalicin, fuma-
gillin, and TNP-470 was measured spectrophotometrically.
Ovalicin was tested at concentrations of 1, 5, 10, 15, 20, and 30
nM. Significant growth differences between yeast expressing
wild type or mutant MetAP-2 began appearing at 10 nm and
were the most dramatic at 20 nm ovalicin (Table II). At this
concentration, A362T exhibited ~63-fold more growth than
wild type followed by Y444C at 33.5 and H382Y at 19. Also of
note is the fact that A362T is about twice as resistant as Y444C
and three times as resistant as H382Y in the presence of 20 nm
ovalicin.

Fumagillin was tested at concentrations of 1, 5, 10, 20, 35,
50, 100, 250, and 500 nm. Growth differences between yeast
expressing wild type or mutant MetAP-2 in the presence of
fumagillin were observed over a larger range than with ovalicin
(between 10 and 500 nMm), with the maximal difference occur-
ring at 50 nm. Table II summarizes the growth of strains
expressing wild type and mutant human MetAP-2 in the pres-
ence of 50 nm fumagillin. A362T exhibits about a 53-fold in-
crease in growth relative to wild type and H382Y displays a
19-fold increase. The A362T allele is more than twice as resist-
ant as H382Y and continues to grow up to concentrations of 500
nM. Consistent with the previous dot titration observations,
allele Y444C is not resistant to fumagillin. Finally, TNP-470
was tested at concentrations of 50, 100, 200, 300, 400, 500, 750,
and 1000 nM. The concentrations are much higher due to our
previous observation that TNP-470 is much less potent in ar-
resting growth of S. cerevisiae than either ovalicin or fumagil-
lin. The growth differences between wild type and mutant
MetAP-2 are most clear at 750 nm, with A362T displaying
greater than 5-fold growth over wild type followed by Y444C at
about 4-fold and H382Y at almost 2-fold (Table II).

Because of the superior resistance of A362T to ovalicin, fum-
agillin, and TNP-470 and its abundant appearance in all three
screens, this allele warranted further study. Alignment of
MetAP-2 protein sequences demonstrated that alanine 362 of
human MetAP-2 is completely conserved. In addition, align-
ment of MetAP-1 and MetAP-2 amino acid sequences revealed
that a threonine residue at the corresponding position to A362
is completely conserved in MetAP-1 (Fig. 3). The fact that the
A362T ovalicin-resistant allele of MetAP-2 has a threonine at
this position led to the hypothesis that this threonine residue in
wild type MetAP-1 might be responsible for its lack of ovalicin
sensitivity.

Generation of an QOvalicin-sensitive Human Methionine
Aminopeptidase-1 Allele—Based on sequence analysis with the
MetAP-2 amino acid sequences, it was hypothesized that mu-
tation of threonine 334 to alanine might render the MetAP-1
enzyme sensitive to ovalicin. Given that human MetAP-1 com-
plements yeast MAP1 function (27), wild type and T334A hu-
man MetAP-1 were transformed into AMAP1 yeast and com-
pared for ovalicin sensitivity. Interestingly, this mutation
indeed renders human MetAP-1 sensitive to ovalicin (Fig. 4,
panel A). The sensitivity of the T334A allele is not due to
reduced in vivo function, as yeast strains expressing wild type
and mutant human MetAP-1 do not differ significantly in their
doubling times (Supplemental Fig. 4).

All of the structural evidence to date suggests that the ovali-
cin analogue, fumagillin, is not easily accommodated by
MetAP-1 due to the narrow specificity pocket (28). It was hy-
pothesized that the bulk of the fumagillin hydrocarbon tail
would prohibit its entry to the narrow MetAP-1 pocket. To test
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C. elegans II 288
Human II 324
YMAP2 267
P. furiosus II 147
C. elegans 1 270
Human I 297
YMAP1 288

E. coli MetAP 165

*

IVE-GGEQT
IVE-GGEAT
IVK-NGDTT

IYRPHDNY

KGYVHDDMET
KGVVHDDMEC
RGYVTAGGEV

GQVIEVPPT

344
380
323
203

YAKNNATG
YAKNKAVG
YAKNRTPG
YDSRET

T--YHDDKWP
G--WQDETWP
T--WKDMTWP
K--KEIRTMK

323
350
341
218

Fic. 3. Further characterization of the A362T allele. Alignment of the amino acid sequences of various MetAP-2 isoforms shows complete
conservation of the alanine residue (as denoted by the asterisk). Alignment of MetAP-2 with MetAP-1 reveals that the analogous residue in
MetAP-1 is a completely conserved threonine. Residues highlighted in blue are similar; residues highlighted in pink are identical. C. elegans,

Caenorhabditis elegans; P. furiosus; Pyrococcus furiosus.

TaBLE 1
Tabulation of screen results

OvE, ovalicin resistance.

TaBLE II
Quantitation of growth of yeast expressing mutant MetAP-2 in the
presence of ovalicin (Ov), fumagillin (Fg) and TNP-470

-Fold growth -Fold growth

Sereen No. Total MetAP-2 allele over wild type over wild type ovelf“névdil%rg;;)tehat
1 2 3 at 20 nm Ov at 50 nm Fg 750 nm TNP
No. colonies screened 10° 5x10° 5x10° 1.1 X 10° A362T 63.35 53.29 5.33
Total No. Ov¥ colonies/screen 6 9 8 23 Y444C 33.55 No growth 4.32
No. colonies with A362T 4 7 7 18 H382Y 19.18 18.95 1.84
No. colonies with Y444C 1 1 1 3
No. colonies with H382Y 1 1 0 2

this hypothesis, yeast expressing wild type human MetAP-1
and T334A MetAP-1 were compared for sensitivity in the pres-
ence of fumagillin. Fig. 4, panel B, shows that although wild
type MetAP-1 is resistant, T334A retains its sensitive pheno-
type when grown in the presence of fumagillin. Therefore we
conclude that the hydrocarbon tail of fumagillin does not play a
role in MetAP-1 resistance. To determine whether the sensi-
tivity of T334A extends to the analog TNP-470, growth of yeast
expressing wild type or T334A MetAP-1 was compared in the
presence of TNP-470. The T334A allele was also sensitive to
TNP-470 (Fig. 4C).

To quantitatively determine the relative resistance of wild
type and T334A human MetAP-1, growth of yeast expressing
these alleles was measured spectrophotometrically. As shown
in Table III, yeast expressing the wild type allele of human
MetAP-1 are ~60-fold more resistant to ovalicin and fumagillin
than yeast expressing the T334A allele. In the presence of
TNP-470 there is 2.5-fold difference in growth between strains
expressing wild type and T334A. This is consistent with our
previous studies on MetAP-2 alleles in the presence of TNP-470
and its poor efficacy in arresting yeast growth.

DISCUSSION

Although much has been learned about the structure and
function of the metal-coordinating and catalytic residues of the
MetAPs, the molecular basis for the specificity of the fumagillin
class of angiogenesis inhibitors for MetAP-2 has remained elu-
sive. Through the identification and characterization of ovali-
cin-resistant alleles of MetAP-2, we were able to further study
the interaction between ovalicin and MetAP-2 and pinpoint the
most critical residues underlying this specificity. The conclu-
sions drawn from these results are strongly supported by 1) the
reproducibility of obtaining these mutants among independent
screens, 2) the conservation of key residues among MetAPs,
and 3) the biological relevance of these mutations due to the
fact that they were selected in vivo.

The alleles found in this screen offer some interesting insight
into the manner in which the ovalicin class of compounds
inhibits MetAP-2. According to Liu et al. (28) tyrosine 444 of

human MetAP-2 provides hydrophobic contacts to fumagillin,
which may serve to stabilize the drug in the active site. Al-
though Y444C is resistant to both ovalicin and TNP-470, it was
a surprise to discover that Y444C was not resistant to fumagil-
lin. This suggests that although tyrosine 444 is critical to
ovalicin and TNP-470 stabilization in the active site, this res-
idue is not critical for fumagillin. It is important to note that
this tyrosine is conserved; thus, the provision of such hydro-
phobic contacts to ovalicin is conserved among MetAP-2 en-
zymes as well. Our surprise finding that Y444C is not resistant
to fumagillin suggests that fumagillin forms critical hydropho-
bic contacts with residues other than 444. These hydrophobic
contacts would most likely occur between MetAP-2 and the
long hydrocarbon tail present in fumagillin that is lacking in
both ovalicin and TNP-470. In contrast to the insight gained
from the Y444C mutation, the mechanism of H382Y ovalicin
resistance is elusive. Previously, superimposition of the crystal
structures of human MetAP-2 and E. coli MetAP (a Type I
MetAP) revealed that His-382 of human MetAP-2 corresponds
in space to Tyr-65 of E. coli MetAP (29). Protein sequence
alignment of the type I MetAPs revealed that Tyr-65 of E. coli
MetAP corresponds to a phenylalanine in human, yeast, and
worm MetAP-1. However, the importance of an imidazole ver-
sus a phenyl group at position 382 for ovalicin sensitivity re-
mains unknown.

Because of the fact that the A362T mutation occurred in the
majority of the resistant colonies isolated in the screen and was
the most resistant to ovalicin/fumagillin/TNP-470, this allele
was extensively characterized. In the absence of structural
determination of the A362T mutant human MetAP-2 protein,
the mechanism by which this allele functions is currently spec-
ulative. One possibility is that mutation of 362 from an alanine
to a larger threonine residue may push histidine 331 into the
space where histidine 339 resides after ovalicin binding (28)
and as such could prevent entry of the drug into the binding
site. To test this hypothesis we attempted to reverse the ovali-
cin resistance phenotype of the A362T allele by constructing a
double mutant (A362T,H339A) to relieve potential steric hin-
drance between 339 and 331. Unfortunately we were not able to
confirm this model because the double mutant allele was not
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Cell concentration

WT hMetAP-1

T334A hMetAP-1

Fic. 4. Discovery of an ovalicin-sen- B.

sitive human methionine aminopep-
tidase-1 allele. Wild type (WT) and
T334A human MetAP-1 alleles were ex-
pressed in AMAP1 yeast, and a dot titra-
tion was subsequently performed. Shown
is substitution of threonine 334 with ala-
nine renders human MetAP-1 (hMetAP-1)
sensitive to ovalicin (A), fumagillin (B),
and TNP-470 (C). Plates were photo-
graphed after a 2-day incubation at 30 °C.

WT hMetAP-1

Cell concentration

WT h MetAP-1

T334A MetAP-1

TaBLE III
Quantitation of growth of yeast expressing T334A allele of MetAP-1 in
the presence of ovalicin, fumagillin, and TNP-470

Drug, concentration
of maximum effect

-Fold decrease in growth
relative to wild type

Ovalicin, 100 nm 59.2
Fumagillin, 500 nm 58.8
TNP-470, 1 pm 2.5

functional (data not shown), suggesting a critical role for His-
339 in catalysis. This finding was supported by Griffith et al.
(30), who found that the H339N mutant allele lost almost all
catalytic activity. Another possible explanation for resistance
of the A362T mutant is that threonine 362 may simply force
histidine 331 directly into the space where ovalicin would re-
side when bound. Either of these two hypotheses could account
for the prevention of ovalicin binding and the lack of inactiva-
tion of the peptidase activity of MetAP-2.

Given the similarity in enzymatic function of the MetAPs,
the specificity for MetAP-2 over MetAP-1 of the fumagillin
class of angiogenesis inhibitors is quite remarkable. Previ-
ously, in an attempt to explain this specificity, the structures of
E. coli MetAP, a type I MetAP (31), and human MetAP-2 were
compared (28). This comparison suggested that the active sites
of Type I and Type II MetAPs are very similar except for the
fact that the catalytic histidine in E. coli MetAP appears suf-
ficiently distant from fumagillin so as not to form a bond, thus
suggesting a reason for the difference in specificity. However,
support for the ability of fumagillin to interact with MetAP-1
comes from a study by Lowther et al. (32), which showed that
fumagillin covalently modifies the active site histidine in E. coli
MetAP in vitro, albeit at significantly higher concentrations
(2.4—2.7 mm ovalicin or fumagillin) than needed to inhibit the
T334A allele of human MetAP-1 (20 nm).

A potential application of the discovery of ovalicin-resistant
alleles is to answer definitively the question of whether

T334A hMetAP-1 . ® B .

0 nM Ovalicin

50 nM Owalicin 500 nM Ovalicin

Cell concentration|

0 nM Fumagillin 50 nM Fumagillin

50 nM TNP-470

500 nM TNP-470

MetAP-2 mediates the cytostatic response of endothelial cells
to the fumagillin class of angiogenesis inhibitors. Although
there is much evidence to support this hypothesis, it has not
been proven conclusively. These resistant alleles may also have
the potential to explain differential responses of humans to
TNP-470 in clinical trials. Such varied responses may be due to
differential progression of the cancer among subjects and pos-
sibly also to genetic predisposition. A study of angiogenesis in
inbred mouse strains demonstrates that there is angiogenic
heterogeneity in mice (33). Interestingly, one of the strains in
the study exhibited resistance to TNP-470 in the corneal mi-
cropocket assay. If the genetic basis for response to angiogen-
esis inhibitors is shared by humans, perhaps a resistant allele
of MetAP-2 that is functional but blocks drug efficacy (such as
A362T) could be responsible in some of the cases that are not
responsive to TNP-470 therapy.

The discovery of ovalicin-resistant MetAP-2 alleles and an
ovalicin-sensitive MetAP-1 allele suggests that the geometry of
the active sites of these enzymes is far more similar than had
originally been presumed and that, remarkably, this specificity
is due to a single amino acid difference between the two en-
zymes. Based on the mutant phenotypes, sequence alignments,
and information obtained from the crystal structures, it ap-
pears that an alanine residue at this crucial position is the
determining factor for ovalicin interaction and inhibition of
the MetAP enzymes. Our work highlights the similarities of the
active sites of these enzymes while providing an explanation
for their sensitivity to ovalicin in vivo. Determination of the
crystal structures of A362T human MetAP-2 and T334A hu-
man MetAP-1 would elucidate how these mutations affect the
movement of amino acids in the binding pocket in response to
ovalicin binding. Such studies would enable structure-based
drug development of new MetAP-1 and MetAP-2 inhibitors,
which is of considerable interest both from a chemical synthesis
perspective (34—-37) as well as a clinical one. Taken together,
our findings offer the strongest evidence to date of the key
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structural elements of the MetAPs that define specificity of

inhibition by fumagillin and its analogues.
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