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ABSTRACT. The Co and Fe K-edge extended X-ray absorption fine structure (EXAFS) spectra of the
methionyl aminopeptidase froEscherichia col(EcMetAP) have been recorded in the presence of 1 and

2 equiv of either Co(ll) or Fe(ll) (i.e., [Co(ll) EcMetAP)], [Co(ICo(ll)(EcMetAP)], [Fe(ll)_EcMetAP)],

and [Fe(l)Fe(I)EcMetAP)]). The Fourier transformed data of both [Co(IEcetAP)] and [Co(ll)-
Co(ll)(EcMetAP)] are dominated by a peak at ca. 2.05 A, which can be fit assuming 5 light atom (N,0)
scatterers at 2.04 A. Attempts to include a-@@o interaction (in the 2-44.0 A range) in the curve-
fitting parameters were unsuccessful. Inclusion of multiple-scattering contributions from the outer-shell
atoms of a histidineimidazole ring resulted in reasonable Deby¥aller factors for these contributions

and a slight reduction in the goodness-of-fit valtif.(These data suggest that a dinuclear Co(ll) center
does not exist irecMetAP and that the first Co atom is located in the histidine-ligated side of the active
site. The EXAFS data obtained for [Fe(llEdqVetAP)] and [Fe(ll)Fe(Il)EcMetAP)] indicate that Fe(ll)
binds toEcMetAP in a similar site to Co(ll). Since no X-ray crystallographic data are available for any
Fe(ll)-substitutedecMetAP enzyme, these data provide the first glimpse at the Fe(ll) active site of MetAP
enzymes. In addition, the EXAFS data for [Co(ll)Co(EMetAP)] incubated with the antiangiogenesis
drug fumagillin are also presented.

Methionyl aminopeptidases (MetAPsgpresent a unique identified as the molecular target for the antiangiogenesis
class of proteases that are capable of removing the N-terminaldrugs ovalicin and fumagillin9—13). Thus, the inhibition
methionine residues from nascent polypeptide chalns ( of aminopeptidase activity in malignant tumors is critically
4). In the cytosol of eukaryotes, proteins are initiated with important in preventing the growth and proliferation of these
an N-terminal methionine residue; however, proteins syn- types of cells and, for this reason, has become the subject
thesized in prokaryotes, mitochondria, and chloroplasts areof intense efforts in inhibitor design.

initiated with an N-terminal formylmethionyl residue. The The MetAP’s fromE. coli, Homo sapiensandPyrococcus
formyl group is initially removed by a peptide deformylase  frjosushave been crystallographically characterizé@~
before MetAP’s remove the N-terminal methioning).(  16) These MetAP’s and all other MetAP’s studied to date
Removal of N-terminal methionine residues from nearly all 5ve peen shown to have identical catalytic domains that
newly synthesized peptides, depending on the nature of the,gntain a bisg-carboxylato)¢-aquo/hydroxo)dicobalt core
penulimate amino acid, is essential for cotranslational and ith an additional carboxylate residue at each metal site and
posttranslational modifications that are critical for fully a single histidine residue bound to one of the two metal ions
functional enzymess), correct cellular localization, and the (13—16). Recently, it was suggested that the in vivo metal
timely degradation of proteinsi{-4). Deletion of the gene i, for the MetAP fromE. coli (EcMetAP) is Fe(ll) on the
encoding MetAP is lethal t&scherichia coli Salmonella  56is of a combination of whole cell metal analyses and
typhimurium and Saccharomyces cersiae; therefore, 4 qiyity measurements as well as in vitro activity measure-
MetAP’s are essential for cell growth and proliferatidi-( ments and substrate binding constait (8). In addition,

8). Recently, the type Il MetAP from eukaryotes has been the observed catalytic activity as a function of divalent metal
ion and the metal binding constants for both Fe(ll) and Co(ll)
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Fe K-edge EXAFS data for the catalytically competent Table 1: X-ray Absorption Spectroscopic Data Collection
Co(ll)- and Fe(ll)-loadedEcMetAP and the catalytically

inactive Co(lll)- and Fe(lll)-bound forms dEcMetAP. In _ CoEXAFS Fe EXAFS
addition, EXAFS data of the Co(ll)-loaded form B&MetAP gg{a‘;ﬁﬁ'r'lgy 375:5'5 ) 5753R'-9 s
bound by the antiangiogenesis agent fumagillin are presented. ;. ~cntin storage ring, mA 50100 50-100
monochromator crystal Si[220] Si[220]
MATERIALS AND METHODS detection method fluorescence fluorescence
detector type solid-state arfay solid-state array
Protein Expression and Purification Recombinant scan length, min 24 20
EcMetAP was expressed and purified as previously described scans in average 10 10
from a stock culture kindly provided by Drs. Brian W. ‘emperature.K 0 10
yp y, o *  energy standard Co foil, first Fe foil, first
Matthews and W. Todd Lowthel?, 18). PurifiedEcMetAP inflection inflection
exhibited a single band on SB®AGE and a single energy calibration, eV 7709.5 7111.3
symmetrical peak in matrix-assisted laser desorption ioniza- Eoégg & backaround 7715 7120
: : _f_fli B : _ r [¢] grou
tlpn tlme c_)f flight (MALDI-TOF) mass spectromet_nc analy energy range, eV 73907670 6789-7075
S|s.|nd|cat|ng\/lr =29 630+ 10. Protein concentrations were Gaussian center, eV 6930 6403
estimated from the absorbance at 280 nm using an extinction  Gaussian width, ev 750 750
coefficient of 16 500 M* cm™ (12, 18). Apo-MetAP spline background
energy range, eV 77157952 (4) 7126-7354 (4)

samples were exchanged into 25 mM HEPES, pH 7.5, .
containing 150 mM KCI (Centricon-10, Millipore Corp.). (polynomial order) 8713224112? Eig Zﬁgi?ggg Eﬁg
Apo-MetAP samples were incubated a_maeroblce_llly with aThe 13-element Ge solid-state X-ray fluorescence detector at SSRL
MClz, where M= Co(ll) or Fe(ll) for 30 min as previously s provided by the NIH Biotechnology Research Resource.
reported 18).
Enzymatic Assay of ECMetAP. MetAP was assayed for  representing a ligand bound to one of the two metal ions);
catalytic activity with Met-Gly-Met-Met as the substrate (8 the distances for outer-shell atoms of imidazole rings were
mM) using an HPLC method described previoud)( This constrained to be a constant difference with the inner-shell
method is based on the spectrophotometric quantitation ofimidazole atom distance. Only a singleE, value was
the reaction product Gly-Met-Met at 215 nm following optimized. Scaling factors were determined from model
separation on a C8 HPLC column (Phenomenex, Luna; 5 compound analysis. DebyaValler values for imidazole £
um, 4.6 x 25 cm). The kinetic parameter (velocity) was N, C, and G atoms were constrained to be multiples of
determined at pH 7.5 by quantifying the tripeptide Gly-Met- one another but were not tied to the first-shell,[XN,0)]
Met at 215 nm in triplicate. Enzyme activities are expressed pebye-\Waller values. This allows non-imidazole first-shell
as units per milligram, where 1 unit is defined as the amount |igands to have DebyeWa”er values independent of the

of enzyme that releasesutnol of Gly-Met-Met at 30°Cin ~  imidazole ligand values. Possible coordination numbers of
1 min. Catalytic activities were determined with an error of histidyl imidazole ligands were chosen from fits that yielded
+10%. chemically and physically reasonable Deby#aller factors

X-ray Absorption SpectroscopyEXAFS samples of  for the outer-shell atoms, since goodness-of-fit valdép (
EcMetAP (1 mM) were frozen in polycarbonate cuvettes, were relatively insensitive to these coordination humbers.
24 x 3 x 1 mm with a 0.025 mm Mylar window covering
one 24 x 3 mm face. XAS data were collected at the RESULTS AND DISCUSSION
Stanford Synchrotron Radiation Laboratory (SSRL) with the
SPEAR storage ring operating in a dedicated mode at 3.0 Cobalt and iron K-edge X-ray absorption (XAS) spectra
GeV (Table 1). The edge regions for multiple scans ob- were acquired on 1 mM samples BEMetAP with 1 or 2
tained on the same sample were compared to ensure thaequiv of added Co(ll) (i.e., [Co(ll) EcMetAP)] and [Co(ll)-
the sample was not damaged by exposure to X-ray radiation.Co(Il)(EcMetAP)], respectively) or 1 or 2 equiv of added
EXAFS analysis was performed using EXAFSPAK software Fe(ll) (i.e., [Fe(ll)_EdVietAP)] and [Fe(ll)Fe(l)EcVietAP)],
(Wwwwssrl.slac.stanford.edu/exafspak.html), according to stand-respectively), as well as for the fully loaded Co(lll) and
ard proceduresl@). Multiple-scattering analysis was per- Fe(lll) forms of the protein and for [Co(ll)Co(lIHcMetAP)]
formed as described previoush21). Both single- and incubated with the inhibitor fumagillin. For fully loaded
multiple-scattering paths:4.5 A from either the Fe or Co  samples (e.g., [Co(I)Co(lIEcMetAP)]), the EXAFS data
atom were used to identify and quantify imidazole coordina- reveal an average of both metal ion environments. The 1s
tion due to histidine. Multiple scattering models, calculated — 3d preedge transitions for [Co(I)E¢MetAP)] and
using FEFF v7.0232), were based on either bié{methyl- [Co(I)Co(I)(EcMetAP)] occur at 7709 eV with a peak
imidazole)bis(diphenylborondimethylglyoximato)iron(ll) di-  intensity of 0.118 and 0.127 eV, respectively (Figure 1a).
chloromethane solvat@3®) or hexakis(imidazole)cobalt(ll)  Since 1s— 3d preedge transitions are Laporte forbidden in
carbonate pentahydrat24). The model was edited to only  centrosymmetric environments (e.g., octahedral but not
the metal atom and one imidazole, and the coordinates weretetrahedral), the intensity of the s 3d preedge transitions
imported into FEFF to calculate scattering amplitudes and is inversely proportional to coordination number (assuming
phase shifts for each scattering path containing four or fewer tetrahedral four-coordination). The intensities of the observed
legs. A constrained fitting process was then used with the transitions for [Co(ll)_EcMetAP)] and [Co(ll)Co(ll)-
following parameters: Coordination numbers were con- (EcMetAP)] are consistent with, on average, five- or six-
strained to be integer or half-integer values (the latter coordinate Co(ll) sites25, 26).
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Ficure 1: X-ray absorption K-edge spectra fEicMetAP: (a) [Co(ll)Co(ll)EcMetAP)] (solid) and [Co(ll)_EcMetAP)] (dotted); (b)
[Fe(IhFe(Il)(EcMetAP)] (solid) and [Fe(ll)_EcMetAP)] (dotted). In the inset, the preedge-*s3d transition is expanded.

T l J of a histidine-imidazole ring results in reasonable Debye
Waller factors for these contributions and a slight reduction
in the goodness-of-fit valuef () (fits 5 and 11; Table 2).
This is consistent with the suggestion of a single histidine
ligand from the crystallographic analyse$3{16). The
Debye-Waller factor values are higher for [Co(ll)Co(ll)-
(EcMetAP)] than for [Co(ll)_EcMetAP)], suggesting that
the first Co atom is located in the histidine-ligated site.

The observed EXAFS spectra of Co(ll)-loadecdMetAP
suggest that the Co(ll) ions reside in a distorted penta- or
hexacoordinate geometry, containing a histidine ligand. This
is consistent with the X-ray crystal structure of Co(ll)-loaded
EcMetAP, which indicates that the histidine-ligated Co(ll)
ion resides in a distorted trigonal-bipyramidal coordination
environment while the second Co(ll) ion is either trigonal

3.0 bipyramidal or distorted octahedralq 27). The average
bond distances obtained by EXAFS for boHEtMetAP
25 samples are in excellent agreement with the crystallographi-
¢ 20 cally determined bond lengths for [Co(ll)Co(IB¢MetAP)]
e of 2.04 A (16). Additionally, it was recently reported, on
é? A the basis ofH NMR data, that upon the addition of Co(ll)
= to EcMetAP the first Co(ll) bound to the lone histidine

residue in the active sitel{). The previously reported
electronic absorption spectrumB&VetAP upon the addition
of 1 equiv of Co(ll) under anaerobic conditions exhibited
three resolvabledd transitions at 580, 630, and 690 ne (
= 60, 50, and 20 M cm™?, respectively) 17). These data
RYA) are also consistent with the first Co(ll) ion residing in a
Fiure 2: K3-weighted Co EXAFS (top) and Fourier transforms pentacoordinate environment. Similarly, the observed EPR
(bottom, overk = 2-12 A1) for [Co(Il)Co(Il)(EcMetAP)] (a;  Spectrum of [Co(ll)_EcMetAP)] was shown to be a broad,
solid) and the calculated spectra for-§@®,N)s(imid) (dotted; fit featureless signal, suggesting an unconstrained ligand field
11, Table 2) and [Co(ll) EcMetAP)] (b; solid) and the calculated  (17). Thus, there is a great deal of flexibility in the ligand
spectra for Co-(O,N)s(imid) (dotted; fit 5, Table 2). environment 28, 29). Moreover, the lowE/D value of 0.09

Fourier transforms (FTs) of the EXAFS data for both (in general, 1/2= E/D = 0) reported for [Co(Il)_EcVetAP)]
[Co(Il)_(EcMetAP)] and [Co(I)Co(ll)EcMetAP)] are domi- also indicates a fairly high degree of axial symmetry. The
nated by a peak at ca. 2.05 A (Figure 2). Excellent single- combination of the electronic absorption, EPR, and EXAFS
shell fits of EXAFS spectra for both [Co(ll)ECMetAP)] data suggests that the single catalytically competent Co(ll)
and [Co(ll)Co(Il)EcMetAP)] were obtained with & 1 N/O ion in EcMetAP resides in a site that is consistent with the
scatterers at 2.04 A (fits24 and 8-10; Table 2). Attempts  histidine-containing site reported in the X-ray crystal struc-
to include a Ce-Co interaction (in the 2:44.0 A range) in ture of [Co(ll)Co(Il)([EcMetAP)] (16). Furthermore, the
the curve-fitting parameters were unsuccessful. Inclusion of EXAFS data do not detect a €E€o interation, providing
multiple-scattering contributions from the outer-shell atoms no support for a dinuclear Co(ll) site BcMetAP, as seen

-
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Table 2: Curve-Fitting Results for CecMetAP EXAFS

fit shell Ne Ras(A) 0.2 (A2 AEo(eV) fro
[Co(ll)_(EcMetAPY)], 1 Co-0 4 2.05 0.0060 -1.17 0.094
MC20C, 2-12 A1, 2 Co-0 5 2.04 0.0078 -1.28 0.084
AK¥ = 10.75 3 Ce-0 6 2.05 0.0096 ~1.43 0.082
4 Co-0 7 2.04 0.0114 ~1.57 0.084
5 Co—(O,N) 6 2.05 0.0078 -1.29 0.077
Co-C 1 2.85 0.0041
Co-C 1 [2.96] [0.0043]
Co-C 1 [3.93] [0.0057]
Co-N 1 [3.99] [0.0057]
6 Co-0 5 2.05 0.0078 -1.25 0.083
Co—Co 1 3.19 0.0140
[Co(I)Co(Il)(EcMetAP)], 7 Co-0 4 2.06 0.0052 —0.74 0.090
MC22C, 2-12 A1, 8 Co-O 5 2.05 0.0068 —0.84 0.078
ARy = 11.42 9 Ce-0 6 2.05 0.0084 -1.03 0.072
10 Co-0 7 2.05 0.0103 ~1.21 0.073
11 Co-(O,N) 6 2.05 0.0085 —0.99 0.069
Co-C 1 2.83 0.0063
Co-C 1 [2.95] [0.0066]
Co-C 1 [3.90] [0.0087]
Co-N 1 [3.97] [0.0088]
12 Co-0 5 2.06 0.0068 -0.83 0.077
Co—Co 1 3.14 0.0250
[Co(lICo(lI)( EcMetAP)], 13 Co-0O 4 2.05 0.0076 0.25 0.087
MC33C, 2-12 A1, 14 Co-0 5 2.05 0.0097 0.02 0.078
AK¥ = 11.23 15 Ce-O 6 2.04 0.0120 -0.35 0.076
16 Co-0 7 2.04 0.0139 —0.67 0.077
17 Co-(O,N) 5 2.05 0.0097 0.05 0.076
Co-C 1 2.85 0.0133
Co-C 1 [2.96] [0.0138]
Co-C 1 [3.92] [0.0183]
Co-N 1 [3.99] [0.0187]
18 Co-O 5 2.05 0.0097 -0.07 0.078
Co—Co 1 3.07 0.0299

a Shell is the chemical unit defined for single- and multiple-scattering calculathns. the number of scatterers per shé&lls is the metal
scatterer distance,£ is a mean square deviation Ras AEy is the shift inEy for the theoretical scattering functions. Numbers in square brackets
were constrained to be multiples of the value abdévé.is a normalized error (chi-squaredft = { (k™™ — %Y 2N} V2K max —

(3 Yrmin]-

Table 3: Curve-Fitting Results for FEcMetAP EXAFS

fit shell N Ras(A) 0.2 (A2) AEo(eV) fr

[Fe(ll)_(EcMetAP)], 1 Fe-O 4 2.04 0.0080 -0.98 0.108
MF20C, 2-12 A1, 2 Fe-O 5 2.03 0.0101 ~1.43 0.101
AK¥ = 8.42 3 Fe-O 6 2.03 0.0122 -1.81 0.101
4 Fe-O 7 2.03 0.0144 —2.14 0.106
[Fe(ll)Fe(ll)(EcMetAP)], 6 Fe-O 4 2.03 0.0074 —2.21 0.094
MF22C, 2-12 A1, 7 Fe-O 5 2.03 0.0095 —2.27 0.086
Ak¥ =8.35 8 Fe-O 6 2.03 0.0116 —2.47 0.087
9 Fe-O 7 2.03 0.0137 —2.65 0.093

[Fe(lFe(lll)(EcMetAP)], 10 Fe-O 4 2.02 0.0071 0.08 0.083
MF33C, 2-12 A 1, 11 Fe-O 5 2.02 0.0091 —0.44 0.074
Ak =11.37 12 FeO 6 2.01 0.0110 -0.92 0.072
13 Fe-O 7 2.01 0.0129 -1.33 0.074

a See footnotes to Table 2.

in the published X-ray crystal structures for all MetAP1S( tained with 5 or 6 N/O scatterers per Fe atom at 2.04 or
16). 2.03 A (Fits 2, 3, 7, and 8; Table 3). Attempts to include
The 1s — 3d preedge transitions are observed at either an Fe-Fe or an Fe-imidazole interaction in the curve-

7113 eV with intensities of 0.130 and 0.151 eV for fitting parameters resulted in fits that did not converge.
[Fe(Il)_(EcMetAP)] and [Fe(ll)Fe(ll)EcMetAP)], respec- The observed Fe(ll) bond distances are in agreement with
tively (Figure 1B). The intensities of the 1s 3d transitions X-ray crystallographic data for the Co(ll)-load&dMetAP

are consistent with Fe(ll) sites that are, on average, five- (16) and are also similar to those derived from fits of Co(ll)-
coordinate 80). These data suggest that Fe(ll) binds to loadedEcMetAP. Since Fe(ll)-loaded&EcMetAP is color-
EcMetAP in a similar site to Co(ll). The Fourier transforms less, air sensitive, and EPR silent, no structural infor-
for [Fe(Il)_(EcMetAP)] and [Fe(Il)Fe(IEcMetAP)] (Figure mation has been reported for the catalytically competent
3, bottom), similar to the Co FTs, are dominated by peaks [Fe(ll)_(EcMetAP)] enzyme. Therefore, the EXAFS data of
at ca. 2.03 A. Excellent single-shell fits of this peak in both [Fe(ll)_(EcMetAP)] and [Fe(ll)Fe(I)EaVietAP)] provide the
[Fe(Il)_(EcMetAP)] and [Fe(ll)Fe(ll)EcMetAP)] were ob- first structural glimpse of the Fe(ll) active site BEMetAP
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Ficure 3: k3-weighted Fe EXAFS (top) and Fourier transforms FiGURe 4: k3-weighted EXAFS (top) and Fourier transforms
(bottom, overk = 2—12 A-Y) for (a) [Fe(ll)Fe(ll)EcMetAP)] (bottom, overk = 2—12 A-1) for (a) [Co(ll)Co(ll)(EcMetAP)]
(solid) and the calculated spectra for Fe{@otted; fit 7, Table 3) (solid) and the calculated spectra for-©0s (dotted; fit 14, Table
and (b) [Fe(Il)_EcMetAP)] (solid) and the calculated spectra for 2) and (b) [Fe(lll)Fe(ll)EcMetAP)] and the calculated spectra for
Fe—0Os (dotted; fit 2, Table 3). Fe—0Os (dotted; fit 11, Table 3).

. o . . that the Co(ll) ions in [Co(Il)Co(Il)EcMetAP)] exhibit no
and reveal that the first Fe(ll) ion likely resides in a penta- Jetectable spiAspin interaction, consistent with lack of a
or hexacoordinate geometry made up of oxygen or nitrogen co—Co active site. In support of these data, no integer spin
donor ligands. signal could be detected in the parallel mode EoMetAP

The lack of M—M FT peaks in the second shell of both at pH 7.5 (7). These data clearly indicate that no—\

Fe(ll)- and Co(ll)-loadecEcMetAP is consistent with the interaction exists in either the mono- or dimetal Co(ll) and
recently reported metal binding constants. The first metal Fe(ll) EXAFS samples. Therefore, a dinuclear center is not
binding event for Co(ll)- and Fe(ll)-substitutdscMetAP formed upon addition of 1 or 2 equiv of either Co(ll) or
exhibitedKq values of 300 and 20& 200 nM, respectively  Fe(ll) to EoMetAP at enzyme concentrations of 1 mM, which
(17). In addition, it was shown that the binding of excess is clearly higher than in vivo MetAP concentrations. Simi-
metal ions 50 equiv) resulted in the loss 6f50% of the  |arly, the two Fe(lll) ions in Fe(lll)-loade&cMetAP do not
catalytic activity. The second metal binding event for Co(ll) exhibit any significant spirspin interaction on the basis of

EcMetAP was shown to have i value of 2.5+ 0.5 mM EPR spectroscopic studies, similar to the two Co(ll) ions in
(17). Therefore, under the conditions in which these EXAFS Co(ll)-substituted MetAP, further indicating that a dinuclear
samples used in this study were prepared (1 Exd¥etAP active site does not exist. These data are also consistent with

plus 1 or 2 equiv of divalent metal ion), one would not expect EXAFS spectra of [Co(lll)Co(ll)EcMetAP)] and [Fe(lll)-
the second metal binding site to be occupied, consistent with Fe(11)(EcMetAP)] which show no M-M interaction (Figure
the EXAFS data. 4; Tables 2 and 3).

The lack of a second-shell metal ion scatterer is also The range of temperatures over which the EPR signals
consistent with the reported EPR signal for [Co(ll)Co(Il)- from Co(ll)-loadedEcMetAP were detectable can be com-
(EcMetAP)]. The EPR spectra of both [Co(IE¢MetAP)] pared with the temperature range of the detectable EPR signal
and [Co(I)Co(Il)EcMetAP)] are broad, featureless, and from the Co(ll)-loaded aminopeptidase froAeromonas
indistinguishable in form, suggesting an unconstrained ligand proteolytica([Co(I)Co(ll)(AAP)]) (28, 29). The two cobalt
field. The observed EPR signal for [Co(IlE¢MetAP)] ions in [Co(Il)Co(Il)(AAP)] were shown to be spin-coupled,
integrated to one Co(ll) ion per MetAP enzyme, and this providing a spir-spin relaxation pathway that results in the
signal doubled in intensity upon the addition of a second spectrum of [Co(ll)Co(Il)(AAP)] obeying I7 dependence
equivalent of Co(ll). Moreover, the observed EPR signals over only a narrow temperature range—% K). This
followed Curie law over the temperature range60 K at electronic communication is likely mechanistically important
nonsaturating microwave powers7j. These data suggest for [Co(Il)Co(Il)(AAP)] in that a pathway for the modulation
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FicUrRE 5: k3-weighted Co EXAFS (top) and Fourier transforms
(bottom, overk = 2—12 A1) for [Co(Il)Co(ll)(EcMetAP)] plus
fumagillin (solid) and the calculated spectra for-80¢ (dotted,;

fit 3, Table 4).

of the Lewis acidity of one metal ion by the other is present.
Moreover, spir-spin interactions also reveal structural motifs
such as«-OH(H) ligands. Since the observed EPR signal of
[Co(I)Co(Il)(EcMetAP)] was detectable at temperatures up
to 60 K and the signal intensity was found to be inversely
proportional to the absolute temperature, following Curie law
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FiIGUrRe 6: X-ray absorption K-edge spectra for [Co(ll)Co(ll)-
(EcMetAP)] plus fumagillin. In the inset, the preedge +s3d
transition is expanded.
bovine carboxypeptidase BT, 38), and thermolysin39).
Inhibition of carboxypeptidase A was attributed to excess
metal ion binding to an amino acid residue in the vicinity of
the metallo active site that was involved in catalys3)(
In addition, the authors proposed that a bridging water/
hydroxide, inserted between the two metal ions, enhanced
the formation of a dinuclear site. This proposal was cor-
roborated by X-ray crystallography where the structures of
carboxypeptidase A, as well as thermolysin in the presence
of excess metal ion, revealed two coordinated metal ions
forming a g-hydroxo)dizinc(ll) core with a ZanZn distance
of 3.48 and 3.2 A, respectively39—41). Therefore, the
observation that the addition of excess metal ions to
EcMetAP inhibited enzymatic activity suggests that the
inhibition is likely due to the occupation of a noncatalytically
relevant metal binding site, similar to carboxypeptidase A.
An important class of MetAP inhibitors is based on natural
products of fungal origin, namely, fumagillin and ovalicin.
Ovalicin and a synthetic analogue of fumagillin (AGM-1470)
have been demonstrated to preferentially inhibit endothelial

7712 |
7760

!
| 7708

7720

dependence at nonsaturating microwave powers, one can thegell growth in tumor vasculature in vivel®). On the basis
speculate that the proposed bridging water molecule observedf fumagillin-specific affinity reagents and mass spectro-

in the X-ray crystal structure dEcMetAP is incapable of
mediating detectable spirspin coupling, presumably be-

scopic studies on MetAPfumagillin complexes, MetAP’s
were identified as the specific target of fumagillii®(11).

cause the second metal ion does not exist in the active siteThe mode of inhibition was shown to be via the formation

in EPR-analyzed samples.

of a covalent bond between a conserved histidine residue in

There is precedent for metallohydrolases that have crys-MetAP’s and an epoxide carbon moiety on fumagilli®{
tallographically characterized dinuclear active sites to exhibit 12, 43). Confirmation that fumagillin reacts with the type |

catalytic activity with only one metal ion bound. For instance,

MetAP from E. coli comes from mass spectrometric and

AAP, which has been crystallographically characterized, as N-terminal sequence analysis, which indicated that fumagillin
well as the aminopeptidase from porcine kidney have long covalently binds to an active site histidine residue (His79)

been known to be catalytically active with only one divalent
metal ion present31—34). For EcMetAP, the addition of
up to 200 equiv of either Co(ll) or Fe(ll) resulted in a
decrease in the catalytic activity, similar to the metal binding
properties of the type | MetAP fron8. cereisiae but
different from those of AAP and porcine kidne$1—35).

that is not a ligand at the dinuclear active site clusi®).(

To determine the interaction between the active site Co(ll)
ion of EcMetAP and the antiangiogenesis drug fumagillin,
the EXAFS spectrum of [Co(Il)Co(llEcMetAP)] was
recorded after reaction with fumagillin. That fumagillin was
covalently bound to a divalent metal ion loadedVietAP

These data suggest that the binding of a second metal ion towvas verified by matrix-assisted laser desorption ionization

MetAP’s is actually inhibitory, which would imply that the

time-of-flight (MALDI-TOF) spectrometric analysis, which

second metal ion does not have a catalytic role. Inhibition revealed a mass shift of 451 Da, in excellent agreement with
of catalytic activity by excess divalent metal ions has also the mass of fumagillin (458 Da).
been observed for other mononuclear metalloenzymes such Interestingly, but perhaps not surprisingly, no signifi-

as carboxypeptidaseaqwhen overexpressed B coli (36),

cant change in the XAS data for [Co(Il)Co(IB¢MetAP)]
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Table 4: Curve-Fitting Results for [Code¢MetAP)] + Fumagillin EXAFS$

fit shell Ns Ras(A) 0.2 (R?) AEq(eV) f!

[Co(INCo(ll)(EcMetAP)] + fum, 1 Co-O 4 2.06 0.0048 —0.53 0.095
MC2FA, 2—-12 A1, 2 Co-0O 5 2.05 0.0064 —0.59 0.084
AK®y =11.87 3 Ce-O 6 2.05 0.0080 —-0.84 0.079
4 Co-0O 7 2.05 0.0096 -1.02 0.080
5 Co—(O,N) 6 2.06 0.0080 —-0.76 0.077

Co-C 1 2.88 0.0143

Co-C 1 [3.00] [0.0148]

Co—C 1 [3.97] [0.0196]

Co—N 1 [4.04] [0.0200]
6 Co-0O 6 2.06 0.0080 —0.83 0.078

Co—Co 1 3.04 0.0196

a See footnotes to Table 2.
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FiGure 7: Proposed structure of the mono-Co(ll) or mono-Fe(ll) form&diletAP in the presence of fumagillin.

in the presence of fumagillin was observed (Figure 5). The a covalent bond is formed between the reactive ring epoxide

1s — 3d preedge transition observed for [Co(Il)Co(ll)-
(EcMetAP)]—fumagillin occurs at 7709 eV with a peak
intensity of 0.127 eV suggesting five- or six-coordinate
Co(ll) sites (Figure 6) 5, 26). Excellent single-shell fits
of the EXAFS spectrum of [Co(ll)Co(llEcMetAP)]—
fumagillin were obtained with 5 or 6 N/O scatterers at 2.05
A, based on DebyeWaller factors. The residuals of the fits
(f' for fits 2 and 3; Table 4) were similar to those observed
for [Co(I)Co(ll)(EcMetAP)] without added fumagillin. Fits
that include either a CeCo interaction or the multiple-
scattering contributions from outer-shell atoms of a histidine
ligand resulted in unreasonably high Deby#aller factors

of fumagillin and His231 in the active site of the type I
MetAP. The oxygen atom liberated from the breaking of the
epoxide bond is 3.28 A away from Co1, the Co(ll) ion bound
by His331, Glu364, and the two bridging carboxylate
residues, Asp262 and Glu459. This alkoxide oxygen atom
was suggested to be directly coordinated to Co. The EXAFS
results presented herein clearly indicate that the alkoxide
oxygen atom of fumagillin isiot an additional ligand to the
Co(ll) ion bound in the active site dcMetAP, contrary to
the suggestion by Liu et al18). Closer inspection of the
X-ray crystal structure dfisMetAP complexed by fumagillin
indicates that the approximate location of the alkoxide

(fits 5 and 6; Table 4). These data suggest that a dinuclearoxygen of fumagillin is where a water molecule resided at

Co(ll) site does not exist in [Co(l)Co(lIHcMetAP)]—
fumagillin, contrary to the published X-ray crystal structures
for the MetAP fromH. sapiens(13). These data strongly
suggest that, upon fumagillin binding, there is little, if any,

>3 A from the Co(ll) ion in the uncomplexed structure.
Therefore, we propose that the oxygen atom liberated upon
the addition of fumagillin toEcMetAP displaces the water
molecule that bridges between His178 and the water

change in the coordination sphere of the average Co(ll) site.molecule bridging the two Co(ll) ions in the X-ray structure

Comparison of the EXAFS spectroscopic results for
[Co(I)Co(ll)(EcMetAP)]—fumagillin with the recent 1.8 A
X-ray crystal structure of the type Il MetAP frohh. sapiens
complexed with fumagillin 13) reveals striking similarities

of native EcMetAP (Figure 7). Thus, fumagillin doesot
provide a ligand to the metal ion in tlieeMetAP active site.
Since fumagillin has two reactive epoxide moieties, it is quite
cytotoxic, probably due to alkylation of other biomolecules

and differences. In the X-ray structure, the epoxide-bearing within the cell. Therefore, understanding the molecular
side chain of fumagillin occupies the putative substrate mechanism of the MetAP-catalyzed cleavage of N-terminal
binding pocket oHsMetAP. The long unsaturated side chain methionine residues as well as the binding mode of known
is analogous to the COOH-terminal peptide chain in the antiangiogenesis drugs will facilitate the rational design of
X-ray structure of a substrate analogue inhibited form of new, more potent MetAP inhibitors with improved in vivo
EcMetAP (15). The crystallographic results also verify that stability, specificity, and lower cytotoxicity.
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