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ABSTRACT. The metal-binding properties of the methionyl aminopeptidase fEsoherichia col(MetAP)

were investigated. Measurements of catalytic activity as a function of added Co(ll) and Fe(ll) revealed
that maximal enzymatic activity is observed after the addition of only 1 equiv of divalent metal ion.
Based on these studies, metal binding constants for the first metal binding event were found te-be 0.3
0.2 uM and 0.2+ 0.2 uM for Co(ll)- and Fe(ll)-substituted MetAP, respectively. Binding of excess
metal ions & 50 equiv) resulted in the loss 6f50% of the catalytic activity. Electronic absorption spectral
titration of a 1 mM sample of MetAP with Co(ll) provided a binding constant of 5.5 mM for the

second metal binding site. Furthermore, the electronic absorption spectra of Co(ll)-loaded MetAP indicated
that both metal ions reside in a pentacoordinate geometry. Consistent with the absorption data, electron
paramagnetic resonance (EPR) spectra of [CoCo(MetAP)] also indicated that the Co(ll) geometries are
not highly constrained, suggesting that each Co(ll) ion in MetAP resides in a pentacoordinate geometry.
EPR studies on [CoCo(MetAP)] also revealed that at pH 7.5 there is no significant spin-coupling between
the two Co(ll) ions, though a small proportion-$%) of the sample exhibited detectable sp&pin
interactions at pH values 9.6. EPR studies on [Fe(Il)(MetAP)] and [Fe(lll)Fe(ll)(MetAP)] also
suggested no spin-coupling between the two metal iiisiuclear magnetic resonance (NMR) spectra

of [Co(ll) _(MetAP)] in both HO and DO buffer indicated that the first metal binding site contains the
only active-site histidine residue, His171. Mechanistic implications of the observed binding properties of
divalent metal ions to the MetAP frofa. coli are discussed.

Methionyl aminopeptidases (MetAPspre ubiquitous myces cerasiae therefore, MetAPs are essential for cell
enzymes found in both eukaryotic and prokaryotic cells. They growth and proliferation§—7). An important physiologic
are involved in the selective removal of the initiator role for MetAPs involves angiogenesis, the formation of new
N-terminal methionine residue from newly synthesized blood vessels, which is essential for tumor growth. Recently,
polypeptide chainsl—4). In the cytosol of eukaryotes, all MetAPs have been identified as the molecular target for the
proteins are initiated with an N-terminal methionine residue; epoxide-containing, anti-angiogenesis agents ovalicin and
however, all proteins synthesized in prokaryotes, mitochon- fumagillin, one of which is in phase Ill clinical trial8{
dria, and chloroplasts are initiated with an N-terminal formyl- 12). Thus, the inhibition of aminopeptidase activity in
methionyl residue that is subsequently removed by a malignant tumors is critically important in preventing the
deformylase?). Removal of N-terminal methionine residues growth and proliferation of these types of cells.

is essential for cotranslational and posttranslational modifica-  The MetAPs fronE. coli, Homo sapiensandPyrococcus
tions that are cr_itical for fuIIy.functionaI enzymes, corrgct furiosushave been crystallographically characteriz&g
cellular localization, and the timely degradation of proteins 15). These MetAPs and all other MetAPs studied to date
(1—4). Deletion of the gene encoding MetAP is lethal to have been shown to have identical catalytic domains that
Escherichia coli Salmonella typhimuriumand Saccharo-  contain a bisg-carboxylato)g-aquo/hydroxo)dicobalt core
with an additional carboxylate residue at each metal site and
" This work was supported by the National Institutes of Health (GM- @ Single histidine residue bound to one of the two metal ions
56495, R.C.H.). The Bruker ESP-300E EPR and ARX-400 NMR (12—15). A recent 1.9 A resolution crystal structure of the
spectrometers were purchased with funds provided by the National MetAP from E. coli (14) indicated the presence of two
:ﬁéerbctgh':gtjzggaLtJIgir\]/e(;leig_?mSgo and CHE-9311730, respectively) ¢ ent molecules in the active site, one of which bridges
* Address correspondence to this author: Phone (435) 797-2609; the two Co(ll) ions while the second acts as a terminal ligand
Fax (435) 797-3390; e-mail rholz@cc.usu.edu. coordinated to the non-histidine-ligated Co(ll) ion. In all three

. ABPrSSE“t address: CCLRC Daresbury Laboratory, Warrington WA4 gty ctures, the histidine-ligated Co(ll) ion appears to reside

L Abbreviations: MetAP, methionyl aminopeptidase; EPR, electron [N @ frigonal bipyramidal coordination environment while the
paramagnetic resonance; NMR, nuclear magnetic resonance; ICP-AESsecond Co(ll) ion is either trigonal bipyramidal or octahedral.

inductively coupled plasmaatomic emission spectroscopy; HEPES, ; ;
N-(2-hydroxyethyl)piperaziné¢-2-ethanesulfonic acid: CHES, B Until recently, all MetAPs studied had been reported to

cyclohexylamino)ethylsulfonic acid; MOPS, B-norpholino)propane- € Co(ll)-dependent metalloproteas&s,(17. Walker and
sulfonic acid. Bradshaw 18) suggested that the type-l MetAP fro8
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cerevisiaeis a Zn(ll)-dependent enzyme; however, the type um, 4.6 x 25 cm). The kinetic parameters(velocity) and

| MetAP from E. coliwas more recently shown to have only K, (Michaelis constant) were determined at pH 7.5 by
trace amounts of activity with Zn(ll) but is fully active with  quantifying the tripeptide Gly-Met-Met at 215 nm in
Co(ll) or Fe(ll) and partially active with Mn(11)19). Several triplicate. Enzyme activities are expressed as units per
metalloproteases with similar active-site ligands to those of milligram, where one unit is defined as the amount of enzyme
MetAPs can be substituted with various divalent metal ions that releases kmol of Gly-Met-Met at 30°C in 1 min.

in vitro and, in many cases, active and even hyperactive Catalytic activities were determined with an errosef0%.
enzymes are obtaine@(, 2J). The previous conclusion that Spectroscopic Measuremerfi$ectronic absorption spectra
MetAPs are Co(ll)-dependent enzymes was arrived at from were recorded on a Shimadzu UV-3101PC spectrophotom-
the reproducible observations that MetAPs show high activity eter. All apo-MetAP samples used in spectroscopic measure-
in the presence of Co(ll) when compared to the activity levels ments were made rigorously anaerobic prior to incubation
of other divalent metal ions. However, in all in vitro studies with Co(ll) or Fe(ll) (CoCh >99.999% Fe(Nk)x(SQy)2

to date, Co(ll) concentrations have been artificially increased >99% Strem Chemicals, Newburyport, MA) fer30 min

to the millimolar range during purification, but unlike Co- at 20-25°C. All Co(ll)- and Fe(ll)-containing samples were
(11, the remaining divalent metal ions that provide MetAP handled throughout in an anaerobic glovebox (Ar/5% H
activity [Fe(Il), Mn(ll), and Zn(ll)] are abundant in nature <1 ppm Q; Coy Laboratories) until frozen. Fe(lll)-contain-
and have many reported biological rold®9); Even so, the  ing MetAP was generated by exposure of Fe(ll)-containing
identity of the in vivo metal ions for MetAPs has not been MetAP to air for 20 min at 25°C. Electronic absorption
established X9). spectra were normalized for the protein concentration and

In an effort to establish the catalytic roles of each divalent the absorption due to uncomplexed Co(&f nm= 6.0 M~*
metal ion in MetAPs, we have explored the divalent metal ¢M"*). Low-temperature EPR spectroscopy was performed
binding properties of the MetAP frof. coli. On the basis ~ On & Bruker ESP-300E spectrometer equipped with an ER
of kinetic, electronic absorption, NMR, and EPR spec- 4116 DM dual-mode X-band cavity and an Oxford Instru-
troscopies, the metal binding constants and the structural/Ments ESR-900 helium flow cryostat. Background spectra
electronic properties of the Co(ll)- and Fe(ll)-loaded MetAP recorded ona buffer sample were allg'ned with and subtracted
enzymes have been determined. These data are discussed {f°™ experimental spectra as in earlier woB2(23. EPR
relation to the chemical properties of these metal ions and SPectra were recorded at microwave frequencies of ap-
the known ligand environment of the MetAP active site. The Proximately 9.65 GHz: precise microwave frequencies were

implications of the observed binding properties of these
divalent metal ions, with respect to their likely physiological
roles in the MetAP fronE. coli, are also discussed.

MATERIALS AND METHODS

Protein Expression and PurificationThe recombinant
MetAP fromE. coliwas expressed and purified as previously
described from a stock culture kindly provided by Drs. Brian
W. Matthews and W. Todd Lowthed g, 19. The purified
MetAP fromE. coli exhibited a single band on SBPAGE

recorded for individual spectra to ensure pregiséignment.

All spectra were recorded at 100 kHz modulation frequency.
Other EPR running parameters are specified in the figure
captions for individual samples. The protocol for computer
simulation of high-spin Co(ll) EPR spectra is described
elsewhere in detailR, 23. Enzyme concentrations for EPR
were typically 2-4 mM. Samples for EPR were frozen after
incubation of MetAP with the appropriate amount of metal
ion for 60 min at 25°C.

Proton NMR spectra were recorded on a Bruker ARX-
400 spectrometer at 400.13 MHz. A presaturation pulse

and a single symmetrical peak in matrix-assisted laser sequence was used to suppress the water signal and the

desorption ionization time-of-flight (MALDI-TOF) spectro-
metric analysis indicatingVi, 29630 + 10. Protein

resonances in the diamagnetic region. The pulse sequence
repetition rate was typically 58 with a spectral window of

concentrations were estimated from the absorbance at 28@B3 kHz. Chemical shifts (in parts per million) were refer-

nm with an extinction coefficient of 16 445 M cm (11,
19). Apo-MetAP samples were exchanged into 25 mM
Hepes, pH 7.5, containing 150 mM KCI (Centricon-10,
Millipore Corp). Individual aliquots were stored in liquid
nitrogen until needed.

Metal Content Measurement&nzyme samples for metal
analyses were typically 30M. Apo-MetAP samples were
incubated anaerobically with Mglwhere M= Co(ll), Fe-
(I, or zn(l), for 30 min prior to exhaustive anaerobic

enced to the residual water peak at 4.7 ppm. TH&IMR

data were Fourier-transformed with an exponential apodiza-
tion function as well as the application of a 30 Hz line
broadening function. Non-baseline-subtracted spectra were
used to determine peak areas by the cut-and-weigh method.
Enzyme concentrations for NMR samples were typically 2
mM and the sample were placed in sealed, anaerobic NMR
tubes (Wilmad, Buena, NJ).

exchange into Chelex-treated buffer as previously reportedRESULTS

(19). Analyses were performed by inductively coupled
plasma-atomic emission spectrometry (ICP-AES).

Enzymatic Assay of MetARVIetAP was assayed for
catalytic activity with Met-Gly-Met-Met as substrate (8 mM)
by an HPLC method as previously describel®)( This

Analyses of the Metal lon Content of MetAlfhe number
of tightly bound divalent metal ions was determined for the
MetAP fromE. coli by ICP-AES analysis. MetAP samples
(30uM) to which 2—30 equiv of either Co(ll) or Fe(ll) were
added were washed extensively ®h at 4°C with metal-

method is based on the spectrophotometric quantitation offree Hepes buffer. Upon ICP-AES analysis, £®.1 equiv

the reaction product Gly-Met-Met at 215 nm following

of cobalt or iron was found to be associated with MetAP.

separation on a C8 HPLC column (Phenomenex, Luna; 5 These data suggest that only one Co(ll) or Fe(ll) ion is tightly
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metal ions: &) zinc(Il), (@) iron(ll), (M) cobalt(ll). Inset: Fits of
the Co(ll) (solid line) and Fe(ll) (dashed line) activity data to eq
1.

in 0.5 equiv increments.

of the tetrapeptide substrate by excess divalent metal ions.
Analogous behavior was also observed for Fe(ll) (Figure 1).

bound to MetAP while the second metal ion is labile on the £, o ination of the Zn(Il)-dependent activity of MetAR2

time scale of the buffer exchange (3 h;@). On the other
hand, the addition of 330 equiv of Zn(ll) to apo-MetAP
(30 uM) followed by extensive washing with metal-free
Hepes buffer at £C provided an enzyme with 3.6 0.1
equiv of tightly bound zinc. However, the addition of reduced

glutathione to anaerobic samples of MetAP containing 3 to

30 equiv of Zn(ll), followed by extensive washing at@
with metal-free Hepes buffer, provided an enzyme with
1.3+ 0.1 equiv of tightly associated zinc.

In a separate experiment, 2 equiv of Co(ll) or Fe(ll) were
added to apo-MetAP (30M) after which they were oxidized
in air to form the trivalent state. The addition of hydrogen

units mg! at all Zn(ll) ion concentrations] was at or below
the detection limit of our assay (Figure 1). Therefore, Zn-
(I1) does not appear to stimulate MetAP activity under our
current reaction conditions.

The activity titration data for Co(ll) and Fe(ll) binding to
MetAP were fit to @4)

r=pCJ(Kyg+ Co 1)

wherep is the number of sites for which interaction with
M(ll) is governed by the intrinsic dissociation constdt
andr is the binding function calculated by conversion of

peroxide to the Co(ll)-loaded MetAP enzyme resulted in a the fractional saturatiorf.:

distinct color change from violet/pink to brown, indicative
of the formation of low-spin octahedral Co(lll). Moreover,

no EPR spectrum could be detected, consistent with dia-

magnetic Co(lll) ions. After extensive washing at@ with

metal-free Hepes buffer, 2 equiv of cobalt or iron were found
associated with MetAP by ICP-AES analysis. These data

suggest that Co(ll) and Fe(ll) are oxidized to Co(lll) and
Fe(ll), forming [Co(llI)Co(lll)MetAP] and [Fe(llI)Fe(lll)-
(MetAP)] enzymes.

MetAP Actiity as a Function of Dialent Metal lon
Concentration The extent of hydrolytic activity exhibited
by the MetAP fromE. coliwas determined as a function of
divalent metal ion concentration. Apo-MAP (20M) was
incubated with varying amounts of Co(ll), Fe(ll), or Zn(ll)
and the level of catalytic activity was determined (Figure
1). Upon the addition of Co(ll) to the MetAP froi. col,
the specific activity increased as a function of metal ion
concentration and exhibited a maximum activity~85 units
mg ! after the addition of only 1 equiv of Co(ll). Further
additions of up to 4 equiv of Co(ll) had no effect on the
enzymatic activity. Interestingly, upon the addition of Co-
(I to >1 mM (>50 equiv) the activity steadily decreased
until ~2 mM Co(ll) had been added, at which time the
activity was~17 units mg?! (Figure 1). Further addition

r=fp (2)
Cs, the free metal concentration, was calculated from
Cs=Cs—1Cy (3)

whereCrs andC, are the total molar concentrations of metal
and enzyme, respectively. A value for the dissociation
constantKq) was obtained by fitting the data via an iterative
process that allowed bot andp to vary (Figure 1, inset).
The best fit obtained providedmvalue of 1 and{y values

of 0.3+ 0.2 and 0.2+ 0.2 uM for Co(ll)-, and Fe(ll)-
substituted MetAP, respectively.

Electronic Absorption Spectra of Co(ll)-Bound MetAP
The electronic absorption spectrum of the MetAP fr&m
coli with various amounts of Co(ll) added was recorded
under strict anaerobic conditions in 25 mM Hepes buffer,
pH 7.5, and 150 mM KCI (Figure 2). The addition of one
Co(ll) ion to MetAP provided an electronic absorption
spectrum withlmax values of 5804sg0= 55 Mt cmt), 630
(€630 = 40 M~ cm™1), and 690 Nmdego = 20 M1 cm™9).
Further addition of Co(ll) resulted in increases in absorption
at 580 and 630 nm, consistent with occupation of additional
metal-binding sites (Figure 2). In addition, an absorption band

resulted in little change in the observed level of activity. This was also observed at 525 nm only after the addition of 2
decrease in activity could be due to the occupation of a equiv of Co(ll), suggesting a third, weakly coordinated Co-
second metal binding site or may be the result of chelation () ion. The dissociation constantky) for the second and/
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mM MetAP sample (25 mM Hepes buffer, pH 7.5, and 150 mm  Ru'ler an m 1o T? s ,drelc?.r ed a ftude 1'00rEH

KCI). The solid lines correspond to the fits of each data set to eq MCrowave power, 1.2 mi lieid modulation ampitude, 90 kriz
modulation frequency, and 10.2 mTisweep rate. (b) Simulation

L of spectrum a assuming; values of 4.85, 3.70, and 2.10. These

- - - - Uert Values correspond to thds = |+/,> doublet of anS = 3/,
Table 1: Data Obtained for the Fits of Electronic Absorption Data  spin system with an isotropig,es value of 2.15 and af/D value

to Equations 1 (One Site) and 4 (Two Sites) of 0.09. Inset: (c) EPR spectrum of Co@ 25 mM Hepes buffer,
one site two sites pH 7.5, and 150 mM KCI.
}-max (nm) Kd (mM) Xz a Kd]_ (m M) Kdz (mM) Xz a

525 3.0£05 0.013 1.2 1.2 0.11 Lo z
580 2.4+05 0.006 1.0 1.0 0.081 E 2
625 2705 0.005 1.4 1.4 0.076 3 g
aGoodness of fit. ] 2
0.8—: ?
or third divalent metal binding sites were obtained by fitting 3 §:
these data to eq 1 or eq 4 for two separate binding sites: %‘ 0.6 5

=

r = [pCJ(Kgy + CJ] + [aCJ(Kg, + CJ] (4) g ]

0.4

via an iterative process that allowed béthandp/q to vary

(Figure 3). The best fit obtained (Table 1) providegh\zalue

of 1 andKy values of 3.0+ 0.5, 2.4+ 0.5, and 2.7+ 0.5 o2
mM, respectively.

EPR Studies of Cobalt- and Iron-Loaded Met/A®.EPR
spectrum of MetAP (3.85 mM MetAP in 25 mM Hepes and I
150 mM KCI) plus 2 equiv of Co(ll) [CoCo(MetAP)] is 10 20 30 40 50

shown in Figure 4a. The EPR spectra of MetAP after the i .
addition of 1 and 2 equiv of Co(ll) were indistinguishable F:‘Gt%RE 55 EPRthrSEeratur? anfde'fX%W?ﬁe pow%r (Ijependenmeg
inform and inegrated 0 50% and 1008436 o he added 1 he,SLSened EFR sanals of elh?. The symbos carespor
cobalt, respectively. The spectra are broad (line widths  added in 25 mM Hepes buffer, pH 7.5, and 150 mM KCI and
500 G) and exhibit no resolvabfCo hyperfine splitting, [CoCo(MetAP)] in 15 mM MOPS and 150 mM KClI, pH 6.&)
presumably due to the extensigestrain sometimes associ- and in 50 mM CHES and 150 mM KCI, pH 9.6&). The solid

i ivh-snpirs = 3 line is a fit to Curie law 1T dependence. Spectra were recorded at
ated with high-spirs= */> Co(ll) centers. The EPR spectrum 0.2 mW microwave power, 1.2 mT field modulation amplitude,

of [CoCo(MetAP)] was simulated (Figure 4b) by the 159 kHz modulation frequency, and 10.2 mT!ssweep rate.

et et b

e
°
|

published protocol for the simulation of high-sp= 3/, Inset: Microwave power dependency of MetAP to whichd) (
Co(ll) EPR spectra 22, 23. This protocol allows the and 2 @) equiv of Co(ll) were added in 25 mM Hepes buffer, pH
simulation of line shape by use of theoretically allovegé 7.5, and 150 mM KCI. All spectra were recorded at 4 K.

values corresponding to an isotrogjga value. The relative  those in parentheses are the closest allowed by theory). These
magnitudes oD andE reflect the degree of perturbation of values correspond to s = |4-1/,> ground-state transition

the electronic field about the metal ion, providing information with greas = 2.15 andE/D = 0.09.

about the inner-sphere metdigand field strength. Simula- The temperature dependence of the EPR signal observed
tion of the [CoCo(MetAP)] EPR spectrum providegds for [CoCo(MetAP)] was determined (Figure 5). The EPR
values of 4.85 (4.85), 3.70 (3.69), and 2.10 (2.10) @be signal was detectable up to 60 K and the signal intensity
values given are those that gave the best simulation, whereasvas found to be inversely proportional to the absolute
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FiIGUrRe 7: (a) EPR spectrum of MetAP in 25 mM Hepes buffer,

(b) Parallel mode EPR signal from [CoCo(MetAP)] in 50 mM  pH 7.5, and 150 mM KCI, containing 2 equiv of Fe(lll). (b) EPR
CHES, pH 9.65, and 150 mM KCI. The intensities have been spectrum of adventitiously bound Fe(lll) to the MutY DNA-binding
normalized: theS = ¥, signal (a) corresponds to 90% 5% of protein fromE. coli. (c) FeCt—EDTA (0.14 mM) in 25 mM Hepes

the added Co(ll). The perpendicular EPR spectrum was recordedpyffer, pH 7.5, and 150 mM KCI. All spectra were recorded at 4
at 9 K and 0.2 mW microwave power, while the parallel mode K, 1 mW microwave power, 1.26 mT field modulation amplitude,

spectrum was recorded 8 K and 5.0 mW. Both spectra were
recorded with 1.2 mT field modulation amplitude, 100 kHz
modulation frequency and a 10.2 mT'sweep rate.

temperature, following Curie law dependence at nonsaturat-
ing microwave powers. These data are consistent with the
assignment of the EPR transition to a ground-sidte—
|&%»> doublet. The intensity of the EPR signal from [CoCo-
(MetAP)] (Figure 5, inset) a4 K exhibited typical depen-
dence of the signal intensity on the square root of the
microwave power up to much higher power than for the Co-
(I-substituted aminopeptidase froferomonas proteolytica
([CoCo(AAP)]). These data strongly suggest that, in contrast
to [CoCo(AAP)], the Co(ll) ions in [CoCo(MetAP)] exhibit

no significant spir-spin interaction. In support of these data,
no integer spin signal could be detected in the parallel mode
for Co(ll)-loaded MetAP at pH 7.5.

100 kHz modulation frequency, and a 10.2 mT sweep rate.

Although integer spin signals cannot be quantified by simple
double integration, the observation that the perpendicular
mode signal accounts for90% of the added Co(ll) and
that both the parallel and perpendicular mode signals appear
to be ground-state transitions suggests that only a small
population,~5—15%, of the enzyme molecules contain a
spin-coupled dinuclear site. The appearance ofdhis 12
signal may be the consequence of deprotonation of a terminal
or bridging water molecule.

EPR spectra of the Fe(ll)-loaded MetAP frda coli (1
mM) were also recorded after 1 and 2 equiv of Fe(ll) had
been added; however, no signals could be observed in either
sample in the perpendicular or parallel modes. Thus, the zero-
field splitting of the high-spinS = 2 Fe(ll) ions is likely
>0.3 cnrt. Fe(ll)-loaded forms of the MetAP fror&. coli

EPR spectra were also recorded at pH 6.0 (in 15 mM \yere readily oxidized in air, and thus, samples containing 1
MOPS and 150 mM KCI; not shown) and at pH 9.65 (in 50 and 2 equiv of Fe(lll) could be generated. The EPR signals
mM CHES and 150 mM KCI; Figure 6a). Both spectra were of MetAP containing 1 (not shown) and 2 equiv of Fe(lll)
very similar to that observed at pH 7.5 and exhibited \yere identical in form and integrated to 50% and 108%
temperature dependencies indistinguishable from that of the5o4 of the added iron, respectively (Figure 7a). These signals
pH 7.5 spectrum. Double integration of the EPR signal exhibited an essentially isotropic featuregat~ 4.3, typical
observed for [CoCo(MetAP)] at pH 9.65 accounted for 90% of mononuclear Fe(lll). In addition, a distinct featuregat
+ 5% of Co(ll) ions in the sample. However, tHe= ~ 8.9, a shoulder atier ~ 5.1, and a broad high-field
%, signal of [CoCo(MetAP)] at pH 9.65 (Figure 6a) also absorbance around thg; ~ 2 region were also observed.
exhibited a weak signal in the parallel mode wigh ~ 12 These signals are characteristic of Fe(lll) bound in an
(Figure 6b). This signal suggests that the two Co(ll) ions in environment with lower than strictly octahedral symmetry.
the MetAP fromE. coli are ferromagnetically coupled, Experimental controls were performed to confirm that the
possibly providing ar§ = 3 ground state. The temperature observed signals were not due to uncomplexed or adventi-
dependence of this signal also exhibited Curie law behavior tiously associated Fe(lll). Addition of Fegdb buffer yielded
and can therefore be assigned as a ground-state transitiona precipitate that could be separated by centrifugation,
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DISCUSSION

Several aminopeptidases, including all of the MetAPs
studied to date, have been proposed to be members of a
growing class of metallohydrolases that contain two metal
ions in the enzyme active sit83—38). It has been suggested
that these enzymes use different metal ion Lewis acidities
in discrete dinuclear sites to (i) bind and position substrate,
(ii) bind and activate a water molecule to yield an active
b site hydroxide nucleophile, and/or (iii) stabilize the transition
state of the hydrolytic reaction. Despite their ubiquity and
the considerable structural information available, the role of
each divalent metal ion in these bridged, dimetallic centers
during catalytic turnover is still unclear. For MetAPs, all

- . —— enzymes studied to date have been reported to be Co(ll)-
100 80 60 40 20 0 20 -40 -60 dependent metalloproteases. The conclusion that MetAPs are
Chemical Shift (ppm) cobalt-dependent enzymes was arrived at from the reproduc-
FiGURE 8: H NMR spectra of MetAP after the addition of 1 equiv  ible observations that MetAPs show maximal catalytic
of Co(ll) at 25°C in 25 mM borate buffer, pH 7.6, and 500 mM  activity with Co(Il) when compared to the activity levels of
KCl'in (a) HO and (b) RO buffer. other divalent metal ions. However, the identity of the metal

) ) _ ion in vivo has not been established but, on the basis of
whereas centrifugation of the MetAP sample gave neither a,yhole-cell metal analyses, iron, manganese, and zinc were

precipitate nor a change in the EPR spectrum. Moreover, ggqgested as potential in vivo candidat&g)( In a recent
adventitiously bound Fe(lll) provides an EPR signal clearly stdy on the MetAP fronk. coli, the combination of whole-
lacking in the feature ag ~ 8.9 (compare Figure 7@nd  cel| metal ion concentrations and activity measurements with
b’). An additional control was also performed in which FeCl  in vitro activity measurements and substrate binding con-
was added to an EDTA solution (Figure 7c), producing & stants suggested that the MetAP fr@coli can function
spectrum that was also lacking in the featurgat~ 8.9. as an Fe(ll) enzymel@). To gain insight into the divalent
Thus, the EPR spectrum observed for [Fe(lll)Fe(lll)(MetAP)]  metal binding properties of the MetAP fron coli, we have

can be assigned to MetAP-bound Fe(lll). The microwave investigated the enzymatic activity as a function of Co(ll),
power dependence on the intensities of the ~ 4.3 and Fe(ll), and Zn(ll).

the geyr ~ 8.9 features a4 K were found to be essentially Activity measurements as a function of added Co(ll) and
|nd|st|ngg|shab!e. Moreover, the temperature dependen_ce OfFe(II) clearly, and perhaps surprisingly, show that the enzyme
the EPR intensity of [Fe(lIl)Fe(lll)(MetAP)] followed Curie s 1 ayimally stimulated upon the addition of only one metal
law down t0~10 K (data not shown), and thus, both the o, The addition of up to 4 equiv of Co(ll) or Fe(ll) did not
Gert ~ 4.3 and theger ~ 8.9 features can be assigned 10 change the observed catalytic activity. Moreover, ICP-AES

ground-state transitions. These data are consistent with the;najyses indicate that upon the addition of divalent metal
absence of a significant spispin interaction between the ions, only one tightly bound divalent metal ion is found per

Fe(lll) ions in MetAP. enzyme molecule. Therefore, the second metal ion is loosely
NMR Studies Because only protons proximate to the associated with the MetAP enzyme. The loose association
paramagnetic Co(ll) cluster of MetAP are affectéd NMR of Co(ll) to MetAPs has previously been shown for the
experiments provide a very sensitive fingerprint of the MetAPs fromS. cereisiae (39) and the human homologue
structural and magnetic properties of paramagnetic metal-of rat initiation factor 2-associated proteirf{p(40). Fits of
loprotein active sites26—27). The'H NMR spectra of a2  the activity data provided the metal ion dissociation constants
mM Co(ll)-substituted MetAP sample in 25 mM borate (Kg) at pH 7.5 for the Co(ll)- K4 = 0.3 uM) and Fe(ll)-
buffer, pH 7.5, and 500 mM KCI to which only 1 equiv of loaded K4 = 0.2u4M) MetAP from E. coli. Since only one
Co(ll) was added were recorded in both@Hand RO metal ion is bound to the enzyme active site, th€sealues
solutions (Figure 8). Several sharp, well-resolved hyperfine- correspond to the microscopic binding constants for the
shifted'H NMR signals were observed in the 100 t&0 binding of a single metal ion to the active site of MetAP.
ppm chemical shift range. All of these signals sharpen and These values are similar t§q values obtained for several
shift toward the diamagnetic region as the temperature is hydrolytic enzymes that contain dinuclear, carboxylate-rich
increased, indicating Curie-type behavior. Hyperfine-shifted active sites. For example, th& values for the first metal
protons in this chemical shift range have previously been binding site of the aminopeptidase frof proteolytica
observed for proteins containing Co(ll) centers and can be (Kq ~ 0.001uM) (41), the clostridial aminopeptidas&{ =
assigned to NH and C-H protons of cluster histidine, 2 uM) (42), the clostridial AMPP Kq = 7 uM) (42), and
aspartate, and glutamate residu2832). Comparison of  the p-lactamase fronBacillus cereugKq = 0.7 uM) (43)
the Co(ll)MetAP spectra recorded in®- and BO-buffered are all similar in magnitude to those determined for the
solution indicates that a single hyperfine-shifted signal, at MetAP from E. coli.
92 ppm, was solvent-exchangeable (Figure 8). Since only Interestingly, the addition of Zn(ll) to the MetAP frok
one histidine residue (His171) resides at the dinuclear metalcoli under aerobic conditions did not stimulate detectable
binding site of MetAP 14, 19, this signal is assigned to  catalytic activity under our assay conditions. In fact, no
the Nf-H proton of His171. activity above the detection limit was observed for Zn(ll)-
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loaded MetAP even up to 200 equiv of added metal ion.
The MetAP fromE. coliis similar to the type | MetAP from
S. typhimuriumin that this enzyme also showed no activity
in the presence of Zn(11)4d). Zinc(Il) ions were also found
to be inhibitory for the MetAPs from porcine lived%) and

Biochemistry, Vol. 39, No. 13, 2008823

Electronic absorption spectroscopic studies on the Co(ll)-
loaded MetAP fromE. coli revealed absorbance increases
upon the addition of more than 1 equiv of Co(ll). These data
suggest that a second divalent binding site is occupied at
high metal concentrations (i.ex2 mM). Ligand-field theory

the human homologue of the rat initiation factor 2-associated predicts that optical transitions of tetracoordinate Co(ll)

protein (§") (40). However, a recent study on the type |
MetAP from S. cereisiae suggested that Zn(ll) ions, in the
presence of 5 mM glutathione and 2 mM EDTA under
aerobic conditions, provided an active MetAP enzyme while

species exhibit intense absorptian¥ 300 Mt cm™) in
the region of 625t 50 nm owing to a relatively small ligand-
field stabilization energyX1). Conversely, Co(ll) complexes
with octahedral symmetry have only weak absorptiors(

the Co(ll)-containing enzyme was largely inactivated under 30 Mt cm™) at higher energies, around 52550 nm. On

similar conditions {8). The addition of glutathione to the
Zn(ll)-loaded MetAP fronE. coliunder anaerobic conditions
was also shown to stimulate catalytic activity, but the overall
activity was still only 9% of the Co(ll)- or Fe(ll)-loaded
enzymes under similar conditiond9). The role of glu-

the other hand, pentacoordinate Co(ll) exhibits electronic
absorption characteristics intermediate between those of
tetrahedral and octahedral Co(ll) centers, displaying moderate
absorption intensities (58 ¢ < 250 M~ cm™) and often

with several maxima between 525 and 625 nm. The visible

tathione, a cellular reductant, is not clear; however, nearly absorption spectrum of the MetAP froE coli upon the
all type | MetAPs contain at least one conserved active-site addition of 1 equiv of Co(ll) ([Co(ll(MetAP)]) under

Cys residue (Cys70 in the MetAP frok coli) (13). Since
Zn(Il) has a high affinity for thiolate ligands6) and, the
MetAP fromE. coli contains three tightly bound Zn(ll) ions

anaerobic conditions exhibits three resolvabl@ldransitions
at 580, 630, and 690 nnx = 60, 50, and 20 M' cm™1,
respectively). These data are consistent with the first Co(ll)

in enzyme samples prepared under aerobic conditions in theion residing in a pentacoordinate environment, in agreement
absence of glutathione but one or two coordinated Zn(Il) with recent X-ray crystallographic studies4j. The second
ions after treatment with glutathione under anaerobic condi- Co(ll) ion has a complex spectrum comprising at least four
tions, we propose that in the absence of glutathione anbands between 500 and 650 nm with extinction coefficients
additional zZn(ll) ion is coordinated to the active-site Cys that range from 60 to 40 M cm 1. The broad range of
residues, Cys 59 and Cys70, thus inhibiting the catalytic observed absorption energies also favors the assignment of

activity.

It is not unprecedented for metallohydrolases that have

the second Co(ll) ion to a pentacoordinate environment.
Fits of the three absorption maxima between 580 and 650

crystallographically characterized dinuclear active sites to nm provided the metal ion disassociation constfy) @t

exhibit catalytic activity with only one metal ion bound. For

instance, the crystallographically characterized aminopepti-

dases fromA. proteolyticaand porcine kidney have long been
known to be catalytically active with only one divalent metal
ion present41, 4749). For the MetAP fromE. coli, 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 fro®. cereisiae
but different from those of the aminopeptidases frém
proteolyticaand porcine kidneyl8, 41, 4749). These data

pH 7.5 for the second metal binding event to the MetAP
from E. coli (Kg ~ 2.5 mM). Since the binding constant for
the first metal binding site was found to be @B, the K4
value obtained from fits of the electronic absorption spectral
data is the dissociation constant for the second metal binding
site. In addition, a shoulder at 525 nm is observed after the
addition of 2 equiv of Co(ll). This band may also be
associated with the second metal binding event or possibly
a third divalent metal binding site. Subtraction of the mono-
Co(ll) MetAP absorption spectrum allowed the absorption

suggest that the binding of a second metal ion may actually data to be fit to eq 1, providing & value of 3.0 mM. These

be inhibitory, which would imply that the second metal ion
has either no catalytic role or is regulatory. Inhibition of

Kq values are similar téy4 values obtained for the binding
of a second metal ion to other hydrolytic metalloenzymes.

catalytic activity by excess divalent metal ions has also beenFor example, theKy values for a second metal ion to
observed for other mononuclear metalloenzymes such ascoordinate to the bovine carboxypeptidase A andaitec-

carboxypeptidas@aqwhen overexpressed i&. coli (50),
bovine carboxypeptidase A1, 52, and thermolysing3).

tamase fromBacillus cereusare 24 uM and 2.7 mM,
respectively 43, 52. Combination of th&y value obtained

Inhibition of carboxypeptidase A was attributed to excess for the first metal binding site, 0.8M, with the Ky value

metal ion binding to an amino acid residue in the vicinity of
the metallo-active site that was involved in cataly$§)(

obtained for the second metal binding site, 2.4 mM, suggests
that under physiological conditions the second metal binding

In addition, the authors proposed that a bridging hydroxide site is likely unoccupied. On the basis of these data, we
is inserted between the two metal ions, forming a dinuclear propose that the MetAP fronk. coli can function as a
site. This proposal was corroborated by X-ray crystallography mononuclear hydrolase in vivo.

where the structure of carboxypeptidase A, as well as that

The observed electronic absorption spectra of Co(ll)-

of thermolysin in the presence of excess metal ion, revealedloaded MetAP suggests that the Co(ll) ions reside in a fairly

two coordinated metal ions forming a-fydroxo)dizinc(ll)
core with a Zr-Zn distance of 3.48 and 3.2 A, respectively
(53-55). Therefore, the observation that the addition of
excess metal ions to the MetAP frof. coli inhibited
enzymatic activity suggests that the inhibition is likely due

symmetrical pentacoordinate geometry. These data are
consistent with the observed EPR spectra of the Co(ll)-loaded
MetAP from E. coli, which are broad and featureless. A

broad, featureless EPR signal for Co(ll) centers suggests an
unconstrained ligand field; thus, there is a great deal of

to the occupation of the second metal binding site, similar flexibility in the ligand environment. A consequence of this

to carboxypeptidase A.

is that theg-strain, which is a measure of the spread of
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Ficure 9: Proposed structure of the mono-Co(ll) form of the MetAP frenrcoli in the absence and presence of substrate.

microheterogeneous ligand geometries, is large. In such al5 K). This electronic communication is likely mechanisti-
case, EPR line widths would be expected to be broad andcally important for [CoCo(AAP)] in that a pathway for the
57Co hyperfine lines would not easily be observe6)( Thus, modulation of the Lewis acidity of one metal ion by the other

it is likely that the ligand-sphere geometries of the Co(ll) is present. Moreover, spitspin interactions also reveal
ions are not highly constraine@Z, 23. Moreover, the low structural motifs such ag-OH(H) ligands. One can then
E/D value of 0.09 (in general/s = E/D > 0) indicates a  speculate that the proposed bridging water molecule observed
fairly high degree of axial symmetry. The combination of in the X-ray crystal structure of the MetAP froE coliis

the electronic absorption and EPR data suggests that bothincapable of mediating detectable spin-spin coupling between
Co(ll) ions in the MetAP fromE. coli reside in a trigonal  the metal ions at pH 7.5 by EPR spectroscopy. However, at
bipyramidal geometry. high pH values ¥9.0) some spirspin interaction is

The observed EPR signal for [CoCo(MetAP)] was similar observed, suggesting the deprotonation of the bridging water
to that observed for the dicobalt(ll)-substituted aminopep- Molecule to a bridging hydroxide. Such a hypothesis would
tidase fromA. proteo|yt|cd[COCo(AAP)]) as well as several prOVide a rationale for the decrease in Catalytic aCtiVity upon
other Co(ll) systems such as [Caf®)e]2* (Figure 4c) @2, the binding of the second metal ion, similar to that proposed
23). Signals of this type are typical of Co(ll) species with for carboxypeptidase AS().
essentially axial symmetry, and for such systems, EPR To rationalize the large difference between the two metal
spectra of Co(ll) are a relatively insensitive geometric probe. ion binding constants in the MetAP frork. coli, we
Nevertheless, EPR is useful in distinguishing enzyme-bound employed*H NMR spectroscopy in conjunction with the
Co(ll) from [Co(H,0)s]?". Computer simulation of the EPR  available X-ray crystal structure. THél NMR spectra of
spectrum of Co(ll) in Hepes buffer, pH 7.9 (not shown), [Co(ll)_(MetAP)] revealed a single exchangeable resonance
invokedgefxy,» Values of 5.06 (5.08), 4.04 (4.04), and 2.02 at 92 ppm. Examination of the X-ray crystal structuid)(
(2.02), which are significantly different from those of [CoCo- revealed the presence of a single active-site histidine ligand,
(MetAP)]. Furthermore, the EPR absorption of [CeQHs]2" namely, His171. The hyperfine shift and position of the
extends out of zero field, whereas there is no EPR absorptionobserved exchangeable signal is consistent with its assign-
by MetAP in the 3-50 mT region. Therefore, the EPR signal ment as the N-H proton of an M¢-coordinated histidine
observed upon the addition of 2 equiv of Co(ll) to a 3.9 ligand 26). Therefore, these data suggest that the first metal
mM solution of MetAP contained no significant contribution binding site, which is also the catalytically essential metal
due to unbound Co(ll). This is consistent with our estimate ion, contains His171. The coordination sphere of the tightly
of the second metal binding site being on the order of 2.5 bound Co(ll) ion is likely completed by Glu204, Glu235,
mM. and Aspl08 (Figure 9). Consistent with this interpretation,

EPR spectroscopy is also useful for obtaining information the scissile carbonyl oxygen of a substrate analogue inhibitor
on the electronic communication between two paramagnetic (14), was shown to bind to the histidine-ligated Co(ll) ion.
metal ions in a dinuclear center. The EPR signal observedAs this first metal binding site provides maximal catalytic
for [CoCo(MetAP)] follows Curie law over the temperature activity when occupied, it is likely that the active-site
range 460 K at nonsaturating microwave powers. These nUCleOph”e, a water or hydrOXide mOiety, constitutes the fifth
data strongly suggest that the Co(ll) ions in [CoCo(MetAP)] Co(ll) ligand.
exhibit no significant spirrspin interaction. In support of It would appear to be contradictory that a crystallographi-
these data, no integer spin signal could be detected in thecally characterized enzyme with a clear motif for a dinuclear
parallel mode for MetAP at pH 7.5. Similarly, insertion of metal-containing active site could function as a mononuclear
a second Fe(lll) ion into the MetAP active site does not create metalloenzyme. However, the divalent metal binding proper-
an enhanced relaxation pathway. Therefore, the two Fe(lll) ties of the MetAP fromE. coli appear to be analogous to
ions in Fe(lll)-loaded MetAP do not exhibit any significant those of the zinc-dependeftlactamase fronB. cereus Of
spin—spin interaction, similar to the two Co(ll) ions in Co- the two Zn(ll) ions in the active site of thzlactamase from
(IN-substituted MetAP. The range of temperatures over B. cereusthe tightly bound Zn(ll) ion is proposed to provide
which the EPR signals from Co(ll)-loaded MetAP were the nucleophile and also act as a Lewis acid to stabilize the
detectable can be compared with the temperature range otetrahedral transition stat&7, 58. The role of the second
the detectable EPR signal from [CoCo(AAPZR( 23. The Zn(ll) ion is unclear since a conserved carboxylate residue
two cobalt ions in [CoCo(AAP)] were shown to be spin- is proposed to act as a general base to form the dianion and
coupled, providing a spiaspin relaxation pathway that also to protonate the leaving group, thus facilitating NC
results in the spectrum of [CoCo(AAP)] obeyingTl/  bond cleavage. It has, therefore, been suggested th& the
dependence over only a very narrow temperature range (9 cereusenzyme may be an evolutionary intermediate between
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the mono- and dizinc(Il) metallg-lactamasessQ). On the
basis of this suggestion, it is likely that the active-site
nucleophile in the MetAP fronk. coliis a water/hydroxide
that is coordinated to this first, tightly bound metal ion. EPR
studies of Co(ll)-substituted MetAP at pH 9.5 provides
evidence for spin-coupling via @hydroxide moiety, sug-
gesting that at pH 7.5 there would beiaaquo bridge from
which the active-site nucleophile is derived, as appears to
be the case for the aminopeptidase frAnproteolytica(22,
23, 60. It is tempting to speculate that the need to break
this bridge provides an activation barrier that is responsible
for the lower activity of the dicobalt- and diiron-substituted
MetAP enzymes compared to the mononuclear enzyme
analogues.

Based on previously reported kinetic, molecular modeling,
and X-ray crystallographic data, a mechanism of action for
the MetAP fromE. coli was recently proposed4, 61). In

Biochemistry, Vol. 39, No. 13, 2008825

in vivo, as a mononuclear enzyme. Additionally, the high-
affinity metal binding site was clearly assigned as the
histidine-containing site and, therefore, is the catalytically
relevant metal binding site. The combination of these data
with previously reported kinetic, spectroscopic, and X-ray
crystallographic results suggests that the coordination of a
second divalent metal ion is not required in catalysis.
Therefore, its proposed role of binding and positioning the
cationic N-terminal amine group is likely performed by the
negatively charged active-site residues Asp97, Asp108, and
Glu235.
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