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ABSTRACT. The gene encoding for the methionyl aminopeptidase from the hyperthermophilic archaeon
Pyrococcus furiosugPfMetAP-II; EC 3.4.11.18) has been inserted into a pET 2jbyector and
overexpressed iikscherichia coli The new expression system resulted in a 5-fold increase in purified
enzyme obtained fra a 5 Lfermentor growth. The as-purifidefMetAP-1l enzyme, to which no exogenous
metal ions or EDTA was added, was found to have 1.2 equiv of zinc and 0.1 equiv of iron present by
ICP-AES analysis. This enzyme had a specific activity of 5 units/mg, a 60-fold decrease from the fully
loaded Fe(Il) enzymes. When an additional 2 equiv of Zn(Il) was added to the as-p®ififdAP-II,

no activity could be detected. The combination of these data with previously reported whole cell studies
on EcMetAP-I further supports the suggestion that the in vivo metal ion for all MetAP’s is Fe(ll). Both
Co(ll)- and Fe(ll)-loadedPfMetAP-Il showed similar substrate specificitiesEavietAP-I. Substrate binding

was largely affected by the amino acid in the P1 position and the length of the polypeptide. The substrates
MSSHRWDW and MPp-NA showed the smalles{, values while the substrates MGMM and M-

NA provided the highest turnover. The catalytic efficien&y{Km) of PIMetAP-1I for MP-p-NA at 30

°C was 799 500 and 340 930 Ms1 for Co(ll)- and Fe(ll)-loadedPfMetAP-II, respectively. Maximum
catalytic activity was obtained with 1 equiv of Co(ll) or Fe(ll), and the dissociation const&g)tfof the

first metal binding site were found to be 50 15 and 20+ 15 nM for Co(ll)- and Fe(ll)-substituted
PfMetAP-II, respectively. Electronic absorption spectral titratidrad mM sample of apd?fMetAP-II

with Co(ll) provided a dissociation constant of 0.350.02 mM for the second metal binding site, a
17500-fold increase compared to the first metal binding site. The electronic absorption data also indicated
that both Co(ll) ions reside in a pentacoordinate geometiMetAP-II shows unique thermostability and

the optimal temperature for substrate turnover was found te&®°C at pH 7.5 in 25 mM Hepes and

150 mM KCI buffer. The hydrolysis of MGMM was measured in triplicate between 25 ari€&h eight
substrate concentrations ranging from 2 to 20 mM. Both specific activitykandalues increased with
increasing temperature. An Arrhenius plot was constructed fromkgheralues and was found to be
linear over the temperature range-28b °C, indicating that the rate-limiting step PfMetAP-II peptide
hydrolysis does not change as a function of temperature. Co(ll)- and Fe(ll)-l@fdetAP-11 have similar
activation energies (13.3 and 19.4 kJ/mol, respectively). The thermodynamic parameters calculated at 25
°C are as follows:AG* = 46.23 kJ/mol, AH* = 10.79 kJ/mol, andASF = —119.72 Jmol~1-K~1 for
Co(ll)-loadedPfMetAP; AG* = 46.44 kJ/mol AH* = 16.94 kJ/mol, and\S' = —99.67 Imol~1-K~1 for
Fe(ll)-loadedPfMetAP. Interestingly, at higher temperaturessQ °C), Fe(ll)-loadedPfMetAP-II is more

active (1.4-fold at 85C) than Co(ll)-loaded*fMetAP-II.

Methionyl aminopeptidases (MetAP'gepresent a unique  not retain an N-terminal methionine residue since they require
class of proteases that are capable of the hydrolytic removalmodifications and/or processing during and after translation
of N-terminal methionine residues from nascent polypeptide (5). Examples include the removal of signal sequences,
chains (—4). In prokaryotes, mitochondria, and chloroplasts proteolytic cleavage to generate shorter peptides, and the
the initiator residue is ai-formyl methionine group. The  covalent attachment of residues and blocking groups (e.g.,
N-formyl group is removed from proteins in prokaryotes and acetyl and myristoyl groups). The structure of the mature
eukaryotic organelles by a deformylase, leaving a methionine
residue at the amino terminug)( Many mature proteins do 1 Abbreviations: MetAP'’s, methionyl aminopeptidases; PMSF, phen-
ylmethanesulfonyl fluoride; IPTG, isoprop§tp-thiogalactoside; Hepes,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Tris, tris(hydroxy-
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N-terminus plays a critical role in N-directed degradation metal ions in an identical fashion and are likely mononuclear
pathways and in targeting cellular membrangs4). The Fe(ll)-dependent metalloproteases.

physiological importance of MetAP activity is underscored

by the fact that deletion of MetAP geneskischerichia coli MATERIALS AND METHODS
Salmonella typhimuriugnand Saccharomyces cerisiae is Purification of Recombinant PfMetAP-PfMetAP-Il was
lethal to the cell §—8). Moreover, MetAP’s have recently  purified similarly to that previously reported with minor
been identified as the molecular target for the epoxide- modifications 21). Briefly, frozen cells ¢35 g) were thawed
containing antiangiogenesis agents TNP-470 and fumagillin, and suspended in 100 mL of 20 mM Tris-HCI buffer, pH
one of which is in phase lll clinical trials9¢13). There- 7.5. To this solution were added 0.5 mL of 100 mM PMSF,
fore, MetAP’s represent an important target for the develop- 4.5 mg of lysozyme, 4.5 mg of DNase |, and 2D of 1 M
ment of novel anticancer, antibacterial, and/or antifungal MgCl,. This solution was stirred for 30 min at 25
agents. followed by cooling to 4°C for 1 h. This cell solution was

MetAP’s are organized into two classes (type | and type sonicated in 50 mL aliquots for three 1 min intervals with
Il) on the basis of the absence or presence of a 62 amino™~2 Min intervals on ice. The mixture was then heated for
acid sequence inserted near the C-terminus. The function oft0 Min at 100°C. After centrifugation at 18000 rpm for 45
this insert has yet to be established. The MetAP's filem  Min, the supernatant was concentrated by ultrafiltration using

coli (type 1), Homo sapiengype II), andPyrococcus furiosus @1 Amicon YM 10 membrane and dialyzed against 20 mM
(type 1) have been crystallographically characterizeg( phosp_hate buffer, pH 8.0, overnight, with two buffer changes.
16). All three have been shown to have identical catalytic '€ dialyzate was loaded onto a DEAE-Sepharose CL-6B

domains that contain a biscarboxylato)g-aquo/hydroxo)- column (Pharmacia, 2.5 16 cm) equi_librated with 20 mM
dicobalt core with an additional carboxylate residue at each phosphate buffer, pH 8.0. The protein was eluted at a flow

metal site and a single histidine residue bound to one of thefrar:e Cf)f 1 _mL/min Wit.h a Ii?&ar gFr)aﬁient of{_é').S '\f/l EC:)

two metal ions {3—16). Since all of the catalytic domain SDZ—EX%OES conggmg]gP d EtAP- W?r%nla%m' :_e g
residues are completely conserved in both type | and type Il . » cOmbInéd an concentrate mL, an
MetAP’s, all MetAP’s should bind divalent metal ions then (_jlalyzed_ ag_amst 10 mM phosphate buffer at pH 7.0
similarly. With this in mind, it was recently suggested that overnight. This dialyzate was loaded onto a_l_CM—Sepharose
the in vivo metal ion for the type | MetAP fronk. coli CL-6B column (Pharmacia, 1.5 .12 cm) qu|l|brated with
(EcMetAP-1) is Fe(ll) on the basis of whole cell metal phosphate buffer at pH 7.0. A linear gradient of@5 M

analyses, activity measurements, and substrate bindingKCI was used to elute the protein. Fractions containing

L . L PfMetAP-II were concentrated to-3% mL using a Cen-
constants17, 18). In addition, the observed catalytic activity | . o
as a function of divalent metal ion and the metal binding triprep-10 (Millipore Corp.) and then loaded onto a gel

filtration column (Sephadex 75 Hi-load prep-grade 16/60,
constants for both Fe(ll) and Co(IBcMetAP-I led to the : . ;
proposal that MetAP’s function as mononuclear enzymes in Pharmacia) equilibrated with phosphate buffer at pH 7.0,

vivo, which was recently corroborated by extended X-ray containing 0.2 M KCl' at aflow rate of 0.3 mL/min. Purified
absc;rption fine structure (EXAFS) spectroscopy, 19). The PfMe_tAP-II exhibited a_single bgnd on a SBSAGE,
high-affinity or catalytically relevant metal binding éite was providing a M, of 32850. Protein concentrations were

. S L : estimated from the absorbance at 280 nm using an extinction
assigned as the histidine-containing site. However, Yang etcoefficient of 21650 M* cm-
al. (20) more recently suggested that the type 1l MetAP from :

: ? . . ) Metal-freePfMetAP-Il was prepared by concentrating the
H. sapiengHsMetAP-II) binds divalent metal ions differently R i s .
from type | MetAP enzymes in thatsMetAP-Il requires as-purifiedPfMetAP-1l to a volume of~5 mL, after which

. . EDTA was added to a final concentration of 10 mM. The
two Co(ll) ions to be fully activated2(). resulting protein solution was dialyzed against 25 mM Hepes
To understand the reported differences in the divalent pyffer (2 L, pH 7.5) containing 10 mM EDTA and 150 mM
metal binding properties between type | and type Il MetAP’s, KCl at 4 °C for 2 days with two buffer changes per day.
we have examined how the type Il MetAP frdMfuriosus  The protein solution was then dialyzed against chelexed
(PfMetAP-Il) binds divalent metal ionPfMetAP-II is by (Chelex-100 Column) 25 mM Hepes buffer (2 L, pH 7.5)

far the most thermostable member of the MetAP family of containing 150 mM KCI for 3 days against two buffer
enzymes, with an optimum catalytic activity around®  changes per day. The resultiR§MetAP-Il was inactive and
with a half-life of approximately 4.5 r2(1). PfMetAP-Il and was found to contain no detectable metal ions via inductively
HsMetAP-II are 39% identical whilePfMetAP-II and coupled plasma atomic emission spectrometry (ICP-AES).
EcMetAP-I are 33% identical, suggesting that structural and This enzyme deemed “agefMetAP-1I” was stored at-80
mechanistic data obtained f&fMetAP-II will likely be °C.

similar to that determined fddsMetAP-1l andEcMetAP-I. Metal Content Measuremenf&nzyme samples for metal
To further examine the structure and functionRiMetAP- analysis were typically 3@M. Apo-PfMetAP-II samples

Il, a new expression system for tifMetAP-Il gene was  were incubated under anaerobic conditions with Co(ll) or
developed that produces five times more enzyme than theFe(ll) (CoCb or FeSQ, =99.999%; Strem Chemicals,
previously reported overexpression system. We have alsoNewburyport, MA) for 30 min prior to exhaustive dialysis
examined the substrate specificity, metal binding properties, under anaerobic conditions against Chelex-treated buffer as
and temperature dependence of the catalytic activity of previously reportedl(7, 18). Metal analyses were performed
PfMetAP-II in the presence of either Co(ll) or Fe(ll). using ICP-AES.

Comparison of the data presented herein with other MetAP’s  Enzymatic Assay of PfMetAP-IAll assays were per-
suggests that both type | and type 1l MetAP’s bind divalent formed under strict anaerobic conditions in an inert atmo-
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sphere glovebox (Coy) with a dry bath incubator to maintain
the temperature. Catalytic activities were determined with
an error of£5%. Enzyme activity was determined in 25 mM
Hepes buffer, pH 7.5, containing 150 mM KCI with different
substrates (MGMM, MAS, and MSSHRWDW). The amount
of product formation was determined by high-performance
liquid chromatography (HPLC; Shimadzu LC-10A Class-
VP5). Metal-substitute@fMetAP-Il samples were prepared
by adding 3 equiv of the appropriate divalent metal ion to a
buffered solution of 1M apo-PfMetAP-II, and the mixture
was incubated at 3TC for 30 min. A typical assay involved
the addition of 4«L of M(ll)-loaded PfMetAP-II to a 16uL
substrate-buffer mixture followed by incubation at 3TC

for 1 min. The reaction was quenched by the addition of 20
uL of 1% trifluoroacetic acid solution (TFA). The elution

f the pr ts was monitor t 215 nm followin ra-
of the products was monitored a 5 oflowing separa Ficure 1: Agarose gel of th@fMetAP-Il gene after PCR. Lane 1

tion on a C8 HPI_‘C Column (Phenomenex, Lunarb, _4'6 is the molecular weight marker, and lanes3are the 0.9 kbp
x 25 cm). Gradient elution was used at 1.5 mL/min. For gene encoding foPfMetAP-Il.

the substrates MAS and MGMM, solvent A was 0.1% TFA

in water, and solvent B was 50% Nanopure water, 50% ,L. One unit was defined as the amount of enzyme that
HPLC-grade acetonitrile, and 0.1% TFA. For MGMM the releases kemol of p-NA at 25°C in 1 min.

starting gradient was 95/5 (A/B), and after 2 min the
concentration of solvent B was increased from 5% to 100%
over 10 min. The eluent mixture was held at 100% solvent ... apoPfMetAP-Il samples used in spectroscopic

B fog an additional 2dmind The’? thedgradient wa(? declreased measurements were rigorously degassed prior to incubation
to 5% in one second and continued to run at 5% solvent B with Co(ll) or Fe(ll) (CoCh or FeSQ, >99.999%: Strem

for 2 min. The product GMM eluted around 10.7 min, and Chemicals. Newbur : o

: , yport, MA) for-30 min at 25°C. All
the substrate MGMM was eluted at around 11.8 min. For Co(ll)- and Fe(ll)-containing samples were handled in an
subs.trate MAS, the starting gradient was 100/0 (A/B_). _The anaerobic glovebox (95% #6% H,, <1 ppm of Q; Coy
gradient was increased from 0% to 5% solvent B within 2| o, ratories). Electronic absorption spectra were normalized

min and then from 5% to 8% in 1 min; solvent B Was ¢, the protein concentration and the absorption due to
increased from 8% to 50% in 5 min and then increased to uncomplexed Co(Il)ds12 nm= 6.0 ML cm?)

100% in the next 2 min. After running 100% solvent B for
2 min, 100% solvent A was run for another 2 min. The ResyLTS
product AS was eluted at 2.6 min, and the substrate MAS
was eluted at about 8.6 min. For the octapeptide MSSHR-  Ouverexpression and Purification of PfMetAP-IThe
WDW, 98% water, 2% acetonitrile, and 0.1% TFA were used original culture ofE. coli strain IM109 carrying the plasmid
as mobile phase A and 100% acetonitrile and 0.1% TFA as containing the gene foPfMetAP-Il showed low levels of
mobile phase B. The gradient was increased from 0% to 17%expression that were insufficient for detailed kinetic and
solvent B during the first 2 min and then increased to 27% spectroscopic studiel). To increase the yield dtfMetAP-
over the next 16 min, followed by 100% solvent B for 2 I, the PfMetAP-Il gene was cloned and placed into a pET
min; 100% solvent A was added for another 5 min. The 27b() expression vector. The original vector containing the
product SSHRWDW was eluted at about 15.5 min, and the PfMetAP-II gene was isolated using a Wizard Plus Miniprep
substrate MSSHRWDW was eluted at about 16.5 min. DNA purification kit (Promega). The plasmid was used as
Activity was determined on the basis of the amount of the template for PCR (PCR Kit, Amersham Pharmacia
product (AS, GMM, or SSHRWDW) formed using a Biotech Inc.) to engineer restriction sites fddd and Sal
standard curve generated by running HPLC chromatogramsusing primers synthesized by Operon Technologies. The
of known concentrations of the dipeptide, tripeptide, and primers used were the follows: upper primer@IC TGG
heptapeptide. CAT ATG GAT ACT GAA AAA CTT-3' (Ndd restriction

The kinetic parameter¥ (velocity) andK,, (Michaelis site underlined); lower primer,"85CT GAG GTC GAC
constant) were determined in triplicate. Enzyme activities TCA TTC TGT CGT CAC TAT-3 (Sal restriction site
are expressed as units per milligram, where one unit is underlined). The PCR product of 0.9 kbp was purified on
defined as the amount of enzyme that releasgsndl of and excised from an agarose gel using a Qiaex Gel Extraction
product at 3C°C in 1 min. The metal binding titration and  Kit (Qiagen) (Figure 1). The gene was sequenced and was
temperature dependence reactions were carried out using th@entical to that previously reported f&tfMetAP-Il. The
same conditions as determined for the kinetic constants. ThePCR product was inserted into a pGEM-T easy cloning
hydrolysis of MPp-NA was monitored spectrophotometri- vector (Promega). Isolated plasmid was digested with the
cally at 405 nm on the basis of the increase in absorbancerestriction enzymesldd and Sal and ligated into the pET
of p-NA (Aeqos value ofp-nitroaniline of 10600 M* cm™1) 27b(+) expression vector that had been digested it
(18). The reaction mixture consisted of /& of 10 uM andSal (Novagen). This plasmid was transformed into BL21
enzyme solution, L of 2.0 mM prolidase, and substrate E. coli cells. Transformants were again screened using
solution in different concentrations to a final volume of 1000 restriction digests, and IPTG induced protein overexpression

iz 3 4 5

Spectroscopic MeasuremertEectronic absorption spectra
were recorded on a Shimadzu UV-3101PC spectrophotom-
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Table 1: Kinetic Constants for Fe(ll)- and Co(ll)-LoadeéMetAP-II for V

arious Substrates at 3@ and pH 7.5

metal kinetic constants MAS

MGMM MSSHRWDW MB-NA

11.8+0.2
19

1610

35+ 4
9.2+ 0.4
14

1520
16.8+ 0.2
25+ 2

Co(ll) Km (MM)

Keat (57%)

KealKm (M71s71)
SA (units/mg)
Km (MM)

Keat (57%)

KealKm (M71571)
Vmax (Nmol min?)
SA (units/mg)

Fe(ll)

0.197+ 0.015
157

799500
287+ 6
0.135£ 0.02
46

340930
138+ 4
84+ 2

5.1+ 0.3 2.0£0.2
188 16
36900 8000
340+ 8 29+ 3
5.0+ 0.6 1.3+0.2
22
17200
6.7+ 0.3
41+ 2

of E. coli BL21 cells grown in a shake flask for ¥4 h at

37 °C, containing 15 mg of kanamycin. Cells were grown
in a 5 L fermentor at 37C with an air flow of 12 L/min to
which 1 mM IPTG was added to induce protein expression
at an ORy of 1.0. The cells were allowed to grow for 3 h
to 28 °C and then harvested by centrifugation at 8000 rpm
for 15 min at 4°C. After overexpression and purification,
the increase in protein production fnoa 5 Lfermentor was
5-fold, allowing 100 mg of purifiedPfMetAP-Il to be
obtained from 5 L.

Analyses of the Metal lon Content of PfMetAP-The
metal content of purifiedPfMetAP-Il, to which no supple-
mental metal ions or EDTA had been added throughout the
cellular growth and purification process, contained 1.2 equiv
of zinc and 0.1 equiv of iron. No cobalt was detected. The
specific activity of this enzyme at 3€C, pH 7.5, using
MGMM as the substrate was 5.0 units/mg, which~i§0
times less active than either the Co(ll)- or Fe(ll)-loaded
PfMetAP-II enzyme.

The number of tightly bound divalent metal ions was
determined foPfMetAP-II by ICP-AES analysi?fMetAP-

Il samples (3QuM), to which 2-30 equiv of either Co(ll)

or Fe(ll) was added, were dialyzed extensively 3ch at 4

°C against metal-free Hepes buffer. Upon ICP-AES analysis,
1.0 £ 0.1 equiv of cobalt or iron was tightly bound to the
enzyme. These data suggest that only one Co(ll) or one Fe(ll)
ion is tightly bound toPfMetAP-II while the second metal
ion is labile on the time scale of the buffer exchange (3 h,
4 °C). In a separate experiment, 2 equiv of Co(ll) or Fe(ll)
were added to apBfMetAP-II (30 uM), after which they
were oxidized in air. The addition of hydrogen peroxide to
the Co(ll)-loadedPfMetAP-1I enzyme resulted in a 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 diamagnetic
Co(lll) ions. After extensive dialysis at 4C with metal-
free Hepes buffer, 2 equiv of cobalt or iron were found
associated withPfMetAP-Il on the basis of ICP-AES
analysis. These data suggest that Co(ll) and Fe(ll) are
oxidized to Co(lll) and Fe(lll) forming [Co(llI)Co(lll)-
MetAP] and [Fe(lll)Fe(lll)(MetAP)] enzymes, both of which
are inactive.

Substrate and Metal lon Dependence on the Specific
Activity of PfMetAP-Il. Kinetic constants and specific
activities for both Co(ll)- and Fe(ll)-loadd@fMetAP-Il were
determined for the peptide substrates MAS, MGMM, MSS-
HRWDW, and MPp-NA (Table 1). Activity assays were
performed in triplicate for 815 concentrations for each
substrate (MAS, 660 mM; MGMM, 0—12 mM; MSSHR-
WDW, 0—12 mM; MPp-NA, 0—1.2 mM). The product was

50

40

30

—H—

e

20

Specific Activity (U/mg)

Binding Function, r

C(4M) §
s
&

0 200 400 600 800
Equivalents of Metal(II)

Ficure 2: Plot of specific activity vs equivalents of added metal
ion [(@) Co(ll) and @) Fe(ll)] to an 8.3uM sample ofPfMetAP-

Il (25 mM Hepes buffer, pH 7.5, 150 mM KCI). Inset: Fits of the
(®) Co(ll) and (&) Fe(ll) activity data to eq 1.

bt e by v by by v e by b e by e v by g by ol

quantified by HPLC or by monitoring the absorption at 405
nm for p-NA. The K, and Vmax Values were obtained by
nonlinear fitting of the data to the Michaelidenten
equation. Thé,and specific activity values were calculated
using a molecular weight of 32850 and a molar absorptivity
at 280 nm of 21650 M! cm. The specific activities of
PfMetAP-II at 30 °C varied markedly on the basis of the
substrate used. For the weakly binding tripeptide substrate
MAS (K, = 11.8 mM) the specific activity for Co(ll)-loaded
PfMetAP-Il was 35 units/mg whereas the tetrapeptide
MGMM (K, = 5.1 mM) exhibited a specific activity of 340
units/mg. These activities compare well with the only activity
data reported to date f&fMetAP-II of 30 units/mg toward
the pentapeptide MPAAG. Fe(ll) also activaridletAP-II
under anaerobic conditions. The trendskin and specific
activity for Fe(ll)-loaded PfMetAP-II are similar to the
Co(ll)-loaded enzyme as well as the Fe(ll)- and Co(ll)-loaded
EcMetAP-I.
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Ficure 3: Electronic absorption spectral titration of 1 mikiMetAP-Il (25 mM Hepes buffer, pH 7.5, 150 mM KCI) with Co(ll) in 0.25

equiv increments.

Activity as a Function of Dialent Metal lon Concentra-
tion. The extent of hydrolytic activity exhibited ByfMetAP-
Il was determined as a function of divalent metal ion
concentration. Apd&fMetAP-I1 (8.3uM) was incubated with
varying amounts of Co(ll) or Fe(ll), and the level of catalytic
activity was determined (Figure 2). Upon the addition of
Co(ll) to PMetAP-II under anaerobic conditions, the specific
activity increased as a function of metal ion concentration
up to 1 equiv of Co(ll). Further additions of up to 5 equiv
of Co(ll) had no effect on the enzymatic activity. Interest-
ingly, upon the addition of Co(ll) to>83 uM (~10
equivalents) the activity steadily decreased untd.3 mM
Co(ll) had been added (400 equiv), at which time the activity
was ~30% of the maximum activity (Figure 2). Further
additions of up to 800 equiv of Co(ll) had no effect on the

of metal and enzyme, respectively. A value for the dissocia-
tion constant Kq) was obtained by fitting the data via an
iterative process that allowed bdty andp to vary (Figure

2, inset). The best fit obtained providegaalue of 1 and

Kq values of 5+ 15 and 20t 15 nM for Co(ll)- and Fe(ll)-
substitutedPfMetAP-II, respectively.

Electronic Absorption Spectra of Co(ll)-Bound PfMetAP-
II. The electronic absorption spectrurieol mM sample of
PfMetAP-II 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 3). The addition
of one Co(ll) ion toPfMetAP-II provided an electronic
absorption spectrum with.x values of 562¢ss, = 110 Mt
cmY), 525 55 = 72 M1 cm™?), and 590 nm dsg0 = 93
M~ cm™). Further addition of Co(ll) resulted in increases

enzymatic activity. The decrease in activity could be due to in absorption at 525 and 562 nm, consistent with the
the occupation of a second metal binding site or may be the occupation of an additional metal binding site (Figure 3).
result of chelation of the tetrapeptide substrate by excessThe dissociation constariK§) for the second divalent metal

divalent metal ions. Analogous behavior was also observedbinding site was obtained by fitting these data to eq 1 (Figure

for Fe(ll) (Figure 2).
The activity titration data for Co(ll) and Fe(ll) binding to
PfMetAP-II were fit to the equation24):

r=pCJ(Ky+Cy (1)

wherep is the number of sites for which interaction with
M(ll) is governed by the intrinsic dissociation constat
andr is the binding function calculated by conversion of
the fractional saturatiorfg using the equation:

r=fp 2)

4). The best fit obtained providedmvalue of 1 and &4
value of 0.35+ 0.05 mM.

Temperature Dependence of the Hydrolysis of Met-Gly-
Met-Met by PfMetAP-Il.It was previously reported that
PfMetAP-Il is stable at 73C for 60 min within the pH range
4.5-10.5. We have confirmed the thermal stability of
PfMetAP-II and have found that the optimal activity with
MGMM as the substrate occurred at 85in 25 mM Hepes,
pH 7.5, and 150 mM KCI buffer. This provides us the unique
opportunity to probe the thermodynamic properties of the
PfMetAP-II catalyzed hydrolysis of N-terminal methionine
residues. The hydrolysis of MGMM was measured in
triplicate between 25 and 88C at eight substrate con-

Cs, the free metal concentration, was calculated using the centrations ranging from 2 to 20 mM. From these détg,

equation:
Cs=Cis—1Cy 3

whereCrs andC, are the total and free molar concentrations

values were derived by fitting the experimental data to the
Michaelis—-Menten equation at each temperature studied
(Figure 5B). The calculated specific activity values were
plotted as a function of temperature between 25 anf@5
(Figure 5A). TheK, and specific activity values for MGMM
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Ficure 4: Plot of binding functionr, vs Cs (the concentration of free metal ions in solution) fgg; of a 1 mM PfMetAP-Il sample (25
mM Hepes buffer, pH 7.5, and 150 mM KCI).
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Ficure 5: (A) Plot of specific activity (units/mg) of Co(l)-@) and Fe(ll)-loaded£) PfMetAP-II vs temperature between 23 and €&

Each data point is the sum of three activity measurements at pH 7.5, 25 mM Hepes buffer and 150 mM KCI, at substrate concentrations
ranging from 2 to 20 mM. (BKn, vs temperature®C).

hydrolysis catalyzed by Co(ll)- and Fe(ll)-loadBéMetAP- constructed by plotting Irk.o: Vs 1/T (Figure 6). A linear

Il were found to increase with increasing temperature. plot was obtained, indicating that the rate-limiting step does
PfMetAP-II was stable at 88C for approximately 30 min not change as the temperature is increa@3)l From the
before any loss in the enzymatic activity was detected. slope of the line the activation enerdy,, for temperatures
However, any loss in activity was fully reversible as a between 296 and 358 K was calculated to be 13.3 kJ/mol
function of Vimax for temperatures up to 78C. These data  for Co(ll)-loadedPfMetAP-1I and 19.4 kJ/mol for Fe(ll)-
are very unusual since most enzymes undergo some denaloaded enzyme. Since the slope of an Arrhenius plot is equal
turation at temperatures above 8D, resulting in a decrease to —Ea/R, whereR = 8.3145 JK~!-mol~?, other thermo-

iN Vimax (22). dynamic parameters were calculated by the following rela-

In a simple rapid equilibriunVma{[E] = ks, the first-order tions: AG* = —RTIn(keafVksT), AH¥ = E; — RT, andAS

rate constant. Since the enzyme concentration was not altered= (AH* — AG*)/T, wherekg, h, andR are the Boltzmann,
over the course of the experiment, an Arrhenius plot can be Planck, and gas constants, respectively (Table 2).
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from S. cereisiaeis fully active with Zn(ll) in the presence
6.2 % of millimolar concentrations of EDTA but that excess Zn(ll)
was inhibitory @6). More recently EcMetAP-I was shown
* to be completely inactive in the presence of Zn(ll) ions but
K is fully active with only 1 equiv of Co(ll) or Fe(ll) 18).
Unlike Co(ll), Fe(ll) is very abundant in nature and has many
biological roles 24). On the basis of these data it was
suggested that Fe(ll) is the physiologically relevant metal
ion for MetAP’s (18). However, a recent study dtsMetAP-
Il suggested that Co(ll) is strictly required to activate this
enzyme. Yang et al.2Q) further suggested that type Il
MetAP’s have different metal binding properties than type |
MetAP’s. Given the fact that the active site ligands in all
MetAP’s are strictly conserved®27) and the three X-ray
crystal structures of both type | and type Il MetAP’s indicate
that the active sites are superimposati@-(16), one would
expect the metal binding properties of all MetAP’s to be
identical. Therefore, we have examined the metal binding
properties oPfMetAP-II so that a direct comparison of both
type | and type Il MetAP enzymes can be made under
identical experimental conditions.
‘ To effectively study thefMetAP-11 enzyme by spectro-
{ scopic techniques, the gene that encoBédetAP-II was
» cloned and placed into a pET 27Ab(expression vector. After
overexpression and purification, a 5-fold increase in enzyme
L B B B production was observed, allowing 100 mg of purified
2.8 2.9 3.0 3.1 32 33 PfMetAP-II to be obtained frm 5 L fermentation growth.
1/T*1000K™! This increase ifPfMetAP-Il overproduction provides us the

FiGURE6: Arrhenius plot of Irkecvs 17T for Co(l)- (@) and Fe(ll)- opportunity to perform a detailed structurfinction analysis

loaded @) PfMetAP-II. The solid and dashed lines are direct fits Of type Il MetAP’s via detailed kinetic, spectroscopic, and
to the Arrhenius equation. X-ray crystallographic studies. The as-purifietMetAP-I,

to which no exogenous metal ions or EDTA was added, was
Table 2: Thermodynamic Parameters for the Hydrolysis of MGMM  shown to have~1.2 equiv of zinc and-0.1 equiv of iron

6.0

5.8

5.6

Lnk_,

5.4

5.2

5.0

coabe v ety b b by b b b b b e b b ey g b

AH* AGH ASH present by ICP-AES analysis. This enzyme had a specific
enzyme (kd/mol)  (kd/mol)  (kd/mol)  (Fmol1-K2) activity of ~5 units/mg, a 60-fold decrease from the fully
Co(ll)-PMetAP 13.3 11 46 ~119.7 loaded Co(ll) or Fe(ll) enzymes. When two additional
Fe(ll)-PiMetAP 19.4 17 46 —99.7 equivalents of Zn(ll) were added to the as-purifigitVietAP-
I, no activity could be detected. Similar results were reported
DISCUSSION for HsMetAP-Il in which 0.78 ppm of Zn(Il) (HsMetAP-

l:[Zn(I)] = 1:1) was found after purification but the

To effectively design small molecules that specifically enzyme was essentially inactiv20j. Moreover EcMetAP-|
target either type | or type Il MetAP’s and act as anticancer, is completely inactive in the presence of Zn(ll). Interestingly,
antibacterial and/or antifungal agents, a knowledge of the the as-purifiedfMetAP-II contained~10% of the required
variety and number of in vivo metal ions is required. Until amount of iron for activity {7). No cobalt could be detected
recently, all MetAP’s studied had been reported to require within the 0.03 ppm detection limit for ICP-AES. Given the
two Co(ll) ions in a dinuclear active sitel3—16). The air sensitivity of the Fe(ll) center in MetAP's, it is logical
conclusion that MetAP’s are Co(ll)-dependent enzymes was that the as-purifie@PfMetAP-1I enzyme exhibited only-2%
primarily arrived at from the reproducible observations that of the activity observed for Fe(ll)-loaddtfMetAP-II under
MetAP’s show high activity in the presence of Co(ll) when strict anaerobic conditions. These data are the first to directly
compared to the activity levels of other divalent metal ions indicate that MetAP’s are Fe(ll)-dependent enzymes. The
(23). However, in all in vitro studies to date, Co(ll) low level of iron detected in the as-purifie@fMetAP-I|
concentrations have been artificially increased to the milli- enzyme is likely the result of overwhelming the iron transport
molar range during purification. Moreover, several metallo- system during overexpression. The combination of these data
proteases with active site ligands similar to those of MetAP’s with previously reported whole cell studies &uMetAP-I
can substitute their native divalent metal ions with Co(ll) in (18) strongly suggests that the in vivo metal ion for all
vitro, and in most cases, active and even hyperactive enzymedMetAP’s is not Zn(ll) or Co(ll) but is, in fact, Fe(ll).
are obtained 24, 25). Because Co(ll) is not abundant in PfMetAP-II can be fully activated by both Co(ll) or Fe(Il)
nature and no biological systems require Co(ll), except (Table 1). The kinetic parameters display similarities to
vitamin By, where the cobalt ion resides in a very rigid corrin - EcMetAP-I and HsMetAP-II (17, 20). Moreover, the ob-
ring system 24), the suggestion that MetAP’s are Co(ll)- servedK, values for Fe(ll)-loadedPfMetAP-II are almost
dependent hydrolases has been called into questigri g, always smaller than those for the Co(ll)-loaded enzyme. The
26). Walker and Bradshaw reported that the type | MetAP substrate binding affinityK,) is largely affected by the
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amino acid in the Plposition as well as the length of the

polypeptide used as the substrate. For the substrates MAS,

MGMM, and MSSHRWDW, theK, values are in the
millimolar range, but th&,, value decreased for both Co(ll)-
and Fe(ll)-loadedPfMetAP-II as the peptide chain length

increased. For comparison, assayed in the presence of 0.5

mM Co(ll), SAMetAP-I showed &, value of 6.6 mM for
the tetrapeptide MGMM while th&,, value toward the
octapeptide MSSHNTDT was found to be 0.019 mBA)(
This difference ik is likely because a longer peptide can

Meng et al.

Scheme 1

ky
_—

k.

Co(Il) + PfMetAP-II [Co(ID)_(PfMetAP-ID)]

ky
2.
—_—

k.

Co(Il) + [Co(II)_(PfMetAP-ID)] [Co(IDNCo(ID(PfMetAP-11)]

ion to all MetAP’s is inhibitory, which would imply that
the second metal ion either has no catalytic role or is
regulatory. Inhibition of catalytic activity by excess divalent

interact with other amino acid residues in or near the active metal ions has also been observed for other mononuclear

site.

X-ray crystallographic studies diisMetAP-Il, PiMetAP-
II, and EcMetAP-I have all shown that two Co(ll) ions reside
in a dinuclear active site with a MM distance ranging from
2.9t0 3.1 A 13—16). However, it has also been shown that
one metal ion is loosely associated withcMetAP-I,
SdVetAP-I, and the human homologue of the rat initiation
factor 2 associated proteirlq, 26, 28). Recent EXAFS
studies orEcMetAP-I revealed the lack of a dinuclear site

metalloenzymes such as carboxypeptidaag when over-
expressed irE. coli (32), bovine carboxypeptidase /A3,

34), and thermolysin35). Inhibition of carboxypeptidase A
was attributed to excess metal ion binding to an amino acid
residue near the metallo active site that was involved in
catalysis 83). In addition, the authors proposed that a
bridging hydroxide, inserted between the two metal ions,
forming a dinuclear site, was the result of the second metal
ion binding event. This proposal was corroborated by X-ray

at enzyme concentrations of 1 mM even in the presence ofcrystallography where the structures of carboxypeptidase A

excess divalent metal ion&9). These data strongly suggest
that, under physiological conditions, a dinuclear active site
does not form in MetAP’s. The observation that MetAP’s

as well as thermolysin in the presence of excess metal ion
revealed two coordinated metal ions forming:ehfydroxo)-
dizinc(ll) core with a Zr-Zn distance of 3.48 and 3.2 A,

are dinuclear metalloproteases is based solely on X-rayrespectively $5-37). Therefore, the observation that the
crystallographic studies in which at least a 10-fold excess addition of excess metal ions ®©cMetAP-I, SAVetAP-I,

of Co(ll) was added to millimolar concentrations of enzyme
during crystallization13—16). The lack of a dinuclear center
is also consistent with ICP-AES analyses EdMetAP-I,
which indicated that, upon the addition of divalent metal ions,
only one is tightly bound per enzyme moleculer), ICP-
AES analyses oPfMetAP-Il also revealed only one divalent

metal ion tightly bound per enzyme molecule, under anaero-

bic conditions, similar t&ecMetAP-I.
Titration of apoPfMetAP-11 (8.3 uM) with either Co(ll)

HsMetAP-Il, and PfMetAP-II inhibited enzymatic activity
suggests that inhibition is likely due to the occupation of
the second metal binding site, similar to carboxypeptidase
A.

To further examine the metal binding properties of
PfMetAP-II, the electronic absorption spectra of Co(ll)-
loadedPfMetAP-II (1 mM) were recorded. Upon the addition
of 1 equiv of Co(ll) under anaerobic conditions, three
resolvable e-d transitions at 525, 562, and 590 nm=

or Fe(Il) under anaerobic conditions revealed that both metal 72, 110, and 93 M cm™, respectively) were observed. On

ions fully activate the enzyme after the addition of only 1
equiv (Figure 2; inset). Further additions of up to 5 equiv of
Co(ll) or Fe(ll) did not alter the enzymatic activity. Fits of
these titration data provided dissociation constakit$ for
the first metal binding site of 50 and 20 nM for Co(ll)- and
Fe(ll)-loadedPfMetAP-Il, respectively. Since only one metal
ion is bound to the enzyme active site, thd&e values
correspond to the microscopic binding constants for the
binding of a single metal ion t@MetAP-Il. K4 values of
300 and 200 nM have been reported for Co(ll)- and Fe(ll)-
loadedEcMetAP-I (17), respectively, which are similar in
magnitude to those observed fBfMetAP-1I. TheseKq
values are also similar t§y values obtained for several other
hydrolytic enzymes that contain carboxylate-rich active sites.
For example, th&y value for the first metal binding site of
the aminopeptidase from. proteolyticais 1 nM (29), the
clostridial aminopeptidase exhibit¥a value of 2uM (30),
the clostridial AMPP has a reportég value of 7uM (30),
and thes-lactamase fronBacillus cereudas a divalent metal
ion Kq value of 620 nM 81).

The addition of 8 equiv of divalent metal ionsRiMetAP-
Il up to 400 equiv, inhibited the enzymatic activity by
~30%. Similar results were observed f&cMetAP-I,
SdvietAP-1, andHsMetAP-II in which the addition of excess
divalent metal ions inhibited the enzymatic activifyr( 20,

the basis of ligand-field theon2p), these data indicate that
the first Co(ll) ion to bind toPfMetAP-Il resides in a
pentacoordinate site, in agreement with X-ray crystallography
(14). These data are also nearly identical to those previously
reported folEcMetAP-I (17), further suggesting the similarity

in the active sites of both type | and type Il MetAP’s. Upon
the addition of 2 equiv of Co(ll) the absorption spectrum
does not change appreciably but the molar absorptivity
continues to increase until more than 7 equiv of Co(ll) have
been added. These data suggest that the second Co(ll) ion
also resides in a pentacoordinate environment but that it is
loosely bound to the enzyme. Fits of the two absorption
maxima at 525 and 562 nm providedaat pH 7.5 for the
second metal binding site of 0.35 mM. Therefore, the ability
of PfMetAP-II to bind one vs two divalent metal ions is very
different (17.5x 10° times), indicating that under physi-
ological conditions the second metal binding site is un-
occupied. On the basis of these data, we propose that
PfMetAP-II functions as a mononuclear hydrolase in vivo
similar to that ofEcMetAP-1 (17). However, Yang et al.20)
recently suggested thetisMetAP-II requires two Co(ll) ions

for full enzymatic activity to be achieved, based on the
titration of Co(ll) ions under aerobic conditions into a 100
nM HsMetAP-1I sample with 1 equiv of tightly bound Zn(ll).
On the basis of simple equilibrium principles, as outlined in

26). These data suggest that the binding of a second metalScheme 1, and the assumption thatkeralue for the first
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metal binding site inHsMetAP-Il is 50 nM, the value
reported herein forlPfMetAP-II, under the experimental
conditions reported by Yang et aR@), HsMetAP-II, would
only have~0.5 equiv of Co(ll) bound at a Co(ll) concentra-
tion of 100 nM. This calculation assumes tlégMetAP-I|

is apo but, in fact, 1 equiv of Zn(Il) was present which likely
competes with Co(ll) binding at the active site. Therefore,
the low level of activity observed foHsMetAP-II in the
presence of 1 equiv of Co(ll) (100 nM) is quite reasonable

as is the observed increase in activity in the presence of 100

equiv of Co(ll) (10uM). At a Co(ll) concentration of 10
uM, the total Co(ll) concentration would now be at least
10-fold greater than the equilibrium constant, providing an
HsMetAP-1l enzyme that has one Co(ll) binding st®5%
filled. Therefore, the data reported by Yang et @0)(are
completely consistent withisMetAP-II functioning in vivo

as a mononuclear metalloprotease, identicadt¢MetAP-I
and PfMetAP-I1.

An important question in understanding the cleavage of
N-terminal methionine residues from polypeptide chains by
MetAP’s is “what is the rate-limiting step in the catalytic
reaction?” SincePfMetAP-Il is stable at 75°C for 1 h,
PfMetAP-II provides the unique opportunity to determine

Biochemistry, Vol. 41, No. 23, 2002207
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FiGurRe 7: Proposed active site structure of Fe(ll)-loaded MetAP’s.
The amino acid numbering is f&cMetAP-I with the amino acid
numbers forPfMetAP-II in parentheses.

excess divalent metal ions inhibit enzymatic activity. Fur-
thermore, electronic absorption spectra of [(RiMetAP-

] like [Co-(EcMetAP-I)] suggest that the first Co(ll)
binding site is five coordinate, consistent with X-ray crystal-
lographic data. The only difference observed in divalent
metal binding properties between type | and type Il MetAP’s
is the magnitude of th&y values for both metal binding
sites. TheKy values observed for type Il MetAP’s are
approximately 10 times smaller than those observed for type

the activation parameters of the E&@&mplex over a wide | enzymes. These data suggest that the 62 amino acid insert
temperature range. Construction of an Arrhenius plot from found in type Il MetAP’s alters the enzyme structure in such
the temperature dependencePdifletAP-I1 activity indicates a way as to increase the enzyme’s affinity for divalent metal
that the rate-limiting step does not change as a function of ions. Combination of the data presented herein with divalent

temperature and is product relea®®)( The activation energy
(Ey) for the activated EScomplex is 13.3 and 19.4 kJ/mol
for Co(lIl)- and Fe(ll)-loadedPfMetAP-II, respectively. These
data are approximately one-half th& reported for the
aminopeptidase frorA. proteolytica(36.5 kJ/mol) which has
an activation energy similar to those of Pronase and both
thermolysin and carboxypeptidase 28(-40). The enthalpy

of activation calculated over the temperature range &5

°C is 11.0 and 17.0 kJ/mol for Co(ll)- and Fe(ll)-loaded
PfMetAP-Il, respectively, while the entropy of activation was
found to be—119.7 and—99.7 J mot!-K~1 for Co(ll)- and
Fe(ll)-loaded PfMetAP-Il, respectively, at 25°C. The
positive enthalpy is indicative of a conformation change upon
substrate binding, likely due to the energy of bond formation
and breaking during nucleophilic attack on the scissile

carbonyl carbon of the substrate. On the other hand, the large
negative entropy value suggests that some of the molecular

motions are lost upon EQomplex formation possibly due
to hydrogen bond formation between catalytically important
amino acids and the substrate. All of these factors contribute
to the large positive free energy of activation. Interestingly,
Fe(ll)-loaded PfIMetAP-II is 1.4 times more active than
Co(ll)-loadedPfMetAP-II at 85°C. However, th&,, values

for both Co(ll)- and Fe(ll)-loade&fMetAP-II are identical,
within experimental error, indicating that Fe(ll)-loaded
PfMetAP-Il is a much better catalyst at the optimum growth
temperature of. furiosug(85 °C). These data further suggest
that Fe(ll) is the physiologically relevant metal ion.

In conclusion, the data presented herein provide new
evidence that MetAP’s are Fe(ll) metalloproteases (Figure
7) on the basis of the fact that the as-purifiefMetAP-II
contains both iron and zinc; however, Zn(ll) does not activate
the enzyme, but Fe(ll) provides a fully active enzyme, under
anaerobic conditiongfMetAP-Il, like EcMetAP-I, is fully
active in the presence of 1 equiv of Co(ll) or Fe(ll), and

metal binding data previously reported for all MetAP’s,
including HsMetAP-II, suggests that type Il MetAP’s bind
metal ions in exactly the same way as type | MetAP’s. These
data are not surprising since all MetAP active site ligands
are strictly conserved and the active sites of the three
crystallographically characterized MetAP’s are completely
superimposable. Therefore, all MetAP’s likely function as
mononuclear Fe(ll) metalloproteases under physiological
conditions.
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