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Abstract: Equilibrium dialysis of methionyl aminopeptidase from Escherichia coli (EcMetAP) monitored by
atomic absorption spectrometry and magnetic circular dichroism (MCD) shows that the enzyme binds up
to 1.1 + 0.1 equiv of Co?* in the metal concentration range likely to be found in vivo. The dissociation
constant, Ky, is estimated to be between 2.5 and 4.0 M. Analysis of the temperature and magnetization
behavior of the two major peaks in the MCD spectrum at 495 and 567 nm suggests that these transitions
arise from Co?* with different ground states. Ligand field calculations using AOMX are used to assign the
495 nm peak to Co?" in the 6-coordinate binding site and the 567 nm peak to Co?* in the 5-coordinate site.
This is further supported by the fact that the binding affinity of the Co?" associated with the 567 nm peak
is enhanced when the pH is increased from 7.5 to 9.0, consistent with having an imidazole ligand from a
histidine amino acid residue. On the basis of the MCD intensities, it is estimated that, when the 5-coordinate
site is fully occupied, 0.1 equiv of cobalt is in the 6-coordinate site. Even when the cobalt concentration is
very low, there is a small fraction of binuclear sites in EcMetAP formed through cooperative binding between
the 5- and 6-coordinate Co?* ions. The magnetization behavior of the 6-coordinate Co?>* MCD peak is
consistent with an isolated pseudo-Kramer doublet ground state, suggesting that the cobalt ions in the
binuclear sites are not magnetically coupled.

Introduction the catalytic domain near the C terminuBepending on the
species, both classes of MetAPs may have an additional
N-terminal sequence of 60 or more amino acids. MetAP isolated
from Escherichia coli EcMetAP, has a catalytic domain
structurally related to the eukaryotic type 1 enzyme, while
r]\/IetAP isolated fromPyrococcus furiosysPfMetAP, has a
%atalytic domain structurally related to the type 2 enzyme.
Crystal structures of type 2 human MetARsMetAP2 (PDB
BN5)2 EcMetAP (PDB 1MAT, 2MAT)1911 and PfMetAP
PDB 1XGS}Y2 have been reported. Despite the additional

Methionyl aminopepdidase (MetAP) catalyzes the hydrolytic
removal of N-terminal methionine residues from newly formed
proteins. MetAP is just one of a number of metalloaminopep-
tidases which are essential in protein maturation and degradatio
processes. This group of enzymes has been the subject of
recent review. MetAP plays a key role in angiogenesis, the
growth of new blood vessels, which is necessary for the
progression of diseases such as solid tumor cancers an

. 23
rheumat0|_d arthr|t|§. M_etAP has bee_n _shown to be '_[h_e target catalytic domain inserts found iHsMetAP2 andPfMetAP, the
of two anti-angiogenesis drugs, ovalicin and fumagitlif,so L . . . -
. ._metal binding sites of all three proteins are nearly idenfical.
there has been a large research effort directed at understanding ) ) . -
The active site forEcMetAP is shown in Figure 1 It

the mechanism of MetAP and how to design effective inhibitors. . L o
contains two metal binding sites indicated by Co(1) and Co(2).

Two classes of MetAPs, type 1 and type 2, are found in . : L .
! . Ligands for Co(1) are provided by the imidazole nitrogen of
eukaryotes. Type 2 MetAPs differ from the type 1 MetAPs in His 171, one oxygen each from the carboxylates side chains of

that they have an additional insert of amino acid residues in Glu 204, Glu 235, and Asp 108. The ligand set of Co(2) includes

(1) Lowther, W. T.; Matthews, B. WChem. Re. 2002 102, 45814607 one oxygen from each of the carboxylate side chains of Glu

(2) Folkman, JNat. Med.1995 1, 27—31. 235 and Asp 108 (which bridge the metals) and a bidentate
(3) Bradshaw, R. A.; Yi, EEssays Biochen2002 38, 65—78.
(4) Taunton, JChem. Biol.1997, 4, 493-496.

(5) Sin, N.; Meng, L.; Wang, M. Q. W.; Wen, J. J.; Bornmann, W. G.; Crews, (9) Arfin, S. M.; Kendall, R. L.; Hall, L.; Weaver, L. H.; Stewart, A. E.;

C. M. Proc. Natl. Acad. Sci. U.S.A.997 94, 6099-6103. Matthews, B. W.; Bradshaw, R. Rroc. Natl. Acad. Sci. U.S.A995 92,

(6) Griffith, E. C.; Su, Z.; Turk, B. E.; Chen, S.; Chang, Y.-H.; Wu, Z; 7714-7718.
Biemann, K.; Liu, J. OChem. Biol.1997, 4, 461—471. (10) Roderick, S. L.; Matthews, B. \Biochemistry1993 32, 3907-3912.

(7) Lowther, W. T.; McMillen, D. A.; Orville, A. M.; Matthews, B. WProc. (11) Lowther, W. T.; Orville, A. M.; Madden, D. T.; Lim, S.; Rich, D. H.;
Natl. Acad. Sci. U.S.A1998 95, 12153-12157. Matthews, B. W.Biochemistry1999 38, 7678-7688.

(8) Liu, S.; Widom, J.; Kemp, C. W.; Crews, C. M.; Clardy,Stiencel 99§ (12) Tahirov, T. H.; Oki, H.; Tsukihara, T.; Ogasahara, K.; Yutani, K.; Ogata,
282 1324-1327. K.; Izu, Y.; Tsunasawa, S.; Kato, J. Mol. Biol. 1998 284, 101-124.
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calorimetry titrations, EPR, NMR, and EXAFS. It was deter-
mined that these enzymes reached a maximum in specific
activity when 1 equiv of C& was added. NMR and EXAFS
were employed to show that the high-affinity metal binding site
is Co(1). The dissociation constant&, of Co(1) and Co(2)
were estimated by activity titration to be 088 0.2 uM and

2.5 + 0.5 mM, respectively, inEcMetAP 15> Similarly, the
dissociation constants for Co(1) and Co(2) were estimated to
be 0.05+ 0.015uM and 0.35+ 0.02 mM, respectively, in
PfMetAP 2L It was argued that, with such a large difference in
metal binding affinity, only the Co(1) site would be occupied
at physiological metal ion concentrations.

Crystal structures oHsMetAP complexed with a natural
angiogenesis inhibitor, fumagillin (PDB 1BOA), and two
Figure 1. Active site structure oEGMetAP as taken from ref 11 (PDB gy nthetic analogues, ovalicin (PDB 1B59) and TNP 470 (PDB
2MAT). Only the amino acid side chains that serve as ligands to the metals . . .
are shown, and only the waters (or hydroxides) that are bound to the metals1B6A), show interactions (not necessarily bonds but closer than
are shown. Hydrogen atoms are not shown. Reprinted from ref 11. Copyright the van der Waals radii) of the bound inhibitors with both Co(1)
1999 American Chemical Society. and Co(2§ It has been proposed that the fumagillin complex
with EcMetAP is similar’ Likewise, a structure oEcMetAP
o0 .. complexed with a bestatin-based inhibitor shows that the
PfMetAP crystal structures a bridging water or hydroxide is inhibitor is bound to both cobal® A number of other

i 1 H 1,12 . 3
found, giving Co(1) a fifth ligand:-?In theEQVetAP structure . hjexes of transition-state analogues and reaction products
a water ligand is found for Co(2), making it 6-coordinate. with EcMetAP show interactions with both met&.

Al three structures are repqrted with two coba!t I0NS "~ There is other evidence in addition to the crystal structures
occupying the Co(1) and Co(2) sites, and all MetAPs isolated that EcMetAP is a bimetallic hydrolase. One study reports a

. . 13 N
so far are active with C0.%% The combination of these  c2+ymrotein] ratio of 1.6 when wild-typEVIEtAP is isolated
observations led many to assume that all MetAPs contained 3from the growth medium with no added cobalt. When any of

bmucl_ea: co(;)glt r;ctlve s:cte in vwg. Hé)vxllever, Fhesz MeéA_PS the Co(1) or Co(2) amino acid ligands are replaced by amino
were isolated in the apo form, and cobalt was introduced InNto 5 +iqs yith side chains that cannot function as metal ligands,

the protein in vitro. Recently, cobalt as the physiologically g resulting mutanEcMetAP isolated from the medium has
relevant metal has been challenged. Arguments have been madﬂ0 bound cobal? A kinetic study of different metals and

i + i i ,14
in support of ZA™ as the in vivo metal for yeast MetAP; substrates onHsMetAP concluded that two metals were

+ i i 15-17
and of Fé as_the In vivo metal foOECMEtAP. F_’a_rt of the necessary for full activitg? however, this conclusion has been
argument against cobalt is based on the fact that it is much rarer. o ¢ ted2l

in cellular media than either zinc or iron. Isolation of the While the type of metal may not be crucial to reach an

Elme;alllc prollc{[aze frpr.rP. Iﬁrlosusvytl)t.?tatﬁotl?ﬁ goba}It lon al understanding of how MetAPs function, the number of metals
as been reported, raising the possibility that In€ In VIVo Metal 3, 1he 4ctive site almost certainly will be important for a

for PMetAP could also be cobalt It has been suggested that mechanistic understanding. The search for new and more potent

the in vivo metal is determined by ar_nb_lent Ievel_s of metal N MetAP inhibitors as possible anti-angiogenesis drugs should be
the organism, and may even vary within a species OlelOend'nginfluenced by knowing whether MetAP is a monometallic or

upon local environmental conditioﬁé? “"While specific activity ..__bimetallic enzyme under physiological conditions. Over the
is dependent on which metal occupies the Co(1) and Co(2) S|tes,Course of our magnetic circular dichroism (MCD) study of
there is no evidence that the mechanism of active MetAPs VarieSEd\/IetAP we attempted to prepare samples for MCD which

with the type of metal. . . . .
. contained only a single Cb in the Co(1) site. When we added
Recently, it has been proposed tBaMetAP andPiMetAP 1 equiv of C8" to EcMetAP, we reproduced the published

i i e 17,21 Thi i . i
E\re n:jonometalhg hyd;o:ase%m V'%.' | Lh's cont(.:IH[smi.rtl ths electronic absorption spectrum, but the MCD spectrum could
ased on experimental evidence Inciuding activity ttrations, -,y e interpreted with only a single type of €oEven in

(13) Walker, K. W.: Bradshaw, R. AProtein Sci.1998 7, 2684-2687. preparations in which the [Co]/[protein] ratio was less than

81513 }Ns'sllgger, K. Wv B'(Aad?aw, ?t. /él' B(i:0I. %him,llg?f |274h13§0}h1340t9' 1, the MCD spectrum could not be understood in terms of only

a, souza, V. ., bennett, b.; COpIK, A. J.; R0IZ, R. Blochemistry . . . . .

2000 39, 3817-3826. (b) Copik, A. J.; Swierczek, S. I.. Lowther, W. T.; & Single type of C&'. This led us to reexamine the €abinding
D'souza, V. M.; Matthews, B. M.; Holz, R, CBiochemistry2003 42 equilibrium withEcMetAP using anaerobic equilibrium dialysis
6283-6292. (c) Bennett, B.; Antholine, W. E.; D’souza, V. M.; Chen, G.; . i .

Ustinyuk, L.; Holz, R. C.J. Am. Chem. So®002 13025-13034. (d) ~ Monitored by MCD and atomic absorption (AA) spectrometry.

D’souza, V. M.; Swierczek, S. I.; Cosper, N. J.; Meng, L.; Ruebush, S.; We have also assigned the electronic absorption and MCD
Copik, A. J.; Scott, R. A.; Holz, R. CBiochemistry2002 41, 13096~ . R g . P
13105. spectra using ligand field calculations based on the angle overlap
(16) D’souza, V. M.; Holz, R. CBiochemistry1999 38, 11079-11085.
(17) Cosper, N. J.; D'souza, V. M.; Scott, R. A.; Holz, R.Blochemistry2001, method (AOM)'
40, 13302-13309.
(18) Ghosh, M.; Grunden, A. M.; Dunn, D. M.; Weiss, R.; Adams, M. W. W.  (22) Lowther, W. T.; Zhang, Y.; Sampson, P. B.; Honek, J. F.; Matthews, B.

carboxylate side chain from Asp 97. In both theMetAP and

J. Bacteriol.1998 180, 4781-4789. W. Biochemistry1999 38, 14810-14819.
(19) Kobayashi, M.; Shimizu, SEur. J. Biochem1999 261, 1-9. (23) Chiu, C.-H.; Lee, C.-Z,; Lin, K.-S.; Tam, M. F.; Lin, L.-Yd. Bacteriol.
(20) Lowther, W. T.; Matthews, B. WBiochim. Biophys. Acta00Q 1477, 157— 1999 181, 4686-4689.

167. (24) Yang, G.; Kirkpatrick, R. B.; Ho, T.; Zhang, G.-F.; Liang, P.-H.; Johanson,
(21) Meng, L.; Ruebush, S.; D’souza, V. M.; Copik, A. J.; Tsunasawa, S.; Holz, K. O.; Casper, D. J.; Doyle, M. L.; Marino, J. P.; Thompson, S. K.; Chen,

R. C. Biochemistry2002 41, 7199-7208. W.; Tew, D. G.; Meek, T. DBiochemistry2001, 40, 10645-10654.
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Materials and Methods of Gaussian peaks using GRAMS/AI software (Thermo Electron Corp.).
The heights of the Gaussian peaks were used for quantitative calcula-
tions.

AOM CalculationsAngular overlap method calculations were made
tusing AOMX, a program based on routines developed by Hoggard for

Enzyme Purification. A starter culture of the modifiel. coliwas
kindly provided by Professor W. Todd Lowther, Department of
Biochemistry, Wake Forest University of MedicinEcMetAP was

overexpressed and purified according to a published method excep N = :
Cc?* was excluded from the elution buffer in the final Superdex 75 Hi d° transition-metal ions and extended to systems by Adamsky/.

load column chromatography stépVe noted, as have others, that AOMX determines the optimum ligand field parameters needed to fit
EcMetAP is sensitive to aggregation/precipitation induced by divalent an observed set of-ed transitions based on a given structure. Co(1)
metals. All water used was first purified by reverse osmosis and then @nd Co(2) were treated separately. Input to AOMX requires the ligand
passed through a Hydro Picotech 2 purifier that included columns to coordinates (polar, 6, ¢ or Cartesiarx, y, z) assuming that the metal
remove carbonaceous materials and metals. This polished water hads at 0, 0, 0. The latest PDB structure f6cMetAP, 2MAT, was used
no detectable levels of Mn, Fe, Co, Ni, Cu, or Zn by graphite furnace to create a file containing only the active site metals and their ligands
AA. Nevertheless, as an added precaution, all buffers used in the final Using RASMOL. This abbreviated file was then exported to CS
steps of the purification (after the six-His tag was removed) were treated ChemDraw 3D. In ChemDraw 3D, each metal was in turn set at the
with Chelex 100 resin (Bio-Rady. Protein concentrations were origin and the Cartesian coordinates of the ligand atoms were generated.
estimated by absorbance at 280 nm using an extinction coefficient of AOMX outputs the polar coordinates when given the Cartesian
16350 Mt cm L7 Activity was measured as previously described using coordinates, so a check against the mefigand bond distances (easily
the tetrapeptide MetGlyMetMet (Sigma) as substfates a precaution obtained from RASMOL) is used to confirm that there are no errors in
against oxidation, 15 mM methionine was added to all buffers during the coordinate input. The Co(1) ligand set includes the imidazole
the purification steps. This methionine was removed by anaerobic nitrogen from His 171 at 2.15 A, a bridging carboxylate oxygen from
dialysis versus 25 mM HEPES (Sigma) buffer, pH 7.5, containing 150 Asp 108 at 1.91 A, a carboxylate oxygen from Glu 204 at 2.08 A, a
mM KCI using a 10000 MWCO Slide-A-Lyzer (Pierce) dialysis bridging carboxylate oxygen from Glu 235 at 1.99 A, and an oxygen
cassette. Removal of the methionine is essential before any opticalfrom a bridging hydroxide or water at 2.14 A. The Co(2) ligand set
measurements as &oforms a complex with methionine having an  includes two oxygens in a bidentate carboxylate from Asp 97 at 2.13
absorption maximum at 540 nna £ 65 M~ cm™%, assuming that the and 2.37 A, a bridging carboxylate oxygen from Asp 108 at 2.04 A, a
reaction between 1 mM Co and 15 mM methionine goes to  bridging carboxylate oxygen from Gsu 235 at 2.15 A, an oxygen from
completion at pH 7.5 to form 1 mmol of complex). the bridging hydroxide/water at 2.08 A, and a water oxygen at 2.20 A.
Anaerobic Dialysis.All handling of EcMetAP after methionine was AOMX does not use the bond distances to fit the spectrum; only the
removed was done anaerobically. Dialysis of cobalt into or out of bond angles are important (and are fixed at those given by the crystal
enzyme solutions is accomplished using either 0.5 or 3.0 mL 10000 structure), but the bond distances are reflected by the magnitude of the
MWCO Slide-A-Lyzer dialysis cassettes (Pierce). Large volumes of resulting ligand field parameters, ande,.2
buffer were first degassed by He sparging, and then smaller volumes
of the degassed buffer were frozen and placed under vacuum duringResults
transfer into the glovebox while they thawed. Enzyme was loaded into
the dialysis cassettes in the glovebox and placed into 200 mL of MCD Spectrum and Analysis. Figure 2 shows the MCD
degassed buffer in a 250 mL Kontes jacketed reaction beaker. Coolantand absorption spectra &cMetAP having 0.8 equiv of Cg/
from an external bath was circulated through the reaction beaker jacketmgl of protein. The protein samples were prepared by anaerobic
to keep the dialysis buffer and enzyme aicl dialysis versus buffer containing 20M Co2*. The absorption
Physical Measurements Absorption spectra were recorded on a  gpactrym is nearly identical with that previously published for
Cary GQOO| UV/ws/near-_lnfrared absorption spectr_ometer. Cobalt Was £ etAP with [Co]/[MetAP]= 1, but the molar absorptivities,
determined on a Perkin-Elmer 4110 ZL graphite furnace atomic . .
based on protein concentration, are about 20% lower than those

absorption spectrometer with Zeeman background correction. The AA . .
method was set at the manufacturer's recommended conditions for '€POrted due to the fact that the protein has only 0.8 equiv of

cobalt at 242.5 nm. The instrument was calibrated between 0 and 40Pound cobalt>*Four peaks, counting a weak shoulder between
ppb cobalt using a standard of 99.999% pure G@&ELO (Janssen 490 and 540 nm centered at about at 526 nm, were observed in
Chimica) dissolved in 0.2% trace metal grade nitric acid (Fisher). the visible region at 685, 629, 571, and 526 nm. The MCD
Enzyme samples were diluted with buffer to bring them into the spectrum in Figure 2 has three of the same four peaks (some
calibration range. Buffer was used as the blank, but cobaltin the buffer p|ye shifted because of the low temperature), but remarkably
was not detected. MCD spectra were recorded at 2 nm bandwidth ONthe MCD is dominated by the peak at 495 nm. There is an
a JASCO J-600 spectropolarimeter equipped with an Oxford SM-4 additional feature at 472 nm. The MCD bands at 472, 495, 567,

magnet/cryostat with an Oxford ITC-4 temperature controller. Tem- d 625 ¢ t d dent and th Ct
peratures were measured with a Lake Shore Cryogenics carbon/glas?n nm are temperature-dependent an us are erms

resistor calibrated between 1.45 and 99.99 K and located 2 mm from associated with the paramagnetic?’Cé& There is a weak,

the sample. Samples were mixed with degassed glycerol (99.5%, Sigmate€mperature-independent, A term near 408 nm that is associated
Aldrich) in a ratio of 1 part protein in buffer to 2 parts glycerol (v/v), ~Wwith aromatic residues in the protein. In more concentrated
and placed in a 0.62 cm path length brass cell with quartz windows. samples oEcMetAP an additional weak MCD peak is observed
The zero-field spectrum was subtracted as a baseline as well as a dialysigt 679 nm.

buffer blank. The latter had a small contribution near 500 nm from

free C@* added t_o the t_aqumbrlum dialysis buffer. Deta_lls of variable- (27) Hoggard, P. ETopics in Current ChemistrSpringer-Verlag: Berlin, 1994;
temperature variable-field (VTVH) MCD data collection have been Vol. 171, pp 113-141. The AOMX program is maintained by H. Adamsky,

reviously publishe@ MCD spectra were fit to the minimum number Institut fur Theoretische Chemie, Heinrich Heine Universitat, Duesseldorf,
P yp P Germany, e-mail adamsky@theochem.uni-duesseldorf.de. The program

can also be run on the Web using the AOMX server at http://

(25) Larrabee, J. A.; Thamrong-nawasawat, T.; Mon, SAal. Biochem1999 www.theochem.uni-duesseldorf.de/users/heribert/aomx/start. main.html.
269, 194-198. (28) (a) Johnson, M. K. IfPhysical Methods in Bioinorganic ChemistiQue,
(26) Larrabee, J. A,; Alessi, C. M.; Asiedu, E. T.; Cook, J. O.; Hoerning, K. L., Ed.; University Science Books: Sausalito, CA, 2000; Chapter 5. (b)
R.; Klingler, L. J.; Okin, G. S.; Santee, S. S.; Volkert, T.J..Am. Chem. Krzystek, J.; Zvyagin, S. A.; Ozarowski, A.; Fiedler, A. T.; Brunold, T.

S0c.1997 119, 4182-4196. C.; Telser, JJ. Am. Chem. So2004 126, 2148-2155.
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Figure 4. ldealized schemes for ground-state splitting in 6- and 5-coordinate

Cc?*. The left diagram is for an octahedral ground state. The dominant

1 0 zero-field splitting is due to in-state spitrbit coupling. If; = 450 cn1?,

400 500 600 700 800 900 then the difference between tlie= 1/2 andJ = 3/2 levels would be 225
cm™L; thus, only thel = 1/2, “pseudo-Kramer doublet” would be populated

Wavelength (nm) at low temperatures. The right diagram is applicable to either of the two

Figure 2. MCD (top) and electronic absorption (bottom) spectra of idealized 5-coordinate geometrid3g, or C4,, because the ground state is

ECMetAP in 25 mM HEPES, 150 mm KClI buffer at pH 7.5. Cobalt was 4A in both cases. In 5-coordinate geometry the zero-field splittigis

introduced by anaerobic dialysis versus;2@ Co?". The MCD spectrum small because any spirrbit coupling must involve a higher enerdg

was recorded at 1.6 K at a magnetic field of 3.5 T on a sample 0.3 mM in term. MCD intensity can arise simultaneously from th&/2 and+1/2

protein. The bound cobalt to protein ratio was determined to be 0.8 by AA. 18vels, causing a complex magnetization curve. At high magnetic fields,

Superimposed on the MCD spectrum is the best fit of the data to four the=3/2 and+1/2 levels will mix?%°The figure is drawn for a positivA.

Gaussian peaks after peak deconvolution. The absorption spectrum wash negativeA would have thet3/2 level lower than the-1/2 level.

recorded at room temperature versus the dialysis buffer on the same sample

but without added glycerol (0.9 mM). A 0.9 mM aiEMetAP spectrum ions2628 The possibility that the 495 and 567 nm peaks arise

was subtragted as a baseline. The inset is a plot of the 495 and 567 NnMfrom CR* in the Co(2) and Co(1) sites, respectively, was further
MCD peak intensities versus temperature at 3.5 T. Bathid ande scales
are based on protein concentration. explored.

A more detailed way to look at ground states is to compare
magnetization plots. Figure 3 shows the plot of the low-
temperature MCD intensity of the 495 nm peak verstt
2KT. The agreement in MCD intensities having the same value
of SH/2KT but obtained at three different temperatures is an
indication that the transition arises from a simple Kramer
doublet?®a This at first may seem unlikely as octahedraPCo
has &T14ground state; however, th€4 ground state is subject
to strong in-state spinorbit coupling which leads to a large
zero-field splitting 100 cnT1).2629 The large zero-field
splitting creates a pseudo-Kramer doublet ground state that can
be treated as an isolated Kramer doublet in the low-temperature
| regime (Figure 4). The low-temperature MCD magnetization
data from the 495 nm band were fit to a simple tanh function
as given in eq #% where Ae is the MCD intensity,l is a

(Lwda W3

50

40

(23
o

Intensity (mdeg)
S

10

0 I I I I I I I
0

01 02 03 04 05 06 07 08 Ac = | tan gﬁH) 4 BH )

BHI2KT 2KT
Figure 3. Magnetization plot of the 495 nm MCD band from the sample ; ; ; ;
used in Figure 2. Data were collected at 1.66, 4.22, and 10 K and magnetit:.ConStantg IS t.he .ISOtrf)pIQ‘J faCtor’,ﬁ is the BOh.r magnetork
fields between 0 and 3.5 T. The line is the best fit to eq 1 \gith 4.45, is the magnetic fieldgis Boltmann’s constanf is the absolute
| = 45.0, andB = 0. temperature, and is the temperature-independent B term
intensity. The fit shown in Figure 3 was made with= 45.0,
g = 4.45, andB = 0. A value of 4.4 is typical for isotropig
values for high-spin, 6-coordinate &g?°-30

The combination of the number and energy of peaks in the
MCD and absorption spectra makes it difficult to attribute them

all to a smglle. type of C&'. The inset of Figure 2 shows the The magnetization curves for the 567 nm peak are shown in

MCD m_ten_smes of the 495 and 557 nhm bands at a fixed Figure 5 at three different temperatures. These curves are very
magnetic field of 3.5 T plotted against temperature. As the different from the curve for the 495 nm band. The 567 nm band

temperature is raised from 1.6 to 50 K, the intensities decrease,curves do not approach saturation, which is evidence that they
as they should for C terms; however, the decrease is more rapid ., o temperature-dependent B term compoffeRtrrther-

for the 495 nm peak thgn for. the 567 .nm pgak. In varia}ble- more, the 567 nm band curves are strongly “nested”, which is
temperature MCD (at fixed field) the intensity change is a

property of the ground state; therefore, this intensity behavior (29 Figgis, B. NIntroduction to Ligand Fieldsinterscience: New York, 1966;

; Chapter 11.
S_nggeStS that the 495 ar_]d 56_7 nm MCD bands arise from two (30) Parish, R. VNMR, NQR, EPR, and Mossbauer Spectroscopy in Inorganic
different ground states, implying two different types of?Co Chemistry Ellis Horwood: New York, 1990; p 193.
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25 T T T T T T Table 1. Summary of AOMX Calculations?
d—d transition, nm
2 | origin in Dsp, obsd calcd
5-coord Co(1) site Az — ‘A(P) 679 666
_ A, — “E(P) 625 612
E’ 47, — 4E(P) 567 557
15 n
E d—d transition, nm
2 - -
0 originin Op, obsd calcd
c
3 10 7 6-coord Co(2) site 4T1g— *T1g(P) 495 495
= 4T1g— 2A14(P) 472 472
5 a AOMX parameters (cmt): 5-coordinate Co(1),(His 171)= 4790,
€,(OH or H,0) = 1490,¢,(Glu 235)= 2820,¢,(Glu 204)= 2260, ¢,(Asp
108) = 2820,B = 740,C = 3400; 6-coordinate Co(2)¢,(bridge OH or
7 H,0) = 3040, ¢4(H20) = 3800, ¢,(Glu 235)= 3460, €,(Asp 97 long)=
[ | | ) | | | 2760,¢e,(Asp 97 short)= 3460,¢,(Asp 108)= 3460,B = 850,C = 3910.
0 &
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 1.2 | | | |
BH/2KT T
Figure 5. Magnetization plot of the 567 nm MCD band from the sample 1F -

used for Figure 2.

obalt

1og(Cal, ,_,Protein)
s

®

typical for S > 1/2 spin systems in which there is a low-lying 3 08
excited state that can be populated at the experimental temper=

atures?® Five-coordinate C& can exhibit zero-field splitting 3 06 - i
(ZFS) which splitst1/2 and4-3/2 spins of théA ground state @
. . . . (=]
by A (Figure 4). Fits of the low-field variable-temperature MCD 04 L
data from the 567 nm band to eq 2 yield an estimate for the §
absolute value oA of 10 &+ 5 cm?! for the ZFS?6 S
5 02
intensity= Z G’aiH + BoH 2 o b e
1 | 1 il
where -8 7 -6 -5 -4 3
1 log [Co]fm
o= = Figure 6. Co?" binding toEcMetAP. [EcMetAP] was 0.1 mM in 25 mM
1+e T pH 7.5 HEPES with 150 mM KCI. After each addition of €oto the
dialysis buffer the dialysis was allowed to equilibrate for 48 h. Then a sample
and was removed from the buffer and from the dialysis cassette, and total [Co]
was determined for both. Total [protein] was determined for the cassette
eﬁA/kT sample. [Caoloungwas determined by difference. Above 801, the precision
72— of the cobalt determination was no longer good enough to measure a
1+e “/kT difference between protein solution and buffer solution. The inset to the

o upper left shows the Hill plot of the data according to eq 3. The Hill plot
The magnetization curves for the 495 and 567 nm peaks has a slope of 1.3 and an intercept of 6.7. The inset to the lower right

explain why the MCD intensities for the 495 and 567 nm bands shows the removal of total cobalt as a function of time. The sample was a

; it i ; ; 0.1 mM EcMetAP sample anaerobically dialyzed versus 0.5 mM'Clor
drop at a different rate with increasing temperature (inset of 48 h. The sample was then dialyzed versus metal-free buffer. Samples were

Figure 2) Populz_ﬂion of the |0_W'|yin¢3/2 state (oe-1/2 state ~ removed from the dialysis cassette for cobalt determination by AA and
if the sign of A is negative) increases as the temperature is protein determination. The metal-free buffer was changed every 3 h.
raised, and since this state could have more intrinsic MCD .

intensity, the peaks associated with the 5-coordinaté*Co CcOmplexest The MCD bands at 567, 625, and 679 nm are

decrease in intensity less rapidly than those peaks associate§Onsistent 6'21 energy and pattern with 5-coordinate*Co
with 6-coordinate C#". A further complication in the magne- complexe$?®* The MCD transition energies at 567, 625, and

tization curve for 5-coordinate Gbis the possibility of field- 679 nm were fit to a 5-coordinate €oion having the same
induced mixing of the+1/2 and the+3/2 state$® The ligand set and geometry as Co(1) using the angular overlap
magnetization curves for the 495 and 567 nm bands are strongM€thod, AOMX=" Table 1 gives the results of the AOMX fits.
evidence that these two transitions arise from two different ~_ Of the five ligands to Co(1) iecVietAP, only the imidazole
ground states. The fit of the VTVH MCD data to a simple nitrogen can be considered a strong-field ligand, and it is at a
Kramer doublet model suggests that there is no low-lying excited "elatively long 2.15 A. The remaining four ligands are made

state and that the 495 nm transition arises from 6-coordinateYP from weaker field carboxylate oxygen and water (or
Co?. hydroxide) ligands. Two of these (the bridging hydroxide/water

AOMX Analysis. The strong negative band at 495 nm and and the carboxylate oxygen from Glu 204) are at about 2.1 A,

weaker band at 472 nm are very S_'Imllar in e“erQY to those of (31) Kaden, T. A.; Holmquist, B.; Vallee, B. llnorg. Chem1974 13, 2585~
MCD spectra reported for a variety of 6-coordinate2Co 2590.
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With this ligand set it is not possible to get spin-allowedd 1

transitions as high in energy as 495 nm from a 5-coordinate

Co*t complex?6 We attempted to fit the 495 nm band to the

5-coordinate Co(1) and could not without allowirg(N) to

exceed 6150 crt ande,(bridging OH or HO) to exceed 5500

cm1, values way in excess of even very strong field ligandsin  ~_ .,

other 5-coordinate Cd complexeg® The 495 nm band can be

fit to a 6-coordinate C&™ having the geometry of Co(2).
Equilibrium Dialysis Monitored by AA. The MCD and

AOMX results show that both 5- and 6-coordinate’Cexist

in EcMetAP even when [C&1] is 20 uM (7 uM after dilution

with glycerol). This is well below the reported concentration

necessary to bind a second equivalent of‘C@\ccording to

this report the dissociation constant for the second equivalent

of Co?*" is 2.5 mMI52Figure 6 shows the results of an anaerobic 7

equilibrium dialysis experiment on a 0.1 mBEtMetAP sample 400 450 500 550 600 650 700

monitored by atomic absorption. The ratio of bound cobalt to Wavelength (nm)

total protein is plotted as a function of [€g in the dialysis  Figyre 7. MCD spectra ofEMetAP in 25 mM HEPES, 150 mM KCl,

buffer, and it appears that the bound cobalt is approaching 1.1pH 7.5. Cobalt was introduced by anaerobic dialysis. The main figure is

equiv/equiv of protein at the limit of 8aM Co?*. The data for samples obtained with 5, 10, 20, 200, 800, and 16BDCo?" in the

. . : . . dialysis buffer. All MCD spectra were recorded at 1.6 K and 3.5 T with
were reworked into a Hill plot (shown in the inset) according the sample mixed 1/3 with glycerol (thus, the final®aoncentrations

0
-

)

Ae/H (M'em™'T
&

to the following scheme of equatiof$2? are 1.7, 3.3, 6.7, 67, 267, and 588! as marked on the spectra). The inset
"M Co™ in he ciaysis buffer. This s the range of (€3 in whigh the.
nCo’" + MetAP= Co,MetAP ﬁgnsca(r)lzd é?i? nm pe)fak intensifies remain nearlgy constant.
- [Co,MetAP] in both 6- and 5-coordinate forms. To probe further the nature
o [C02+]“[MetAP] of Cc?* binding to EcMetAP, the equilibrium dialysis experi-
ment was repeated using 1.0 mEtMetAP, samples were
[Co,MetAP] ”t removed at each [Cd], and an MCD spectrum was taken. After
og W =nlog [Co"'] + logK 3) the MCD, protein concentration was determined by absorbance
at 280 nm and total cobalt was determined by AA. Free?[Co
The best-fit line to the Hill plot has a slope pf= 1.3+ 0.2 was calculated from what was added to the dialysis buffer and

the glycerol dilution factor (1/3). The MCD spectra are shown

and an intercept of 6.Z 0.4. This corresponds to a dissociation ™ * . :
in Figures 7 and 9, and the overall results are summarized in

constant of 0.2«tM (error range 0.070.5), which agrees with

another study which foundig = 0.3+ 0.24M by an activity " 19ure 8. . . .
titration52In Figure 6, the concentration of €ocorresponding ~ The MCD peaks associated with 5- and 6-coordinaté'Co
to [Colbound[protein]= 0.5 is 4uM, which equalsy assuming increase steadily and at the same rate until the freé*|dn

that only a single cobalt binds & 1.0 in eq 3). The experiment  the dialysis buffer reaches 4@M (13 uM free Co* after
was repeated at a higher initiEicMetAP concentration of 1 dilution with glycerol). At this point the&ecMetAP sample had
mM with similar results (vide infra). 1.1+ 0.1 equiv of bound cobalt as determined by AA. As the
A sample ofEcMetAP was dialyzed versus 0.5 mM 8o [Co*]is increased in the dialysis medium up to 24, there
and then dialyzed versus metal-free buffer (lower right inset of iS Very little increase in MCD peak intensities at 495 or 567
Figure 6). The initial total cobalt/protein ratio was about 6. The NM (inset of Figure 7). Likewise, the total bound cobalt as
amount of bound cobalt was unknown, but from a later determined by AA shows little increase in this range (Figure
experiment (Figure 8) it can be assumed that there are at leasB)- If the data for total bound cobalt (below G/ free CF*)
2 equiv of bound C¥. After exhaustive dialysis most of the are treated to a Hill plot analysis, the slope is found to be 1.3.
cobalt was removed; however, a small fraction, about 20%, When the [Cé'] is increased above 2Q@M, the intensity at
remained resistant to removal, even after 140 h of dialysis versus#95 Nm begins to increase, but the 5-coordinate peak at 567
metal-free buffer. Dialysis versus metal-free buffar3d results M stays constant. This behavior continues until the*{Co
in about 1 equiv of cobalt per protein, similar to what others reaches 160@M, above whichEcMetAP (at 1 mM) begins to
have reported? but no leveling off of the curve was observed @dgregate and the experiment is terminated.
at this point to indicate any resistance to removal. This series of MCD and AA experiments afforded the
Equilibrium Dialysis Monitored by MCD and AA. At possibility of determining values fakese7H andAeoH based
concentrations of Gd below 100uM 1.1 & 0.1 equiv of cobalt on equivalents of bound cobalt. At the point in the equilibrium
binds toEcMetAP; however, it also appears that the?Cexists dialysis experiment that the 567 nm MCD peak saturates, we
— : can assume that the 5-coordinate site is fully occupied. This
(52 1) o okl o, ., o, s of Pyl yields  vlle f0dcaedH = 19 & 0.2 M- L T2 This
(b) Marshali, A. G.Biophysical Chemistry: Principles, Techniques, and constant then is used to determine the number of equivalents
Applications Wiley: New York, 1978; pp 76:84. of bound 5-coordinate Gb, and with the total bound cobalt

(33) Dutton, T. J.; Baumann, T. F.; Larrabee, Jirfarg. Chem199Q 29, 2272- X X .
2278. determined by AA, the difference gives a value for the
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2 T T T T T T

Cc?" in EcMetAP through the whole range of free [Eh These
are compared to the total bound cobalt as determined by AA in
Figure 8.

- A 1 mM sample ofEcMetAP was anaerobically dialyzed
versus 0.5 mM C% in 25 mM HEPES, 150 mM KCL, pH
7.5, for 48 h and then anaerobically dialyzed versus cobalt-free
buffer for 96 h with a total of six buffer changes. This is
somewhat analogous to the experiment shown in the lower right
inset of Figure 6, but at 10 times higher MetAP concentration.
At 48 and 96 h samples were removed and diluted with glycerol
(1/3), and an MCD spectrum was taken. The MCD spectrum at
48 h was determined to have 0.240.03 equiv of 5-coordinate
Co*" on the basis of the intensity of the 567 nm peak and
. 0.07 & 0.04 equiv of 6-coordinate b on the basis of the

L I L L ! L | intensity of the 495 nm peak. After 96 h of dialysis versus
7 6.5 Py 55 5 45 4 35 3 cobalt-free buffer, 0.1% 0.02 equiv of 5-coordinate b was
found and 0.05+ 0.04 equiv of 6-coordinate G6 was found.

In the “level region” (Figure 8) where 1.1 equiv of &ois
Figure 8. Anaerobic equilibrium dialysis oEcMetAP versus C&'. bound toEcMetAP (Figure 8, between 10 and 10/ free
S T S Go S0 Co) th ratlo of -coordinae 1o S<cordnate s 0.10
aIIoWed to equilibrate. Then a sample was re};noved from the dia?;/sis cassetteThIS ratio mcreases to 0.29 after 48 h Of_ COb_alt'fre_e dialysis
and glycerol was added (1 part protein and 2 parts glycerol). After the MCD and further increases to 0.45 after 96 h of dialysis against cobalt-
spectra were recorded, the total cobalt and protein concentrations werefree buffer. Not all of the cobalt in the 48 and 96 h samples

determined by AA and absorbance, respectively. The total number of found by AA could be accounted for in the MCD spectra. Due
equivalents of bound cobalt was determined as in Figure 6, but the 10-fold .
higher initial EcMetAP concentration allowed for an extension in the range to the large volumes of buffer that the protein samples were
of [Co?*]. The free cobalt concentration was calculated on the basis of the €xposed to, a small amount of the bound cobalt had apparently
initial amount of cobalt added to the dialysis buffer and the dilution with  oxidized to C8*, which is measured by AA but is MCD silent.
glycerol. The numbers ofquivalents of 5-coordinate and 6-coordinate Co - .

were calculated using the MCD peak intensities (after Gaussian deconvo-  Effect of pH on Metal Binding. Figure 9 shows the effect

——©— Total Equivalents by AA
—— 5-Coordinate Equivalents
—<— 6-Coordinate Equivalents

0.5 -

Equivalents of Bound Cobalt

Iog[Co]me

lution) at 567 and 495 nm, respectively, afieke7/H = 1.9 M~ cm 1 T2 of changing the pH on the MCD spectra BEMetAP when
andAesogH = 17 M~ cm ™ T4, prepared by anaerobic dialysis against Co?*. The MCD
0.5 . . : . spectrum of the pH 6.0 preparation shows that almost no 5- or

6-coordinate cobalt binds. This was confirmed by AA, which
showed that only 0.12 equiv of cobalt was bound at pH 6.0.
The pH 9.0 sample shows a dramatic change in the 495 to 567
nm peak intensity ratio, indicating that the relative amounts of
6-coordinate to 5-coordinate €oare changing relative to those

of the sample prepared at pH 7.5. It is seen that the amount of
6-coordinate C# is nearly equal in both the pH 7.5 and 9.0
samples; however, the 5-coordinate?Caas evidenced by the
peak at 567 nm, is larger by 80%.

Since the K, values of the Glu and Asp side chain carboxylic
acids are 4.4, these cannot be changing in degree of protonation

Ae/H M 'em'T7Y)

pH 9.0 from pH 6.0 to pH 9.0. However, the degree of protonation of

the imidazole nitrogen of His 171 with d&gof 6.0 will change
-2 ! ! ! ! ! in this pH range. One might not expect a pH dependency of
400 450 500 550 600 650 700 metal binding to a histidine imidazole because imidazole
Wavelength (nm) nitrogen is such a good transition-metal ligand; however,

Figure 9. MCD spectra oEQMetAP at pH 6.0 (MES), 7.5 (HEPES), and Ed\/letAP is un.usualll in th.at the metal can be removeq from the
9.0 (TRIS). All buffers were at 25 mM with 150 mM KCI. The samples ~ active site by dialysis against pure buffer. Thus, thé'Gainding
were initially 1 mM in protein, and cobalt was introduced by anaerobic affinity dependence on pH supports the conclusion that the MCD

dialysis at 10uM. After dilution with glycerol, the protein concentration ; ; i ;
Was 0.33 mM and the free [&t] was 3.34M. All spectra were recorded peak at 567 nm is due to €owith the imidazole nitrogen from

at35 T and 1.6 K. His 171 as a ligand, which is the 5-coordinate Co(1) site shown
in Figure 1. It is likely that the K, values in the active site of
equivalents of bound 6-coordinate €o There is a third, EcMetAP are nearly those of the free amino acids since the

adventitious, C&" binding site that has been reported in one site is hydrophilic. Furthermore, the fact that the MCD peaks
crystal structuré.This site likely begins to bind cobalt at higher at 495 and 567 nm have very different relative intensities at
concentrations, so a sample BEMetAP dialyzed against 40  pH 7.5 and 9.0 is evidence that these are due to separdte Co
uM Co?" was used for this calculation. This results in a value species. Since the 6-coordinate ?Cdinding affinity is not

of AegofH = 17 & 12 M1 cm 1 T, Aegod/H and Aesg/H enhanced when the pH is changed from 7.5 to 9.0, it must not
are then used to determine the equivalents of 6- and 5-coordinatéhave a histidine ligand, so the mixture of 6- and 5-coordinate
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Cc?t is not due to equilibrium between the two coordination Studies are under way to determine what specific activity these
numbers on a cobalt atom in the same binding site. The mixture sites may have separate from the major monometallic species.
of 6- and 5-coordinate Co arises from occupancy of two The fit of the VTVH MCD 6-coordinate peak data in the
distinctly different binding sites such as Co(1) and Co(2) as low-temperature regime to a simple pseudo-Kramer doublet
shown in Figure 1. The simultaneous loss of 6- and 5-coordinate model rules out any strong magnetic coupling between the 6-
Co?" binding affinity at pH 6.0 makes sense only if the small and 5-coordinate Ga. This is consistent with the EPR resuita.
fraction of 6-coordinate G0 is a result of cooperative binding  Lack of strong coupling does not eliminate the possibility that
with the 5-coordinate Cd. This would account for the slope  Co(1) and Co(2) share bridging ligands, nor is there sufficient

of 1.3 in the Hill plots. evidence from model complexes to infer whether the third
. . bridging ligand in Figure 1 is hydroxide or water. Weak coupling
Discussion between C&" ions in dimer complexes is the rule rather than

x the exceptiorf*=36 There are very few published studies in
which the magnetic coupling constadt,has been determined.
Coupling in a series of [Cftren),X5](BPhy), complexes (X=
oxalate/2, NCS, NCO™, or N;™) was reported? J was found

to be —3.1 cn1? for the oxalate, butJ| < 0.5 cnt?! for the
other bridging ligands. In another series of Co(ll) dimer
complexes made witN,N,N-trimethyl-1,4,7-triazacyclononane
and having a bridging unit of the type &@-OH)(u-carbox-
ylato), only high-temperature (98298 K) magnetic susceptibil-
ity was measured, so no quantitative valuesifarere reported;

The electronic absorption spectrum, MCD spectra, AOM
calculations, equilibrium dialysis results, and pH study support
previous reports th&cMetAP binds nominally 1 equiv of Co
at the low concentrations of metal likely to be found in
vivo.15:17.21 Furthermore, we concur that the dominate?Co
species is 5-coordinate and this cobalt is bound in the Co(1)
site shown in Figure 1. However, our experiments show that
there is a small fraction, approximately 10%, of 6-coordinate
Co*™ that is also taken up by the enzyme at low metal
concentrations. The ratio of 6-coordinate to 5-coordinaté™Co

remains constant until the 5-coordinate site saturates, at whichC?l_V\v/zV:Ar’Cg‘? ?ut_ho;s dg state that coupling mfu ;tabe \R/lieak.
point there is 1.1 equiv of cobalt bound/mol of enzyme. The Is limited to detecting energy gaps of 6:3 cm-

Hill plots on equilibrium dialysis studies monitored by MCD and larger because the thermal eneigy,at 1.5 K is about 1

or by AA yield slopes oh = 1.3, indicating a slight cooperative cmL. On the basis of limited literature, this may be the range

binding effect; thus, we conclude that, even at low concentra- expected fo.r a hy_d_rO_X|de (or aqua) brldged_dlmer.
tions of cobalt, there are a small fraction of binuclear sites. One possible criticism of the MCD resullts is that the glycerol

Further evidence of cooperative binding is provided by the loss 912SSing agent and/or the low temperatures necessary to observe
of metal from both the 5- and 6-coordinate sites when the pH MCD somehow affect the active site or induce the formation

is lowered to 6.0. At this pH, the only protein ligand to Co(1) of the s.maII amount of 6-coordinate €othat is opseryed.
or Co(2) that will be significantly protonated is the imidazole prntenng thgse arguments are severa! observat|oanr.' (1) the
nitrogen of His 171. visible absorption spectrum dcMetAP with bound Cé& is

A dissociation constant of between 2.5 and @\0 results if unaffected by added glycerol, (2) the_ JASCO spectrqpolanmeter
it is assumed that only a single cobalt binding site exists in the generates an at_)sorptlc_m spectrum simultaneously with the MCD

. S S spectrum (albeit a noisy spectrum compared to the MCD or

low concentration regime; however, this binding constant d h . d it has th
decreases to 0.28M if n= 1.3 and eq 3 is applied. In practice RT spectrum generate on the Cary 6000i), and it has t 1€ same
it is necessary .to have$ Z;LM Co?" in the dialysi.s buffer to shape_ as the_RT absorption sp_ectrum, and (3) the eqwhbngm
get 0.5 equiv of cobalt to bind tEMetAP, which is in the dialysis experiments conducted in pure buffer versus buffer with
rangé of the dissociation constant deterr’nined by isothermal added glycerol yield the same dissociation constants and number

e . . f n ivalents of It (within error).
titration calorimetry®® but about 10-fold higher than that of bound equivale t.s ° .cobat( .t error)
. AT - The large uncertainty in the estimate &dé,95H means that
determined by activity titratio#?2 Our estimate for théy of . ; . .
. : X the fraction of 6-coordinate Cb (binuclear sites) could be as

the second cobalt is 0.2 0.1 mM. This must be considered . . ; .

. low as 3% or as high as 17%. Since the fraction of binuclear
very tentative because we were unable to explore CObaItsites is minor, it is tempting to assume that they are not important
concentrations in the dialysis buffer above 1.6 mM due to ! piing y b

protein aggregation. Furthermore, there is a third cobalt binding for enzymatic activity. However, we cannot rule out the

site identified in one of the crystal structures. The third metal possibility that the binuclear 5|t§s are active to some yet
unknown substrate, generally active, or even the only active

binding S'Fe IS on the_outer edge of the enzyme and becoi“es atform of the enzyme since the ratio of 6- to 5-coordinaté’Co
least partially occupied at cobalt concentrations near 1 mM. .. . . .
is invariant from the lowest metal concentrations at which

+ i ;

The Cg* that binds toEcMetAP is loosely bound. Most  Eqietap begins to bind cobalt. Lin et al. conducted a series
metalloenzymes, yvhether mono- or bimetallic, require SOME \f intriguing experiments on some wild-type and mutant
form of complexation agent to remove metals from the active EcMetAP 22 In the first experiment cobalt was omitted from

sites. ECMetAP is unusual in that dialysis against metal-free o growth medium, and the isolated wild-tyBeMetAP was
buffer is all that is required to remove most of the metal. This {5 14to0 have a C?o“/émrotein ratio of 1.6. In a second experiment
supports the hypothesis tHatMetAP does not have a specific  £getAP was produced from mutat coliin which Asp 97
in vivo metal, but rather can enlist a variety of divalent metals (the bidentate carboxylate ligand to Co(2) in Figure 1) was

i i 149,20 i . R .
d.epend|.ng .on t.he environmeit?2% The small frac’qon of replaced by an alanine. This mutaBtMetAP contained no
bimetallic sites inEcMetAP at low metal concentrations are
more resistant to removal by dialysis against metal-free buffer (34) buggan, D. M.; Hendrickson, D. Nnorg. Chem1975 14, 1944-1956.

B _ ; fe iR (35) Lambert, S. L.; Hendrickson, D. Nhorg. Chem.1979 18, 2683-2686.
than the monometallic 5-coordinate €o It is intriguing to 38 2 aH 5 G ierbach. 3.+ Wieghardt, K.. Nuber. B.. Weiss Ghern.
speculate that these bimetallic sites may have a function in vivo. Soc., Dalton Trans199Q 271-278.
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cobalt. Furthermore, it was inactive even with added cobalt.
One interpretation of this result is that this key ligand for Co(2)
is missing so that no 6-coordinate £dinds. We have noted
that the specific activity oEcMetAP increases until [Cd] =

1 mM (using equilibrium dialysis) and then steeply drops as
the cobalt concentration increagéJhis is the region of [C&']

at which the number of binuclear sites is rapidly increasing
(Figure 8). It was reported by others that the specific activity
reached a maximum with 1 equiv of Eodirectly added to
EcMetAP and that no further increase in specific activity was
noted up to 50 equiv of added &o(which was 1 mM in Cé';
[EcMetAP] was 20uM).1%2 These researchers propose that the

(pKa of 8.1) to hydroxide at pH 8.5 Loss of activity at the
higher pH values could also be partly due to the limited
solubility of free C@* since theKs, of Co(OH) is 2.5x 10716,

One of the reviewers has also pointed out that there are histidine
residues near the active site that could also undergo changes
with pH that affect activity. It is known, for example, that the
inhibitor fumagillin covalently binds to His 79, a residue that
is conserved in all structurally characterized MetARsctive
involvement of His 79 has been proposed in several mech-
anismst®P22thus, we must acknowledge that changes in His
79 with pH could also be responsible for activity loss.

Finally, we comment on the EXAFS study BtMetAP in

negative pocket created by Asp 97 in the absence of Co(2)|ight of our results:” The EXAFS study oEcMetAP prepared

provides a binding site for the N-terminal amine substrate; thus,

the mutantEcMetAP missing Asp 97 cannot properly align
substrated%a.p

A recent study of the effect of pH changes on the activity of
EcMetAP reported a “bell-shaped” behavior from pH 6.0 to pH
8.5 with a maximum near pH 735° In the assay medium,
[Co?'] was kept at 12uM, very similar to the conditions at
which we studied the pH effect on the MCD spectra (Figure
9). Changes in the molar absorptivity were noted with a
minimume at pH 6.0 and maximum at pH 8.5. These spectral
trends mirror our MCD results at low pH where the loss of
MCD intensity is attributable to loss of bound metal. We propose

that the activity loss at low pH is due to the release of the metal.

with 1 equiv of bound cobalt did not detect the presence of a
second metal. This we believe is not contradictory to our
conclusion that there are a small number of bimetallic sites in
EcMetAP even when prepared at low metal concentration.
Metal—metal scattering in EXAFS is weaker (1) for metals that
are not directly bonded to one another, (2) for metals that are
far apart (inEcMetAP they are ca. 3.2 A apart), and (3) when
the metal has an imidazole nitrogen ligaiid-hese conditions
are all met inEcMetAP. Finally, the EXAFS fits were equally
good to a 5-coordinate or 6-coordinate?Cé’
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