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ABSTRACT. The water proton relaxation rate measurements between 0.01 and 50 MHz on water solutions
containing the cyanide adduct of the manganese-depleted manganese peroxidaseCvVinRnd
increasing amounts of Mh have been determined. The proton relaxivity curves have shown evidence

of the formation of the protein/Mri complex and have been analyzed in order to obtain spin Hamiltonian
parameters and correlation times. Oxalate is shown not to alter the above profiles. This suggests that no
proteinr—Mn?*—oxalate ternary complex is formed and that oxalate does not remo¥efidm the protein.

On the basis of high-resolutidhl NMR experiments, we propose that®€and Gd* bind at the manganese

site, and, on the basis of the charge, we propose that they may miniic Mime water proton relaxation

rates of water solutions containing manganese-depleted-MIMNP and increasing amounts of &dhave

been measured and analyzed. Oxalate is shown to remove the trivalent metal ions. This suggests that
trivalent metal ions bind oxalate and diffuse away from the protein presumably as oxalate complexes.
Implications for the enzymatic mechanism are discussed.

Manganese peroxidases (MnPs) are produced by filamen-coordination 15). Furthermore, the EPR spectrum appears
tous fungi and catalyze the oxidative depolymerization of to be axial, corresponding to a tetragonally symmetric heme
the aromatic polymer ligninlj. MnP was first discovered  environment, while the EPR spectra of other peroxidases as
in the fungusPhanerochaete chrysosporiu®, 3), and the cytochromec peroxidase (€P) and horseradish peroxidase
enzyme from this source has provided most if not all of the (HRP) show a large rhombic componebb(16. Resonance
structural and kinetic informatiord). MnP is unique in Raman results indicate that MnP and LiP have a more axial
catalyzing the oxidation of divalent manganese to trivalent heme symmetry as compared with the other peroxiddses (
manganesed). The structure of the heme region of MnP is  17) consistent with the EPR data. The EPR spectra of the
typical of peroxidases with a five-coordinated iron ion cyanide adducts of peroxidases are typical of a low-spin heme
coordinated to the “proximal” histiding). The “distal” side iron (16). The NMR spectra of the unligated form of MnP
of the heme contains invariant histidine and arginine residuesand of the cyanide derivative are very similar to that of LiP
(7). These residues are involved in reactions witfOk (18—20) and are close, even if at a less extent, to those of
which is required in the catalytic cycl8€11). The X-ray CcP (21—23), HRP @4), andCoprinus cinereuperoxidase
structure has shown that the active cavity and most of the (CIP) (25).

elements of secondary structure are very close to that of e referred substrate of MnP is divalent manganese.
lignin peroxidase (LiP)&), another isoenzyme produced by - g hinding site for MA* is well-defined being identified

the same organisms and which does not need manganese iBy X-ray crystallography@) which confirmed early NMR

its catalytic cycle. 26) A ;
; L and site-directed mutagenesis’( 27 studies. NMR
The catalytic cycle of MnP is similar to that of other heme and structural analysis2@) reveal that small aromatic

peroxidases. The catalytic cycle involves initial two-electron molecules can enter the active-site cavity of HRP between

oxidation of the heme by #D, to form compound I. Phe 179 and the heme ed :
. . : . ge bearing &8, 29, 30 Andy
Compound | contains the iron (I¥)O moiety and a cation Smith, personal communication). In contrast, only mutants

ra;jmal ?”fth‘? porphyrlnbrlr;gle, 13. | C?mpou%d tl' thert1 of CcP can accommodate molecules such as styréfje (
returns to ferric enzyme by two one-electron oxidation Steps,, ;e for Lip the binding site of aromatic substrates has yet

vvlhe{e toniubstratel mtolecule.z' arg . OtX|d|ze§ Py f'?glefto be identified. In MnP it has been demonstrated that only
e e loelon Xz lermeciote ate i iscapabe ofreducing compotnd 10 th e cr-
(V) =Oyspecies 14) P zyme B2). NMR data have shown that the affinity confstant
The Iow—temperafure EPR spectra of native MnP and LiP of Mn®" to MnI_D S Ie_trg_er than £V * (26), conS|ster_1t W.'th
confirm an essentially identical high-spiss & %) ferric the apparent dissociation constafi)(of 9.64M from kinetic
2 measurements3B). The Mr?t ion is coordinated by the

carboxylate group of propionate 6, by the carboxylate of Glu

* To whom correspondence should be addressed. Phe138.55.

2757549. Fax: +39.55.2757555. E-mail: bertini@riscLim.fiomr.it. oo¢ CIU 35, and Asp 179, and by two water moleculgs (
* University of Florence. Therefor_e, it seems likely that the electrqn flows through
8 Pennsylvania State University. the Mn-ligated propionate 6 to the heme iron.
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It has been shown that oxalate stimulates Mn peroxidase Nuclear Magnetic Resonance (NMR)he 'H NMR
activity, that this organic acid is produced extracellularly by spectra of the cyanide adduct of MnP in 25 mM Hepes
ligninolytic culture ofP. chrysosporiunthat the stimulation buffer, pH 5.8, were recorded with a Bruker DRX 500
of Mn peroxidase activity occurs at micromolar concentra- spectrometer, operating at 11.7 T. All NMR experiments
tions of oxalate, and that the oxalate is able to support Mn were collected witHH-presaturation sequence with a recy-
peroxidase reaction in the presence of molecular oxygen evercling time of 350 ms at 298 K. Proton chemical shifts are
in the absence of ¥, (34, 39. referenced to the 0 signal at 4.81 ppm relative to tetra

In this report we investigate the nature of the manganesemethyl silane (TMS). G# and Cé&' titrations were
binding and the role of oxalate. Through measurements of performed by adding small volumes of a standard‘Gat
water proton relaxation in the frequency transition range of Ce*" solution (6.0 and 5.1 mM, respectively) and oxalate
0.01-50 MHz (relaxometry measurements), we investigate titrations were performed by adding increasing amounts of
whether oxalate replaces the water molecules and bindsa stock solution of oxalate (200 mM) at pH 5.8. The MnP
Mn2t. The conclusion is that oxalate does not bind?Mn  concentration in these titrations was 0.5 mM.
when coordinated to MnP, whereas it binds to tripositive
ions such as lanthanides when bound to MnP. If the latter RESULTS
metal ions could be taken as probes for ¥nthen our Relaxbity of MNPCN'—Mn2*. The interaction of MA*
experiments suggest that Kfnin MnP is oxidized by the  \jth MnP had been previously studied through NMR
enzyme to M, which is then complexed by oxalate and measurements on the manganese-depleted pr@8jirafd

taken away from the protein. on its cyanide derivative2@). Binding of Mt gives rise
to the broadening of the 3-GHignal and to the disappear-
EXPERIMENTAL PROCEDURES ance of the 8-CEisignal. In the present study, the effect of

. e , _ Mn?* addition on MnP-CN~ was investigated bH NMRD
Production and Purification of Recombinant Mn peroxi- 4t various MA*/protein ratios.

dase. Nonglycosylated recombinant manganese p_eroxidase We previously demonstrated that manganese binding to
was prepared using the recombinant Mnl? expression VECtOI\np is not affected by the coordination of cyanidzs)
constructed by Whitwam et al. (1995q) with some minor  consequently, we have decided to perform all the relaxivity

modifications. The protein was expressedHscherichia experiments on the cyanide derivative of MnP which was

coli and refolded as previously reporte8|. The recom-  peyer investigated through high-resolution NMR studis. (
binant protein was purified by three different steps. The first  T1q results indicate that the enhancement on water proton

step involved anion-exchange chromatography on DEAE rg|axivity due to MA* binding is linearly dependent on its
Bio-Gel A (1.5 x 20 cm) using a linear gradient ofA50  oncentration. From the dependence of the relaxation
mM CaCk in 50 mM Tris pH 8. Column fractions with an  onhancement on the Mhconcentration, an affinity constant
absorbance greater than 1 at 407 nm were pooled andy gpout 8x 10¢ M1 can be estimated. This value is in
dialyzed against 50 mM Tris-Cl pH 8. Pooled fractions were o mpjete agreement with the value obtained from kinetic
further purified by a second DEAE Bio-Gel A column similar - 54 high-resolution NMR dat88). The NMRD enhance-

to the first. Column fractions with the highest ratio of 407 ot profiles are obtained by subtracting the profiles of the
to 280 nm absorbanceR’{ = AwilAca) were pooled and 12+ free protein solution from each proteivn, (x < 1)
dialyzed against Milli-Q water. The third step consisted of profile. These values, normalized to 1 mM metal ion
a preparative flat bed isoelectric focusing. The activity of ¢,ncentration, are reported in the ordinates of the relaxivity
the protein was assayed using conditions previously describedigres. The contribution to relaxivity of the water protons
(3, 37). The purified MnP had aik, value of about 5.5.  §ye 0 the Mn(OH)e2* species appears as a slight inflection
The enzyme concentration was determined using the extint-5; |ow fields as due to contact dispersicd9( 4). The

tion coefficient at 407 nm of 127 mM cm (3). _amount of MA" not coordinated to the protein was estimated
The cyanide derivative of MnP was obtained by adding from the affinity constant (taken equal to810* M1, as it

stoichiometric amounts of KCN. _ results from the NMRD titration), and its contribution to
Nuclear Magnetic Relaxation Dispersion (NMRD) Mea- relaxivity was subtracted.

surement.Such experiments consist of measuring the water The NMRD profiles of the MNPCN—Mn?* system at two

proton relaxation rate at various magnetic fields. il  temperatures are shown in Figure 1. The profiles can be

NMRD profiles were measured with a Koenig-Brown field  jnterpreted with the Solomon equatiot2| which describes

cycling relaxometer operating in the 0:630 MHz proton  the nuclear relaxation rateEuy 2, due to the dipolar coupling

Larmor frequency range88—40). The error inT; values is of one proton with the unpaired electrors,
less than 2%. Sample volumes ranged from 0.35 to 0.45

mL and contained an initial MnP concentration of either 0.29 22 2

or 0.24 mM. Mr* titration was performed in 100 mM TlM*1:£ Ho)2 VG e S+ 1)

phosphate buffer at pH 6.5 by adding small volumes of a 15\4r r®

MnSQ, stock solution (6.1 mM), while Gd and Cé&*" 7T 3r
titrations were performed in 25 mM Hepes at pH 5.8 by “— “—| @
adding small volumes of a standard ar Ce* solution ltogt” 1t+o

(6.0 and 5.1 mM, respectively). Titrations with oxalate were

performed by using a stock solution of oxalate (200 mM) at where w, and ws are the proton and electron Larmor
pH 5.8. The temperature was regulated by circulating frequenciesyr is the protor-metal distance, and. is the
perchloroethylene maintained at either 303 or 283 K. correlation time for the dipolar coupling, which is determined
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Table 1. Best Fitting Parameters of thé NMRD Profiles of the

90 MnPCN —Mn?" Systems
. 8 temperature (K) 303 283
z 70 7 (s) 1.34x 10°¢ 2.35% 10°8
T 60 < v (S) 7.5x 1071 7.9x 1071
> \g A (cmry) 8.1x 1073 1.1x 1072
s 0 o D2 (cmrY) 1.2 x 102 1.2 x 102
£ 4 T (S) 5.1x 107 7.9x 1077
°§ 20 r (&) 2.80 2.80
g 20 aD is the static ZFS parameter.
&
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FiGure 1: Proton relaxivity profiles of a water solution containing <" 49 ;
the MNnPCN —Mng " adduct, normalizedtaa 1 mM metal ion S <10
concentration, in 100 mM phosphate buffer, pH 6.5, at 303 ( _E 2
and 283 @) K. The lines represent the best fit curves with the 2 3¢ Y TR T ™
parameters reported in Table 1. @ [Oxalate] (mM)
2 g
by the shortest between the electray),(the rotational £,), 5209 ¢ R § *
and the exchange ) correlation times. The other symbols 2 §
have the usual meaning. Inthe present case, as itis generally g 1 *
true for metalloproteinsys is the correlation time for the I
relaxation rates at low magnetic fields. The Bloembergen  ~
Morgan equation, which describes the electron relaxation (())bl T ""6'1 T i T ""‘i'o " f'ﬁ'i‘(‘)o
rates in solution as a function of magnetic fielB), is ) )
Proton Larmor Frequency (MHz)
1 2A%(4S(S+ 1) — 3) Ty + 4z, FIGURE 2: Proton relaxivity of a water solution containing the
s = 50 1+ o 2_[ 2 1+ 4 2‘17 2 MnPCN_’—Mno_g2+ adduct, normalizedtaa 1 mM protein concen-
stv S ‘v tration, in 100 mM phosphate buffer, pH 6.5, at 303 K at different
(2) concentrations of oxalate: x( protein without oxalate anda()

_ _ ) ) o 0.0281, ©) 0.553, () 5.212, and %) 20.7 mM oxalate. In the
whereA? is the average quadratic transient zero field splitting inset, the proton relaxivity rates at 0.1 MHz as a function of oxalate

(ZFS) andr, is the correlation time for the coupling between concentration are reported.
the electron spin and the lattice. The quanti)0*(4SS  gata. The best fitting, reported in Figure 1, is obtained by

_ 1 ield limi . . . g
+ 1) —3)ov, also calledrs,™, is the low-field limit of the  gguming that (i) the rotational correlation timeat the two

electron relaxation rates. o _ temperatures, is given by the StokdSinstein equation4s,
The NMRD profiles reported in Figure 1 are typical 47):

profiles for one or more water molecules interacting with a

Mn?* ion bound to a slowly rotating system. The profiles 4mya3

show an inflection around 1 MHz due to the dispersion T, = 3KT (4)

of eq 1 39), then an increase in relaxivity due to the increase

of 7s according to eq 2, and finally the decrease due to the wherey is the viscosity of the solvena is the radius of the

w, dispersion of eq 1. The position of the bell-shaped curve molecule,k is Boltzmann constant, an@l is temperature;
defines ther, value. The presence of zero field splitting (i) the zero field splitting parameteB] is taken to be equal
(ZFS) influences the actual values of relaxivity at low for the two temperatures; and (iii) there are two water
magnetic fields and the depth of the saddid) ( An increase molecules which have the same exchange correlation time
in nuclear relaxation rates with increasing temperature is t,

observed, which indicates that the paramagnetic effect on The experimental curves at 303 and 283 K are well
nuclear relaxationT1,*, depends omr, according to the  reproduced, and the parameters reported in Table 1 are

following equation 89): reasonable with respect to those found for similar’Mn
containing systems3Q, 45.
Tlrf1 =f(Tyy + rm)*1 3 The overall message is that the profiles of nuclear

relaxation enhancement can detect the water molecules
In other words, one or two water molecules exchange with coordinated to a manganese ion and can monitor changes in
a time comparable to 1. their coordination to the metal ion.

Such profiles can be simulated or best fit with a program  Interaction with Oxalate.Addition of increasing amounts
made available in our laboratory§) that includes ZFS  of sodium oxalate does not produce any change in the
effects. The parameters which define the NMRD curves are relaxivity profiles (Figure 2). This indicates that oxalate does
many and some of them are covariant. Here, we want to not displace any of the two water molecules bound to the
show that the X-ray structure, with two water molecules Mn?" ion in MnP and probably does not bind the metal ion
bound to MiAt, is consistent with the present experimental at all. It had been already shown, through high-resolution
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Ficure 3: H NMR spectra of MnP-CN~ (a), of the MNnPCN—
Gd, >t adduct (b), and of the MnPGd; ¢*" adduct in 50 mM

oxalate (c). The spectra were recorded at 500 MHz, 298 K, in 25
mM Hepes buffer at pH 5.8. The labeling indicates corresponding 1 -1 _ 1

signals in the spectra. Signal A is due to 3{signal B to 8-CH,
signal C and F respectively to thefHand H3' of the proximal
histidine, and signal ¢ to thed of the distal histidine.

1H NMR experiments, that oxalate does not remove thé"™Mn
from MnP 6), which can only be removed with EDTA
(26).

The Binding of LanthanidesDuring the catalytic cycle,
Mn?* is oxidized by the enzyme to Mh. However, Mi*

Banci et al.
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Ficure 4: H NMR spectra of MnP-CN- (a) and of the
MnPCN-—Ce " adduct (b). The spectra were recorded at 600
MHz, 298 K, in 25 mM Hepes buffer at pH 5.8. The labeling of
the signals is the same as that of Figure 3.

coupling of the nuclear spin with the electron spin (first term)
(42) and with the static magnetic moment (Curie contribution,
second term)49, 50:
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is not stable in solution and when complexed to the protein yhere all the symbols have already been defined.
for times long enough to perform the characterization through At 500 MHz, the electron relaxation time of &ds longer

NMRD measurements.

thant, (39), and therefore. is dominated byr;, which is

Preformed binding sites can host a variety of metal ions calculated to be around 1.52 108 s, at 298 K, from the
and they can do it better depending on whether their chargeStokes-Einstein equation. Applying e®, the distance

and the ionic radius are closer to those of the native ion.

Trivalent lanthanide ions (L31) can be profitably used as
probes of MA" due to the similar ionic radii48) and to the

between the Gd ion and the protons of 3-CHs calculated
to be around 16 A. We have also estimated an upper limit
of 10 A for the distance between &dand the protons of

same charge. L*fiions seem to be good probes also because 8-CH,

they are hard ions and have high affinity for oxygen donor

These data are similar to those found with rand

ligands, as Mn(lll) does. Furthermore they are good probes indicate that the binding site of Gtlis the same as that of
for nuclear magnetic resonance, either as relaxation reagentghe Mr*.

or as shift reagents. As Gdis a good relaxing reagent

When Cé" is added to the CN adduct of MnP, good

and Cé&" is a good shift reagent, we have chosen these ionshigh-resolution NMR spectra are still obtained (Figure 4).

to characterize the interaction of MnP with trivalent metal
ions, through relaxation measurements {Gdand high-
resolution NMR studies (Cg).

The interaction of G# with the cyanide adduct of MnP
has been followed by high-resolutidhl NMR, similar to
the experiments performed to locate the binding site ot'Mn
(26). The'H NMR spectra of MnP-CN~ without (a) and
with about 1 equiv of G# (b) are shown in Figure 3. The
signal due to 3-Cklexperiences a broadening of 300 Hz,
while the signals of 8-Ckand of 5-CH, of the proximal

There is only a small broadening, as expected for the short
relaxation times of C&, but the spectra experience sizable
changes in the shifts of the signals. Indeed'Cms a high
magnetic anisotropy and therefore gives rise to relatively
large pseudocontact shiftS%, 52.

The intensity of signals of the MNPCN-Ce** adduct
increases during the titration whereas the signals of the Mn-
depleted MnP decrease. The MNPCNCe" species is in
slow exchange with the Cefree species, consistent with
the data on the Gd adduct. The increase in intensity of

His broaden at such an extent that they are not detectablehe 3CH NMR signal in the MNPCN—Ce** adduct with

anymore. The two species (8dfree and Gé'-bound) are

increasing amounts of Ceis reported in Figure 5a. It can

in slow exchange one with the other, as evidenced by thebe observed that the binding is essentially stoichiometric,
simultaneous presence of the broad and sharp signals. Thevhich sets the affinity constant to values larger thahM0*.
broadening of the heme resonances is caused by the dipolar All the protons of the heme substituents, even if to a

coupling of their nuclear spins with the unpaired electron
spins of GA* (S= 7/,). This contribution to the line width
(which is equal to £Tw)™Y) can be analyzed with the
following equation, which takes into account the dipolar

different extent, experience a change in the shift values, as
shown in the spectra of Figure 4. These data indicate that
Cé** binds to the protein close to the heme moiety. From
the comparison of the spectra with and without®Cea
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s 37 5.8, at 303 ¢) and 283 @) K. The lines represent the best fit
Y 05 10 15 curves with the parameters reported in the Table 2.

Gd3* (eq)
. . . Table 2: Best Fitting Parameters of thé NMRD Profiles of the
FIGURE 5: (@) Intensity (arbitrary scale) of tHél NMR signal of MnPCN —Gd* Systems

3-CH; of MnP—CN-~ with the addition of different amounts of &g

(b) experimental proton relaxation rates at 0.1 MHz, 303 K, pH temperature (K) 303 283
5.8,.i.n 25 mM Hepes of a solution of 0.289 mM MrEN~ with 7 () 1.34x% 108 2.35x% 10°8
addition of different amounts of Gd. v (S) 1.6x 10711 2.0x 101t
A (cm™Y) 2.5x 1072 2.3x 1072
tentative assignment can be performed. It is found that D2 (cm™) 26x 102 26x 1072
T (S) 1.9% 1077 3.1x 107

8-CH; experiences a larger change in shiftl( ppm) than
3-CH; (0.6 ppm). In the absence of the magnetic suscep-
tibility parameters, a quantitative analysis cannot be per-
formed; the data are, however, consistent wit&'Gending

r(A) 3.00 3.00
aD is the static ZFS parameter.

%
=3

at the same site as Mhand Gd". o]

Relaxvity of MNPCN —Gd*". The uptake of G# has 120 - ‘%(,o- L
been monitored through NMRD measurements. Figure 5b o] ;jg .
shows the dependence of the experimental proton relaxation 4] % 50 . *e
rates (taken at 0.1 MHz) of MRPCN~ with increasing £ 9] 2 ] ,..
amounts of G& at pH 5.8 and 303 K. The last point of 80 ] £ .
the titration corresponds to the maximum quantity ofGd s, 44 ] Soor ebr o1 1 To Teo . AA
(1 equiv for a protein concentration of 0.20 mM) for which = (1 e o oeam A
the protein is stable. The linear dependence, with th& Gd % 501 * “ 0A .
concentration, of the relaxivity and of the increase of line T 4] AL b, L A®oer o @
width in the high-resolution NMR spectra suggest an almost S 3] e e ® o 4 A AN o
stoichiometric binding of G to MnP—CN-, indicating an B 5] ® 0o o0°
affinity constant larger than #610° M2, as found for MA* & ol O O 0o go OPo
binding. 0]

Two NMRD profiles, at two different temperatures, of the 001 o1 1 7T T T o
MnP—-Gdy¢*t adduct, normalizecbta 1 mMmetal concen- Proton Larmor Frequency (MHz)

tration, are shown in Figure 6. These profiles are typical of . i

g . . FiIGURE 7: Proton relaxivity profiles of MNPCN-Gd, ¢¢*, normal-
a Gd*-protein adduct. As ',t appears from eq 1, the number ized far a 1 mMprotein concentration, at 303 K, in 25 mM Hepes,
of water mole_cules and their distance from the m_etal cannotpH 5.8, at different concentrations of oxalate®) (without oxalate
be estimated independently from the NMRD profiles.3*Gd  and with 0) 8, (®) 16, and 1) 32 mM oxalate. In the inset, the
has in general a larger coordination number tharfMiihis proton relaxivity rates as a function of oxalate concentration at 0.1
could be reached by a bidentate behavior of the carboxylateMHz are reported.
groups and/or by increasing the number of coordinated waterThe effect starts to be present for oxalate concentrations
molecules. By assuming three coordinating water moleculesaround 4 mM and is essentially completed for concentrations

and following the same approach as for the MnPENIN=*, around 60 mM. These data indicate that addition of oxalate
a fitting of the experimental NMRD profiles at 303 and 283 perturbs the coordination of Gtlin MnP—CN-, either by
K is obtained with the parameters reported in Table 2. displacing the coordinated water molecules or by removing

Addition of oxalate to the MNnPGdy¢** adduct causes a  Gd** from the protein.
decrease in the relaxivity until it eventually reaches 0. Figure To discriminate between these two possibilities, we have
7 shows the NMRD profiles of the MrPGdy¢*" adduct, recorded high-resolutioiH NMR spectra on the last sample
normalized 6 a 1 mMmetal concentration, as a function of of the titration with oxalate. The spectrum is essentially the
increasing amounts of oxalate. The inset plots the variation same as that of MnPCN~ before addition of G& (Figure
of relaxivity at 0.1 MHz versus the concentration of oxalate. 3c); namely, the heme resonances have their normal line
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widths. Therefore, oxalate displaces3Gtom coordination
to the protein.

By adding oxalate to the MnPCe " adduct (present at
~1 mM concentration) to a concentration of 20 mM in

Banci et al.

with conclusions reached by othef3] proposing that free
Mn2* is the substrate for compound 1l. Our stopped flow
experiments showed that the reduction of compound Il to
the resting state by M required oxalate. Maximal rates

oxalate, the intensity of the signals of the spectrum of Figure Were observed at concentrations of oxalate which favored a
4b reduces to less than half and the signals present in thel:1 ratio of oxalate/M#'. At higher oxalate concentrations,
spectrum of Figure 4a are obtained again (with an intensity where the 2:1 oxalate/Mn complex is favored, no reaction

ratio of 3:7 MnP-Cée" complex/MnP-Ce*" free). By

was observed. It was therefore concluded that it is the 1:1

increasing the oxalate concentration to 70 mM, the spectrumoxalate/Mi" complex which reacts with compound II, which
of Figure 4b disappears completely and the spectrum ofis in conflict with the results of th.e present study showing
Figure 4a is obtained again. It can be therefore concludedthat such a complex does not exist.

that oxalate also removes €efrom its coordination site.
This behavior is totally consistent with what is observed with
the Gd&" adduct. It should be noted that the amount of

oxalate required to remove the metal ion is relatively large

at the present protein concentrations.

There is a mechanism that is consistent with both the
kinetic and spectroscopic data which is shown below.

X ol

_g.__ Fes+—um|uMn3¢;f _}, — Fed+—
%x

The physiological concentrations of oxalate produced in ~ Fet—""Mni—s=Fex—uniMns<z=

P. chrysosporiuncultures have been reported to range from
0.1to 2 mM @5, 53. The oxalate concentrations required
to remove Gé" and Cé&" from the protein are slightly larger

than the physiological ones even if they are of similar order

of magnitude.

CONCLUSIONS

X

This mechanism shows that oxalate does not bind*Mn
and that the oxidation of Mt by compound Il produces
the resting state enzyme and ¥Mnprior to complexation
of Mn3* by oxalate. Addition of oxalate would drive the
reaction even more toward the products, yielding the results

This research shows that oxalate does not remove watefye ghserved in the stopped flow experiments. This mech-

from the coordination sphere of Mhbound to MnP and
that it does not remove Mh from the coordination site in
the protein. We have then used &dnd Cé&" as probes
for Mn3*. Gt binds with high affinity at the site of Mt

anism would explain both the kinetic results and the
spectroscopic results of the present paper.

An alternate explanation could consider that the present
study characterized the binding of Mn/oxalate to the ferric

as shown by the broadening of the heme signals in @ way enzyme, not to compound II. It might occur that in the case

similar to that observed for M. For Cé*, pseudocontact

of compound Il a ternary complex with Mhand oxalate is

shifts are qualitatively consistent with binding at the same formed while it is not formed in the case of the resting
site. In these adducts the presence of oxalate, at millimolarenzyme. This would be consistent with the larger positive
concentrations as used in this study and in the kinetic charge of compound Il relative to resting ferric enzyme. This

measurement838—35), for which the ratio between protein

in turn would weaken the donor capacity of propionate 6

and oxalate concentrations mimics physiological conditions, 5 then would favor chelation by oxalate. However, even

leads to the formation of Lnoxalate complexes which do

though this different behavior cannot be ruled out, the similar

not interact with the protein. This has been shown by the affinity of Mn2+ for the native protein and for the cyanide

reappearance of the NMR signals experienced by the aqdyct seems to indicate that this is not the case. This mech-
manganese-depleted MREN " and by the disappearance anism, in addition to the one described above, is presently
of the NMRD enhancement which was induced by the bound being tested by both kinetic and spectroscopic methods.

Gd®**. However, there is no evidence of formation of ternary

protein—Ln—oxalate complexes, as the disappearance of shift ACKNOWLEDGMENT

variation or line broadening follows the same pattern as the

decrease in relaxivity.

These experimental data support the idea that bothMn
and Mr#* bind to MnP and that oxalate does not interact
with Mn?* but binds MA" in such a way that then the
Mn3t—oxalate complex diffuses away. This is indeed
consistent with the observation that Mrforms, in general,
stronger complexes than Nih (54, 55 with bidentate
carboxylate ligands. However, the available kinetic experi-
ments 83, 39 and our present data do not allow us to
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distinguish between whether a transient ternary complex gram.

(MnP—Mn?*—oxalate) forms before diffusion of the Mn
oxalate complex off of the active site and whether the*Mn
diffuses away from the active site prior to complexation by
oxalate.

This scheme is not consistent with a previously proposed
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