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ABSTRACT: Manganese peroxidase (MnP) is an extracellular heme enzyme that catalyzes the peroxide-
dependent oxidation of Mhto Mn'". The Mn'" is released from the enzyme in complex with oxalate.
One heme propionate and the side chains of Glu35, Glu39, and Asp179 were identified figavids

in the 2.0 A resolution crystal structure. The new 1.45 A crystal structure of MnP complexed with Mn
provides a more accurate view of the Mn-binding site. New features include possible partial protonation
of Glu39 in the Mn-binding site and glycosylation at Ser336. This is also the first report oF-MnP
inhibitor complex structures. At the Mn-binding site, divalent'Gxkhibits octahedral, hexacoordinate
ligation geometry similar to that of Mih Cd' also binds to a putative second weak metal-binding site
with tetrahedral geometry at the C-terminus of the protein. Unlike that for &mal Cdl, coordination of
trivalent SM' at the Mn-binding site is octacoordinate. 8rwas removed from a MnPSm" crystal by
soaking the crystal in oxalate and then reintroduced into the binding site. Thus, direct comparisons of
Sm"-bound and metal-free structures were made using the same crystal. No ternary complex was observed
upon incubation with oxalate. The reversible binding of'Smay be a useful model for the reversible
binding of Mn" to the enzyme, which is too unstable to allow similar examination.

White-rot basidiomycetous fungi are the only organisms ment of MnP is similar to that of other plant and fungal
capable of degrading the phenylpropanoid, plant cell wall peroxidasesl). However, MnP is the only heme peroxidase
polymer, lignin —4). The lignin-degrading system of these capable of the one-electron oxidation of Mim a typical
fungi also can oxidize a variety of economically and peroxidase reaction cycle:
environmentally important aromatic pollutangs-9). Under

ligninolytic conditions, the best-studied lignin-degrading MnP + H,0, — MnPIl + H,O (1)
fungus,Phanerochaete chrysosporiysecretes two families
of extracellular heme peroxidases, lignin peroxidase (LiP) MnPI + Mn" — MnPIl + Mn" )

and manganese peroxidase (Mn2)-4, 10), and a hydrogen
peroxide-generating syster, @, 6).

MnP fromP. chrysosporiunias been studied extensively
by a variety of biochemical and biophysical metho#l${
15). The crystal structure illustrates that the heme environ- Where MnPl and MnPII are the oxidized intermediates MnP

compounds | and Il, respectively.
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Ficure 1: Overall structure of MnPMn" refined at 1.45 A
resolution. A second glycosylation site at Ser336 with O-linked
a-mannose is shown. The, — F. omit map around Ser336 is
contoured at 3& showing density fole-mannose. This is a new
feature in the 1.45 A cryo map that was not present in the 2.0 A
room-temperature structure.

Alteration of the proposed ligands in the Mn-binding site
significantly affects Mn binding and oxidatiod 7—22), and
crystals of both the single variant, D179N, and the double

Sundaramoorthy et al.

binding (H. L. Youngs and M. H. Gold, unpublished results).
Trivalent cations such as the lanthanides'"Samd EU' also
competively inhibit M# oxidation (H. L. Youngs and M.

H. Gold, unpublished results), afid NMR studies showed
binding of C¢' and Gd' to the MnP active site30). The
stable lanthanides, therefore, have been proposed to mimic
the binding of MA' (30). While it is attractive to use these
metals in functional studies of MnP, the lanthanides have a
much larger mass-to-charge ratio and larger ionic radii, tend
to accept more ligands, and adopt a much wider variety of
ligation geometries than Mh(33). Thus, a detailed crystal-
lographic examination of the Mn-binding site and interaction
with other metals should provide information that is useful
for kinetic and biophysical studies.

In this work, we present a refined wild-type MnP
substrate model (1.45 A cryo data set), as well structures of
complexes with inhibitors Cdand Sn' (1.6 A), and of a
metal-free MnP obtained by oxalate chelation of!'Sfrom
the SM'—MnP complex (1.6 A). The results presented here
provide a more accurate model of native MnP at very high
resolution, a structural basis for MnP inhibition with non-
oxidizable metal ions, and direct structural evidence for the
removal of a higher-oxidation-state metal ion from the
enzyme by organic acid chelators.

MATERIALS AND METHODS

Protein Purification and Crystallizationwild-type MnP

variant, E35Q/D179N, lack electron density at the proposed Was purified from shaking cultures d?. chrysosporium

Mn-binding site 23), suggesting that Mhis not bound.

grown on high-carbon, low-nitrogen medium as previously

MnP is unique among enzymes using manganese as dlescribed12, 13, 19). Crystals of MnP-Mn', MnP—Cd",

redox cofactor. Rather than permanently sequesteriny Mn
in an interior binding site, MnP selectively binds Mon

and MnP-Sm'" were grown using the hanging drop vapor
diffusion method as described previousbd). The reservoir

the surface of the protein, oxidizes it, and then releases thecontained 30% (w/v) polyethylene glycol 8000, 0.2 M

Mn" product in complex with organic acids such as oxalate
and malonate. The relatively stable Mwnorganic acid
complex acts as a diffusible mediator to oxidize the terminal
phenolic substrate lignin2d—26). In the absence of M
MnP intermediates can directly oxidize small phenolic

ammonium sulfate, and 0.1 M sodium cacodylate buffer (pH
6.5). The crystallization drops were composed qil5of

the protein solution (1615 mg/mL) mixed with an equal
volume of the reservoir solution. The crystallization was
initiated by a seeding procedure, using serially diluted seed

substrates, such as guaiacol and dimethoxyphenol, but onlyStocks prepared from the old native MnP crystals. High-

at very slow rates, insufficient for enzyme turnovés,(27—
29). Whether a Mh—chelator complex binds to the enzyme
to form a ternary complex or the chelator simply facilitates
release of MH via ligand displacement has not been
completely resolved. However, the crystal structure of MnP

dilution seed stocks resulted in fewer big crystals in the
protein drops, circumventing the need for macroseeding, used
in our previous studieslp, 23). MnP—Mn' crystals were
grown with an excess of Mng{4 mM) at room temperature.
MnP—Cd' and MnP-Sni" crystals were grown at 4C with

Mn'" in the absence of chelators suggests that the later@n excess (45 mM) of CdCh and SmG, respectively, over

alternative is more likelyX4, 16, 27, 30, 31).
The Mn-binding site of MnP has been extensively studied

a period of 4-8 weeks.
Data Collection and Processin@rystals were harvested

by site-directed mutagenesis. Flexibility of the Mn-binding in @ synthetic mother liquor identical to the reservoir solution
site is suggested by the multiple conformations of the ligands, and transferred to the cryo solution containing 10% (v/v)
Glu35 and Glu39 in both the D179N single variant and glycerol in the mother liquor. The cryo-soaked crystals were
E35Q/D179N double variant crystal structur@8)( How- flash-frozen in a liquid N stream, and all data sets were
ever, molecular modeling and kinetic studies indicate that collected at-160°C. The wild-type data set was collected
Mn' binding and oxidation are sensitive to subtle changes Using a Siemens area detector system using a rotating
in ligand geometry17—21). These effects were studied by ~Siemens anode X-ray source and short Supper mirrors. The
altering the amino acids in the active site. Competition for frames were integrated and merged using XENGESY) {0
ligands using other metal ions is an alternative method for obtain the 1.45 A MNPMN data set (Table 1).

studying the intact binding site. Indeed, the flexibility of the =~ The MnP-Cd' and MnP-Sm" data sets were collected
Mn-binding site in MnP allows a wide variety of metal ions using an R-Axis IV imaging plate system and a Rigaku
to bind. However, it appears that only Caxhibits a rotating anode X-ray source equipped with Yale mirrors. The
dissociation constant similar to that of M(19), and other data sets were integrated and scaled using DENZO and
divalent cations, such as €¢32), F€', and Zt, exhibit poor SCALEPACK from the HKL suite 36). A single MnP-
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Table 1: Summary of Crystallographic Data Collection and Refinement

MNPMN MNPCD MNPSM MNPSMOX MNPOXSM

no. of data observed 224749 173448 178491 157537 127445
no. of unique reflections 65426 47574 48896 44812 37351
Reym (%) 7.18 6.1 5.8 43 6.9
highest resolution (A) 1.45 1.6 1.6 1.6 1.7
I/o(1) at the highest resolution 1.1 2.6 3.0 2.2 1.3
completeness (%)

overall 97 96 98 89 89

highest-resolution shell 82 64 80 55 63
resolution range (A) 8:01.45 8.0-1.6 8.0-1.6 8.0-1.6 8.0-1.7
no. of reflectionsF, > 40(F)] 61836 (46646) 42371 (35252) 43561 (37026) 39872 (33286) 33184 (25520)
Reryst (Fo > 40) 0.18 (0.141) 0.166 (0.146) 0.164 (0.149) 0.166 (0.148) 0.167 (0.14)
Riee (Fo > 40) 0.226 (0.186) 0.225 (0.204) 0.22 (0.20) 0.228 (0.203) 0.243 (0.210)
rms deviation

1-2 distance (A) 0.012 0.009 0.009 0.008 0.007

1-3 distance (A) 0.027 0.023 0.023 0.023 0.022

Cd' crystal was used to collect the MNPCD data set. Three metal-ligand distances for Bg Cd', and Md', however,
data sets were collected with a single Ma®" crystal. A were not restrained. After extensive refinement using the
long crystal was carefully cut into two pieces, and the first CGLS protocol, some manual adjustment, and a more
piece was used to collect the complete data set (MNPSM).complete solvent modeR.ys: andRyee cONverged to 14 and
The second piece of the same crystal was soaked in 10 mM18.6%, respectively (foF, > 40), for isotropic B-factor
sodium oxalate for-1 h by stepwise addition to the cryo refinement. Attempts to refine anisotrojdefactors were not
solution. This crystal was used to collect a complete data successful. Even though the data-to-parameter ratio was
set (MNPSMOX). The crystal was retrieved after data slightly greater than 2, a 3% drop Rys:was not supported
collection and thawed in the oxalate-free cryo solution at by a similar drop inRyee, Which remained virtually at the
room temperature. Aliquots of a SmCkolution were same level as in the isotropi8-factor refinement of the
subsequently added to a final concentration of 4 mM. The previous cycle.

crystal, resoaked in Sty was refrozen, and a complete data  The MnP-Cd' and MnP-Smi" structures were refined
set (MNPOXSM) was collected. The data collection statistics gntjrely using SHELXL. The refined wild-type MnP struc-

for all the data sets are given in Table 1. | ture, excluding the Mhion, was used as the starting model
Refinementinitial stages of refinement of the MrVIn in all the difference Fourier calculations. The refinements
structure were performed using XPLOR7. The 2.0 were cross-validated followinByee Using the same subset

room-temperature structure (PDB entry 1MNP) was used asof reflections, as in the case of MRMn". The appropriate
the starting model in the refinement. Since the frozen crystal meta) jons, ligands, and solvent structures were remodeled
is nonisomorphous with the room-temperature crystal, rigid ysing , — F. andF, — F. maps calculated using respective
body refinement was carried out using 3020 A data,  (ata sets. The metaligand distances were not restrained
which resulted in ariReys Of 30%. This was followed by &  qyring the refinement. All the model building was carried
three-step refinement using simulated annealing at 3000 K, gyt ysing the TOM-FRODO map fitting graphics software
120 cycles of conjugate gradient least squares (CGLS), and(39), and figures were prepared using SETOR)(
20 cycles of individuaB-factor refinement protocols (8-0
2.5 A reflectionsReryst= 19%, andRree = 23%). No manual  RESULTS AND DISCUSSION
model adjustment was made until this stage. As the resolution
was increased beyond 2.0 A, manual adjustments of models MnP—Mn' Structure at 1.45 A Resolutiohe MnP-
were made when necessary. Many branched amino acid sidévin" crystals, when frozen in a liquid Mstream, diffract to
chains were changed to correct rotamer conformation, andsignificantly higher resolution than room-temperature crys-
multiple conformers were modeled, guided by the— F¢ tals. The unit cell volume is reduced by4% under cryo
and F, — F. maps. A new glycosylation site at Ser336 was conditions, and the new unit cell dimensions are as follows:
identified, and a mannose was modeled at this site. As thea = 160.97 A,b = 45.42 A,c = 52.93 A, and8 = 96.9
resolution approached 1.45 A, additional solvent sites and (space groujt2). A complete data set was acquired at 1.45
three glycerol molecules were modeled. Strong electron A resolution using an in-house X-ray source. The 2.0 A
density persisted at two sites in the solvent region with no room-temperature model was used as the starting model for
potential interactions with protein atoms. These sites could refinement against the new data. The high-resolution map
not be modeled with glycerol, sulfate, or cacodylate mol- (MNPMN) reveals several important structural features.
ecules present in the crystallization and cryo solutions, and When the resolution is increased beyond 1.8 A, the electron
were modeled as water molecules. At this stdgge and density map reveals correct rotamer conformations for many
Riee €qualed 18.4 and 20.4%, respectively. branched amino acid side chains. Several side chains exhibit
When the X-PLOR refinement converged, further refine- multiple conformations. The higher-resolution map also
ment was continued using SHELXI3®) with the intensity reveals ordered density for a second glycosylation site at
data, including negative intensity values. The same working Ser336, which was modeled asmannose (Figure 1). The
and test sets of reflections used in X-PLOR were maintained previously identified N-glycosylation site at Asn131 shows
in the SHELXL refinement. The SHELXL restraints for additional electron density, which may be due to the presence
hetero groups were derived from X-PLOR restraints. The of a third sugar residue. When this density is modeled as
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FIGURE 2: Stereo representation of the MaRIn' active site. The B, — F. omit map calculated at 1.45 A and contoured atshows
well-defined density for the heme, Mnand its ligands, including two solvent molecules, and Fge- F. omit map contoured at 25
(green) shows a strong peak at the Mn-binding site. Active site residue Arg42 is shown in two conformations, native and compound | (see

the text for the definition of these terms).

Table 2: MetatLigand Distances (A)
Mn'" (wild-type MNP) cd (MNPCD) Sm' (MNPSM) H,O (MNPSMOX) S (MNPOXSM)

Mn-binding site

heme O1D 2.15 2.22 2.30 2.30
Glu35 OE1 241 2.31 2.48 3.07 2.56
Glu39 OE1 2.07 2.31,2.39 2.36 2.54
Aspl79 OD1 2.40 2.34 2.44 2.45 2.47
Watl 2.23 241 245 2.84 2.54
Wat2 2.29 2.33 2.51 3.23 2.60
Wat3 2.49 2.82
Wat4 2.93 3.18

Fe—ligand distances

Fe—His173 NE2 2.17 2.14 2.13 2.13 2.25

Fe—distal water 2.28 2.03 2.10 1.8 2.11

a-mannose, it refines with higB-factors and, hence, was Mn-binding site in the native state, and this conformation
excluded from further refinement. At least three ordered of Arg42 is termed “native”. The distal arginine has been
glycerol sites were identified in the difference Fourier maps, shown to move closer to the oxyferryl center to stabilize the
which were occupied by water molecules in the original enzyme intermediate in the crystal structure of cytochrome
room-temperature structure. Despite a significant increasec peroxidase compound 41). Hence, the minor conforma-

in resolution, small portions of the main chain and a few tion of Arg42 close to the distal side coordination position
surface side chains are still disordered with poorly defined is designated as the “compound I” state. Thus, Arg42 might
density. Most notably, the disordered C-terminal loop near play two roles in MnP, stabilizing Mhbinding in the native

the Mn-binding site does not show any improvement. The state and stabilizing the oxyferryl species in compound I,
dynamic disorder of this loop close to the heme propionates while reducing the stability of M#" binding for its release

may be associated with the accessibility of the substrate-upon oxidation.
binding site. MnP—Cd' Structure.Previously, we reported the crystal

The active site is well-defined in the high-resolution maps, structures of a D179N single mutant and an E35Q/D179N
including a>25¢ density in theF, — F. omit map (Figure double mutant of MnP, which are deficient in Mhinding
2). All six Mn" ligands are well-defined, and the metal (17, 18, 23), and modeling and kinetic studies of an E39D
ligand distances are shorter compared to those in the 2.0 Amutant 21). These studies indicated flexibility of the Mn-
structure (Table 2). A new significant feature of the ligands binding site, as evidenced by the multiple conformations of
is a peak 1.4 A from the unliganded carboxyl oxygen of Glu35 and Glu39. Hence, the Mn-binding site may accom-
Glu39, a feature not found for the other Mingands. Distal modate metals with different ionic radii, provided the metals
residue Arg42 exhibits multiple conformations, a major one accept carboxylate ligands. The ionic radius of'Nis0.83
close to Glu39 and a minor one close to the distal side A, and that of CH is 0.95 A when hexacoordinated2).
coordination position. The distance between OE2 of Glu39 There is evidence that ¢dan substitute for Mhin other
and NH1 of Arg42 in the major conformation is 2.4 A, and enzymes, such as photosystemdiB and a Mif-dependent
the new peak between the two atoms makes an angle 8f 110 protein serine phosphatas#4). Similarly, Cd' effectively
indicative of protonation of Glu39. This may be partly competes with Mhin Mn"-specific transport system4%—
responsible for the reduction of net negative charge in the 47).
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Ficure 3: (A) Stereoview of thd=, — F. map at the Mn-binding site. The map was calculated using the MNPCD data set and the MnP
Mn'"" model without M. The models of both MnPMn'" (thin lines) and refined MnPCd' (thick lines) are superimposed. The map is
contoured at-30, and the positive peak is stronger tharv4(B) Stereoview of the Ctdbound structure near the Mn-binding site. The
metal is still hexacoordinated, but the ligands have moved compared to those in 'tHeolimd structure, notably, the two conformations
of Glu39.

Previously, we reported extensive characterization of the the two metals (Table 2). Another conserved feature is the
effects of Cd on manganese peroxidase as a reversible, hydrogen bond between Arg177 and Glu2B)( However,
competitive inhibitor 19). Steady-state kinetic analysis Glu39 exhibits two conformations in this structure, and' Cd
showed that Cllis uncompetitive for KO, and MnP-Cd' is coordinated in both conformations. In contrast, Glu39 does
forms compound | under transient-state conditions. Cadmiumnot interact with Arg42 in either of the conformations. The
cannot be oxidized by MnP intermediates and acts as alack of a Glu39-Arg42 interaction in the MnPCd'
reversible, competitive inhibitor for Mhoxidation with a structure increases the net negative charge, which might be
K; of 10 uM. Similar changes in the MnP heme spectrum responsible for tighter binding of Gdhan of Mr'. Other
upon hinding of C# and Mrd' and very close apparent subtle differences in the solvent structure of MrEd!
dissociation constant&g ~ 8 uM for Cd" and 10uM for compared to MnP-Mn'" were observed.

Mn") indicate that these metals bind at the same site. Finally, The MnP-Cd' structure also exhibits a possible additional

Cd'" inhibits the reduction of compounds | and Il by Mn  metal-binding site near the C-terminus (Figure 4). The
but not by organic substrates which bind to alternate sites, carboxy-terminal oxygen, the side chain of Asp84, and two
suggesting specific binding of €t the Mn-binding site.  solvent molecules provide ligands to a second cadmium ion,

Growth of MnP crystals in the absence of Ms severely displaying tetrahedral geometry. Ligands in the two metal
affected, resulting in bleaching due to possible loss of heme ssites, Glu39 and Asp84, are linked through hydrogen bonds
at room temperature as observed for'Mree wild-type and mediated by Asp85 and water. This network of hydrogen
mutant proteins23). MnP—Cd' exhibits behavior similar ~ bonds is possible only with the open conformation of Glu39.
to that of Mr'-free MnP when crystallized at low temper-  Although Mn' is not observed to bind at this site in the
atures, and when grown at°€, the crystals remain dark  crystal structures, a second, lower-affinity Mn-binding site
brown even though they grow slowly. The fully grown has been postulated on the basis of pH binding analysis of
MnP—Cd' crystals diffract to better than 1.6 A resolution the protein in solution48). It is possible that Mthdoes bind
under cryogenic conditions. The, — F. map calculated  to this site under physiological conditions, but not under the
using the 1.45 A MnP-Mn" structure, excluding Mhand conditions for crystal formation (pH 6.5 in cacodylate buffer).
its ligands, revealed~400 density at the Mn-binding site  The site is exposed to the solvent and could accommodate a
(Figure 3). This site is modeled as 'Cdhexacoordinated to ~ Mn'" ion with a bound chelator such as oxalate or malonate.
Glu35, Glu39, Aspl179, a heme propionate, and two water Alternatively, Cd may exhibit a higher affinity for this site
molecules in a manner similar to that of Mim the MnP- than Mr' because of its larger mass-to-charge ratio and its
Mn'" structure (Figure 2). The ligand geometry is the same ability to adopt a wider range of ligation geometri@s)(
as for Mr', although the ligand distances differ slightly for ~Atomic absorption analysis indicated only 1 equiv of'Cd
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Ficure 4: Comparison of the C-termini of MnPMn"', MnP—Cd', and MnP-Sm" structures. Thé=, — F. omit maps were calculated
omitting all atoms near the C-terminus within a sphere with a radius of 5 A, including Ala357 and Asp84. The density is contamred at 3
for MNP—Mn" (A) and MnP-Sm'" (C) and ¥ and 2@ for MnP—Cd' (B). The large peak in the MrPCd' map is modeled as ¢dand

its four potential ligands include the terminal carboxylate of the polypeptide, Ala357, and the side chain carboxylate of Asp84.

binding per mole of protein in solution, possibly due to partial ~ Our observations suggest that the''Sion in the oxalate-
occupation of both sites by this metal at pH 418)( soaked crystal is removed from the active site by oxalate

MnP—-Sni! and Metal-Free MnP Structurekike MnP— chelation. To test this possibility, we attempted to resubstitute
Cd' crystals, MnP-Sm" crystals were grown at 4C and Sm" in the crystal used to collect the MNPSMOX data set.
diffract to 1.6 A under cryo conditions. Three data sets were The crystal was retrieved and thawed in the mother liquor
collected using a single crystal (Table 1). The first data set (MnP crystals are very stable and can withstand a few cycles
(MNPSM) collected with the first half of the crystal exhibited of freeze-thaw treatment). Small aliquots of the SmCl
>35 ¢ density at the Mn-binding site in thig, — F. map solution were slowly added until the final concentration
calculated using the MnPMn'" coordinates, excluding Mn reached~5 mM. The crystal was soaked for several hours
and its ligands (Figure 5A). The site was modeled with a and flash-frozen, and a new 1.7 A data set (MNPOXSM)
Sml" ion, and the structure was refined (Table 1). Unlike was collected. Previous exposure of the crystal to X-rays
the MnP-Mn" and MnP-Cd" structures, the metal site in  and the freezethaw treatment caused a small deterioration,
MnP—Sni" is coordinated with eight ligands (Table 2 and resulting in a higher mosaic content and lower resolution.
Figure 5A). All four carboxylate ligands are retained, and Nevertheless, the, — F. omit map of this data set exhibited
there are four solvent ligands, two more than for'Namd features similar to those observed in the MNPSM map,
Cd', which is consistent for the coordination geometry of indicating the resubstitution of Stin the metal-binding
Sm'". The longer average metdigand distance in this  site with >300 density at the Mn-binding site (Table 2 and
structure compared to those in MaRIn'" and MnP-Cd' Figure 5C). Thus, removal of Sthfrom the Mn-binding site
also supports the presence of 'Srwith an ionic radius of was accomplished without the formation of a discernible
1.08 A in the octacoordinate stat42]. The side chains of  ternary complex containing oxalate. Replacement of the
Glu39 and Arg42 are in only one conformation with the metal in the site indicated that no permanent alteration in
former in an open conformation and the latter in its the site was caused by the treatment. These results suggest
compound | conformation. The solvent structure differs near reversible binding of the free Mnsubstrate to the enzyme
the metal-binding site, and there is no second metal bindingand the role of chelators in the release of the''Mproduct
near the C-terminus as observed in MrBd' structure. during MnP turnover confirming earlier world 4).

The second data set (MNPSMOX) was collected using The direct observation of Mip Cd', and S binding in
the second piece of the MrFSmM'" crystal after it had soaked  the crystal structure indicates that the Mn-binding site is able
in the mother liquor containing 10 mM sodium oxalate for to bind reversibly both divalent and trivalent cations with
several hours. ThE, — F. map of this data set using MaP sufficiently high affinity, in accordance with inhibition and
Mn" coordinates, lacking Mhand its ligands, differs from  H NMR studies 80) (H. L. Youngs, data not shown). Mn
that described for MNPSM. Most significantly, the density is not released in the presence of oxalate, as the Mn-binding
is weak at the metal-binding site (Figure 5B) and the site is indistinguishable in oxalate-free and oxalate-soaked
C-terminal region of the polypeptide chain. There are only MnP—Mn'" structures (data not shown), suggesting that no
four interactions possible for this peak (Table 2 and Figure ternary MnP-Mn'"'—oxalate complex is formed and the
5B). Two of the four carboxylates, Glu35 and Glu39, are unchelated Mhbinds to the enzyme. However, the observa-
oriented away from the metal-binding site with distances of tion that St' can be removed from MnP by oxalate suggests
3.47 and 3.57 A, respectively. This is very similar to the that Mn" can be similarly chelated, consistent with kinetic
situation observed in the structure of the D179N mutant, studies 14) and the'H NMR study of MnP complexes with
which lacks a metal ion2@). Soaking the crystal in a sodium  Gd" and C#' (30). However, no ternary MnPSm'" —oxalate
oxalate solution resulted in the removal of bound"Srthe complex was observed in the crystal structure. While
site is then occupied by either a water molecule or a sodium lanthanides may mimic the charge of Mnthey are quite
ion. No ternary complex containing oxalate was observed. different in size 83) and, as we present here, coordination
These observations are consistent with NMR data for preference. Thus, any conclusions regarding Mn chemistry
MnP—lanthanide complexes incubated with oxala36)( based on metal substitutions are tentative. If such a ternary
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“Asp179 Aspi179

FIGURE 5: (A) Stereoview of thé=, — F. map at the Mn-binding site (top). The map was calculated using the MNPSM data set and the
MnP—Mn" model without M. The models of both MnPMn" (thin lines) and refined MnPSn" (thick lines) are superimposed. The

map is contoured at3o, and the positive peak is stronger tharo3Stereoview of the Sthbound structure near the Mn-binding site
(bottom). The metal is still octacoordinated, with two additional water ligands. There is rearrangement of some protein side chain ligands,
but all are in a single conformation. (B) Stereoview of the— F. map at the Mn-binding site (top). The map was calculated using the
MNPSMOX (MnP-Sml" crystal treated with oxalate) data set and the MiMh'" model without M. The models of both MnPMn'

(thin lines) and refined metal-free MnP (thick lines) are superimposed. The map is contout8d,and the positive peak at the Mn-
binding site is~60, indicating that the site lacks metal. Stereoview of the metal-free structure near the Mn-binding site (bottom). The peak
at the Mn-binding site shows only four interactions, two amino acid side chains and two waters. This site is also modeled as water (WO0).
There is a major rearrangement of protein side chain ligands due to lack of metal, which is reminiscent of the active site mutant structures
lacking Mn' (21, 23). (C) Stereoview of thé&, — F. map at the Mn-binding site. The map was calculated using the MNPOXSM data set
and the MnP-Mn" model without Mi. The models of both MnPMn'" (thin lines) and refined Sthresubstituted MnP (the oxalate-
treated crystal MnP resoaked in 8nthick lines) are superimposed. The map is contouretiZat, and the positive peak is stronger than

300, indicating rebinding of SH. This is also supported by octacoordination of the site with the same ligation as in the SariP

structure refined with the MNPSM data set. The X’s in the various diagrams represent solvent molecules.

complex forms, it is extremely short-lived and easily  4.Gold, M. H., and Alic, M. (1993) Molecular biology of the lignin-

i degrading basidiomycefehanerochaete chrysosporiymicro-
disrupted and may be dependent on pH. biol. Rev. 57 605622,
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