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ABSTRACT: MauG is a diheme enzyme responsible for the post-transla-
tional formation of the catalytic tryptophan tryptophylquinone (TTQ)
cofactor in methylamine dehydrogenase (MADH). MauG can utilize
hydrogen peroxide, or molecular oxygen and reducing equivalents, to
complete this reaction via a catalytic bis-Fe(IV) intermediate. Crystal
structures of diferrous, Fe(II)-CO, and Fe(II)-NO forms of MauG in
complex with its preMADH substrate have been determined and compared
to one another as well as to the structure of the resting diferric MauG-
preMADH complex. CO and NO each bind exclusively to the 5-coordinate
high-spin heme with no change in ligation of the 6-coordinate low-spin
heme. These structures reveal likely roles for amino acid residues in the
distal pocket of the high-spin heme in oxygen binding and activation. Glul13 is implicated in the protonation of heme-bound
diatomic oxygen intermediates in promoting cleavage of the O—O bond. Pro107 is shown to change conformation on the binding of
each ligand and may play a steric role in oxygen activation by positioning the distal oxygen near Glul13. GIn103 is in a position to

provide a hydrogen bond to the Fe(IV)=0 moiety that may account for the unusual stability of this species in MauG.

novel c-type diheme enzyme MauG is responsible for the
Apost—translational modification of methylamine dehydrogen-
ase (MADH) to generate a catalytic tryptophan tryptophylqui-
none cofactor (TTQ) from two Trp residues (STrpS7 and
BTrpl08 in Paracoccus denitrificans MADH)." MADH is a
119 kDa 0,3, heterotetrameric enzyme with two independent
active sites each containing a TTQ_ cofactor. The substrate for
this reaction is a monohydroxylated precursor (preMADH)
where one oxygen atom has been inserted into each of the
BTrp57 indole rings in the two active sites.”” Maturation of
the TTQ cofactor is a 6-electron oxidation process comprising
three 2-electron oxidations: (i) insertion of the second —OH
group into STrpS7, (i) formation of the cross-link between
PTrpS7 and BTrpl08, and (iii) oxidation of the quinol to
quinone (Figure 1). The order of these modifications is currently
unknown.

MauG can catalyze the 6-electron oxidation of preMADH
using three equivalents of H,O, or, O, plus reducing equiva-
lents.* This catalytic activity distinguishes MauG from cyto-
chrome ¢ peroxidases (CCPs), as does its ability to utilize O,
as well as H,O,, although it is currently unclear which is the
physiologically relevant substrate. The low micromolar affinity of
diferric MauG for H,0,> and the sensitivity of diferrous MauG to
oxidation in air"® suggests that either may be physiologically
relevant. Regardless of the oxidant source, an unprecedented bis-
Fe(IV) intermediate is the high valent species that is generated
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and required for each of the three 2-electron oxidation reactions
that complete TTQ synthesis.” On the basis of Mssbauer data,
the bis-Fe(IV) intermediate hemes are described as a ferryl
(Fe(IV)=0) heme, with the other being a 6-coordinate Fe(IV)
heme with two amino acid ligands.7 Thus, MauG stores one
oxidizing equivalent on each of its c-type hemes generating an
Fe(V) formal oxidation state equivalent to compound I: an
Fe(IV)=0 heme plus porphyrin/amino acid cation radical that
is the more common high valent intermediate formed by heme
oxygenases and peroxidases.

The redox cooperativity of the hemes enable them to act as a
single 2-electron cofactor with no observation of a mixed-valence
state.® This is in contrast to most bacterial diheme CCPs
(BCCPs) with which MauG is ~30% homologous, which require
the formation of a Fe(II) /Fe(III) state for reactivity with H,O,.”
The crystal structure of the MauG-preMADH complex revealed
a S-coordinate heme with a 6-coordinate heme ligated by His205
and Tyr294."° The observation of catalytic activity in these
crystals upon the addition of H,O, demonstrated conclusively
that MauG oxidizes the TTQ site by long-range electron transfer
from preMADH to the Fe(IV) hemes of MauG rather than
by direct O-atom insertion by the Fe(IV)=0 heme.'® The
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Figure 1. MauG-dependent TTQ formation.
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appearance of positive difference electron density upon H,O,
treatment distal to the 5-coordinate heme indicated this as the high-
spin heme of MauG and the site of oxygen binding and activation."®
This heme is furthest from the MauG-preMADH interface and
more than 40 A from the site of TTQ synthesis in preMADH.

In addition to binding and activating O, to form the high-
valent species used in TTQ maturation, fully reduced (diferrous)
MauG is also capable of binding CO defined by UV—visible
spectroscopy”'’ and NO defined by EPR'* to form stable
complexes. This property is highly unusual among c-type hemes
of which the large majority are 6-coordinate with two amino acid
residues'® and principally involved in electron transfer reactions.
Thus, structures of CO and NO complexes with c-type heme
proteins in the literature are quite rare, one example being
cytochrome ¢ of Alcaligenes xylosoxidans for which structures
of 6-coordinate CO and S-coordinate NO complexes have been
determined."* Here, we describe crystal structures of the difer-
rous, Fe(I1)-CO, and Fe(II)-NO MauG in complex with pre-
MADH. These structures provide an opportunity to analyze
interactions engaged by diatomic ligands analogous to O, in the
distal pocket of MauG and illustrate the potential importance of
several conserved distal residues in the positioning of O, and
H,0, and subsequent O—O bond cleavage.

B EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Crystallization. The
expression and purification of Paracoccus denitrificans MauG' and
preMADH? were carried out as described previously. Crystal-
lization was performed as described previously.'® Briefly, crystals
were grown by hanging drop vapor diffusion at 20 °C in drops
containing 1 #L of preformed protein complex (100 M MauG
and 50 uM preMADH in 10 mM potassium phosphate, pH 7.5)
and 3 uL of reservoir solution (23—25% w/v PEG 8000, 0.1 M
sodium acetate, 0.1 M MES pH 6.4).

Formation of Diferrous, Fe(ll)-CO, and Fe(ll)-NO MauG-
preMADH Crystals. Crystal trays were brought into an anaerobic
chamber (Belle Technologies, UK) and incubated for 24 h. All
procedures up to and including flash freezing of the crystals were
carried out in the anaerobic chamber. For crystal soaking, a
degassed artificial mother liquor solution was used (24% w/v
PEG 8000, 0.1 M sodium acetate, and 0.1 M MES at pH 6.4) that
additionally contained 2 mM sodium dithionite (Sigma) to
reduce MauG to the diferrous form and 10% PEG 400 as a
cryoprotectant. Diferrous MauG-preMADH crystals were formed
by soaking the crystals for 2 min in the artificial mother liquor

prior to flash freezing in liquid nitrogen. CO-bound crystals were
generated by 2 min soaks in the mother liquor presaturated with
CO by purging with CO gas for ~10 min and then flash freezing
in liquid nitrogen. NO-bound crystals were formed by taking
diferrous MauG-preMADH crystals generated as described
above and transferring these for 2 min to the artificial mother
liquor without reductant, but containing ~2 mM NO, which
were then flash frozen in liquid nitrogen. The NO solution was
formed by diluting a concentrated stock solution of the NO
donor DEA-NONOate (Sigma) in 10 mM NaOH into an
anaerobic cryoprotectant and incubating for 1 h in a sealed
container. The formation of the desired oxidation and ligation
states as well as stability during X-ray data collection were
confirmed by single crystal UV—visible spectroscopy (4DX
Systems AB, Sweden) (Figure S1, Supporting Information).
X-ray Data Collection, Processing, and Refinement. X-ray
diffraction data were collected at 100 K on GM/CA-CAT
beamline 23-ID-D of the Advanced Photon Source (APS),
Argonne National Laboratory, Argonne IL using a MARmosaic
300 CCD. The beam size was adjusted to match the crystal size
and orientation, and attenuated by 200—250-fold; 180° of
diffraction data were collected on a single crystal, during which
time no significant degradation of diffraction quality was ob-
served. Data collection statistics are given in Table 1. The treated
crystals described here were isomorphous to those of the
untreated protein crystals and were in space group P1 with one
complex in the asymmetric unit (2 MauG + 1 preMADH;
preMADH has two sites of TTQ synthesis).'* Structure solution
was by direct Fourier synthesis using the 2.1 A resolution resting
state MauG-preMADH crystal structure without ligands and
waters (Protein Data Bank (PDB) ID, 3L4M) to generate initial
phases and also as the starting model in refinement. The
reflection equivalents used to calculate R, in the refinement
of the untreated crystals were used to calculate Rg.. during
refinement of the data sets described here. Cycles of model
building with COOT"® and restrained refinement using RE-
FMACS.S with TLS were performed until all interpretable
regions of the 2Fo-Fc and Fo-Fc electron density maps, excepting
density representing ligands bound to the high-spin heme, were
explained.’® The final step involved building the CO and NO
ligands into the models and refining their positions. The high
occupancy and differing geometries of the two ligands were
confirmed by Fo-Fo electron density maps and corroborated by
the final atomic B-factors being similar to those of the heme. In
the case of CO, the Fe—C bond had to be restrained to 1.9 A in
order to obtain satisfactory fits to the electron density, whereas
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Table 1. Data Collection and Refinement Statistics”

diferrous MauG-preMADH

Fe(II)-CO MauG-preMADH Fe(II)-NO MauG-preMADH

Data Collection

wavelength (A)
resolution (A)

space group

unit cell lengths (A)
unit cell angles (deg)

1.03317

50.00—2.22 (2.28—2.22)
P1

55.6 x 83.6 x 107.9
110.0, 91.7, 108.5

measured reflections 160,038
unique reflections 83,223
completeness (%) 96.5 (89.8)
Riperge (%) 8.5 (343)
I/ol 8.9 (2.1)
multiplicity 1.9 (1.8)

resolution (A)

44.49-2.22 (2.28—2.22)

no. reflections; working/test 78,610/4,161
Ryon (%)° 17.7
Rgee (%) 229
protein atoms 13,299
other atoms 1272
Ramachandran statistics®

allowed (%) 99.9

outliers (%) 0.1
rms deviation

bond lengths (A) 0.008

bond angles (deg) 1.329
average B-factor (A%) 2715
ESU (AY; Ryor/Reree 0.343/0.226
Protein Data Bank ID 3PXS

1.03317

50.00—2.16 (2.22—2.16)
Pl

55.4 X 83.5 x 108.1
110.1,91.8, 105.6

1.03316

50.00—2.11 (2.17—2.11)
P1

$5.5 X 83.6 X 107.9
110.0, 91.6, 105.7

174,415 180,141
90,587 95,254
97.2 (88.1) 95.3 (84.2)
8.3 (38.0) 8.8 (362)
9.3 (2.0) 82 (22)
1.9 (1.9) 1.9 (1.9)

Refinement

44.49-2.16 (2.22—2.16)

44.49-2.11 (2.17—2.11)

85,995/4,534 90,417/4,810
17.7 189

226 242

13,264 13,264
1,295 1,438

100.0 100.0

0.0 0.0

0.007 0.008

1.323 1.328

27.81 25.50
0.285/0.206 0.281/0.213
3PXT 3PXW

“ Data in parentheses are for the highest resolution shell. b Rinerge = 2i |Thkl,i — (Thkl)|/Zhkl i Thkli, where I is the observed intensity, and (Thkl) is the
average intensity of multiple measurements. ‘R, = 2/ Fo| — |Fdl /Z|Fo|, where |Fol is the observed structure factor amplitude, and |Fc| is the
calculated structure factor amplitude. ?Rpee is the R factor based on 5% of the data excluded from refinement. *Based on values obtained from
PROCHECK.* / Estimated standard uncertainties generated for Ryon and R in REFMACS.5."¢

no restraints were placed on the geometry of the NO ligand. The
data refinement statistics are given in Table 1.

B RESULTS

Overall Structures of the Different Oxidation and Ligation
States of MauG-preMADH. The crystal structures of diferrous,
Fe(11)-CO, and Fe(I1)-NO MauG-preMADH were determined
to 2.2, 2.2, and 2.1 A resolution, respectively (Table 1). The
overall structures of these forms and the resting state structure
previously characterized'® are superimposable with rmsd <0.17
A, indicating that no major structural rearrangements accompany
heme reduction or ligand binding. This similarity extends to the
local environment of the high-spin heme of the diferrous form
(Figure 2). Like the resting state MauG, the high-spin ferrous
heme iron is proximally coordinated by His35, with no evidence
of an ordered distal ligand making this heme S-coordinate. A
conserved pattern of ordered waters from the protein surface is
stabilized by hydrogen bonds to Glul13, culminating in a water
molecule (WO0) at ~3.7 A from the heme iron on the distal side
(Figures 2 and 3A). No structural differences are observed
between the low-spin hemes in any of the above four structures.

Fe(ll)-CO and Fe(ll)-NO MauG-preMADH Ligand Geome-
tries. For the Fe(II)-CO and Fe(II)-NO structures, modeling CO
and NO ligands bound to the distal side of the high-spin heme in
the final step of refinement results in a good fit to the electron
density (Figure 3B and C). The positions of the terminal oxygen
atoms of the CO and NO ligands are occupied by the water, WO, in
the diferrous and resting state enzyme. Fo-Fo difference maps of
Fe(I[)-CO and Fe(II)-NO minus diferrous MauG-preMADH
show the strongest positive density above the formerly S-coordi-
nate heme consistent with diatomics bound at high occupancy
(Figure 4A and B). As ligand binding displaces the WO water
molecule in diferrous MauG, this is reflected in the weaker Fo-Fo
electron density for the distal atoms. These difference maps in
conjunction with a lack of residual Fo-Fc difference density with
final models containing 100% ligand occupancy support complete
ligation of the heme by CO and NO. This is further validated by the
temperature factors for the terminal oxygen atoms of the CO and
NO ligands in the final model being 22.4 and 22.2 A* and 25.1 and
25.9 A for the two independent copies of MauG in the asymmetric
unit (A and B chains, respectively). These values are similar to those
of the heme iron and pyrrole nitrogen atoms which range from 20.5
to 23.7 A%,
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CO is bound nearly perpendicularly to the heme with
Fe—C—O angles of 157° and 171° for the A and B chains,
respectively, while both Fe—C distances refine to 2.0 A. NO
adopts a bent geometry with Fe—N—O angles of 118° and 122°
for the A and B chains, respectively, while both Fe—N distances
refine to 1.9 A. An Fe(I1)-NO minus Fe(I[)-CO MauG-pre-
MADH Fo-Fo difference map is consistent with the decreased
bonding angle of NO relative to CO (Figure 4C). The geome-
tries of these complexes are typical for what is observed in heme
proteins and similar to those of myoglobin (Fe-CO = 1.8 A,
Fe—C—0 =171°" Fe—NO = 1.9 A, Fe—N—0 = 112° '¥).

Figure 2. Superimposition of diferrous MauG and resting state MauG
structures (PDB ID, 3L4M) within the context of MauG-preMADH
complex crystals.'” The high-spin hemes, proximal ligand, and distal
residues are shown in stick form colored according to element (carbon
color: gold, diferrous; gray, resting state). Water molecules are shown as
gold and gray spheres for the diferrous and resting state MauG structures,
respectively. Iron is drawn as an orange sphere. The remainder of MauG is
shown as a secondary structure cartoon (gold, diferrous; gray, resting
state). Dotted lines represent hydrogen bonds involving three waters (WO,
W1, and W2) drawn between atoms in the diferrous MauG structure. The
figure was produced using PyMOL (http://www.pymol.org/).

Distal Pocket Changes upon CO and NO Binding. The
distal pocket of the high-spin heme of MauG is lined with the
residues Phe92, GIn103, Pro107, and Glu113 (Figure 2). Only
Prol107 and Glull3 show any evidence of movement going
from diferrous to NO- and CO-bound states (Figure SA).
Interestingly, the Pro107 pucker changes upon CO and NO
binding. The proline ring can adopt two different conformation
states known as upPro and downPro that differ by the sign of
their dihedral :mgles.19 Upon binding CO or NO, Prol07
converts from the upPro to the downPro form (Figure S).
For trans isomers of Pro (which is the case for MauG Pro107),
there seems to be little preference for one form over the other.*
Although this change is subtle, attempts to manually position
and then refine an upPro conformation in the Fe(I)-CO and
Fe(II)-NO MauG-preMADH structures or a downPro in the
diferrous MauG-preMADH structure resulted in conformer
switching during refinement. Further, the electron density
clearly supports the conformational assignments (Figure SB).
Thus, the conversion from upPro to downPro upon ligand
binding seems to represent a mechanism for relieving steric
crowding by Pro107 through movement of the 5 carbon 0.6 and
1.0 A away from the NO and CO ligands, respectively (Figure
SA). In addition to Prol107, Glul13 is sterically perturbed by
ligand binding, consistent with the small amount of negative
density in Figure 4A and B (Figure SA). Both of these
perturbations are more pronounced in the CO-bound versus
the NO-bound structure, likely as a consequence of their
different binding geometries. Within coordinate error, Phe92
and GIn103 are unaffected by ligand binding (Figure SA).

Intriguingly, the steric restraint imposed by Pro107 orients the
terminal oxygen atoms of both CO and NO toward the distal
Glu113 residue. The terminal oxygen atoms of both CO and NO
ligands occupy a similar position as the water molecule, WO,
observed in resting state and diferrous structures (Figure SA).
This places the terminal oxygen atoms of CO and NO ligands at
3.5 and 3.1 A, respectively, from the nearest carboxyl group
oxygen of Glull3. As it is unlikely that this solvent accessible
residue is protonated at pH 6.4, this observation is best described
as an electrostatic interaction between the negatively charged
carboxylate and the partial positive charge carried on the terminal

Figure 3. High-spin heme of (A) diferrous, (B) Fe(II)-CO, and (C) Fe(II)-NO MauG within the context of MauG-preMADH complex crystals.
2Fo-Fc electron densities are contoured to 1.50. The proximal His35 ligand and distal residues are shown as sticks and waters as spheres colored by atom.
Iron is drawn as an orange sphere. The remainder of MauG is shown as a secondary structure cartoon (gold, diferrous; cyan, CO; pink, NO). The figure

was produced using PyMOL (http://www.pymol.org/).
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Figure 4. Fo-Fo difference electron density maps. (A) Fe(II)-CO minus diferrous and (B) Fe(II)-NO minus diferrous contoured to 5.00 around heme,
ligand, and proximal and distal residues. (C) Fe(II)-NO minus Fe(II)-CO contoured to 3.00 around bound NO. Positive and negative Fo-Fo are colored
green and red, respectively. Panel A shows the Fe(II)-CO model and panels B and C the Fe(II)-NO model. The heme and proximal and distal residues
are drawn as sticks colored by atom. Iron is drawn as an orange sphere. The remainder of MauG is shown as a secondary structure cartoon (cyan, CO;
pink, NO). The figure was produced using PyMOL (http://www.pymol.org/).
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Figure S. (A) Superimposition of the high-spin heme and distal residues for the diferrous (gold), Fe(II)-CO (cyan), and Fe(II)-NO (pink) complexes.
(B) 2Fo-Fc electron density contoured at 1.50 for Pro107 of diferrous (gold carbons and gold mesh) and Fe(II)-CO (cyan carbons and blue mesh)

MauG. The figure was produced using PyMOL (http://www.pymol.org/).

oxygen atoms as has been described for the CO and NO
complexes of chloroperoxidase (CPO).*!

As NO binds in a bent geometry similar to that expected for
O,, this ligand is a particularly good probe for interactions
engaged by potential diatomic oxygen intermediates such as
Fe(11)-O, and Fe(Il)-OOH  in the MauG catalytic cycle.
Interactions between the NO ligand and distal residues are
shown in detail in Figure 6. The closest contact to the bound
NO in MauG is from the side-chain amide of GIn103, which is 2.9
A from the proximal nitrogen atom of NO, consistent with a
hydrogen bond. After conversion from upPro to downPro, the
and y-carbon atoms of Pro107 are 3.4 A from the distal oxygen
and proximal nitrogen atoms of bound NO, respectively. As
mentioned above, Glul13 is also nearby with its carboxyl oxygen
atoms at 3.1 and 3.3 A from the NO distal oxygen atom. In
addition to its interaction with bound NO, this residue appears to
stabilize a well-conserved network of water molecules to the
protein surface, positioning the two nearest (W1 and W2) at 3.4
and 3.5 A, respectively, from the terminal oxygen atom of NO.

Glu113
e 32,
3.40 3.1,
2.9 o
e 33
= - =
GIn103 .35°@%3

Figure 6. Distal environment of the high-spin heme in Fe(II)-NO
MauG. Dotted lines indicate interaction distances in angstroms. The
figure was produced using PyMOL (http://www.pymol.org/).

2935 dx.doi.org/10.1021/bi200023n |Biochemistry 2011, 50, 2931-2938



Biochemistry

The potential role of this residue in O—O bond cleavage is
discussed below.

H DISCUSSION

CO and NO have been used extensively as stable oxygen
analogues in heme systems. Although c-type hemes do not typically
bind these ligands, binding is observed for diferrous MauG and
enabled the structural characterization of CO and NO adducts of
MauG in complex with its preMADH substrate. These structures
allowed the identification of residues which are likely vital to the
catalytic functions of MauG, namely, GIn103, Pro107, and Glul13.
Consistent with this is the observation that these residues are
absolutely conserved among known MauG orthologues (Figure S2,
Supporting Information). The Fe(I)-CO and Fe(II)-NO struc-
tures show that these ligands bind exclusively at the high-spin heme,
causing no change to the overall structure of MauG or to the low-
spin heme. However, perturbations in the positions of two residues
in the distal pocket of the high-spin heme, Pro107 and Glu113, are
observed. The previously reported structure of H,O,-treated
MauG shows some positive electron density over the heme iron
suggesting partial occupancy at this site, likely attributable to a
mixture of oxygen species as previously discussed.' Intriguingly,
there is evidence within this mixture for similar motions of Pro107
and Glu113 (Figure S3, Supporting Information). This observation
provides some evidence that the movement of Pro107 and Glu113
observed upon CO and NO binding is also relevant to the binding
and activation of H,O,.

The fact that even the high-spin heme distal residues show
little perturbation upon ligand binding is consistent with the
MauG catalyzed reaction being random order and the high-spin
heme being constitutively “active” for dioxygen activation. This
contrasts with the ordered mechanism of cytochromes P450
where the binding of the organic substrate is a prerequisite.”> The
Pro107 ring in MauG and the substrate camphene in the ES
complex of cytochrome P450,,, > are at comparable distances to
the heme irons in these two structures (4.3 A). This led to the
proposal that Pro107 in MauG may fulfill the structural role of
substrate in cytochrome P450,,,,,, providing a stable O,-binding
site.'® The structures reported herein indicate a more dynamic
role for Pro107 in O, activation, as it is able to switch conforma-
tion from upPro to downPro in response to ligand binding. This
change relieves steric crowding with the ligand and may be
instrumental in positioning bound O, in close contact with
Glul13, the likely active site acid/base. Proline conformational
switching in response to ligand binding is an unusual observation
and may represent a previously unrecognized mechanism for
ligand sensing in signaling proteins.

The hydrogen bond network between distal waters, Glul13, and
NO suggests that Glul13 plays a key role in proton donation to
Fe(I)-O, and/or Fe(IlI)-OOH "~ intermediates either directly or
by stabilizing a network of catalytic water molecules. The latter
mechanism has been implicated in oxygen activation by cyto-
chrome P450cam where well-ordered waters are observed in the
active site of the Fe(II)-O, form of the enzyme.”*** The homo-
logous diheme BCCP of Nitrosomonas europea (NeBCCP; 28%
sequence identity to MauG) also employs a glutamate residue in
the distal pocket to potentially serve as a catalytic acid/base
promoting cleavage of the O—O bond.* In fact, the entire set of
MauG high-spin heme distal residues are conserved in NeBCCP
(Phe81, GIn92, Pro96, and Glu102). Generally, the diheme BCCPs
require reduction of the second, low-spin (high-potential) heme to

cause a distal His ligand to dissociate from the low-potential heme,
allowing H,0, to bind. However, NeBCCP differs in that its high-
spin (low-potential) heme is five-coordinate regardless of the
oxidation state of the enzyme. At least for Pseudomonas aeruginosa
BCCP, this dissociation event is proposed to correlate with a
conformational change allowing proper positioning of a fully
conserved catalytic Glu residue leading to a distal environment
similar to that of NeBCCP.***” In support of this, mutants of
Glull7 in Rhodobacter capsulatus BCCP show no peroxidase
activity.28

Caldariomyces fiimago choloroperoxidase (CPO), an enzyme
capable of peroxidase as well as P450-type chemistry, also
contains an active site glutamate residue (Glul83) thought to
fulfill a role in acid/base catalysis.” Structures of CPO bound to a
number of exogenous heme ligands including NO and CO have
been solved and demonstrate that the carboxyl group of Glul83
forms a direct electrostatic interaction with the terminal oxygen
atoms of NO and CO ligands at 2.88 and 3.18 A, respectively.”'
An intermediate in the peroxidase mechanism known as com-
pound 0 (Fe(IIT)-OOH ™) was trapped in CPO, and the terminal
oxygen atom was observed at 2.7 A from the carboxyl group of
Glu183, indicating that this residue likely participates in proton
transfer to the terminal oxygen atom of the bound reaction
intermediates and demonstrating the utility of NO and CO
ligands as stable analogues of diatomic oxygen species.*® Although
potentially mediated by water molecules in MauG, this demon-
strates precedence for the use of a catalytic glutamate residue in
oxygen activation by heme enzymes.

The Fe(II)-NO structure of MauG suggests a critical role for
GIn103 in MauG catalysis as well. This residue interacts with the
proximal nitrogen of bound NO by donation of a hydrogen bond.
GIn103 could also hydrogen bond to bound oxygen species
during the catalytic cycle, including the Fe(IV)=0 intermediate.
Such a hydrogen bond interaction was recently suggested on the
basis of DFT calculations of the bis-Fe(IV) MauG hemes.*' A
distal Arg residue has been proposed to fulfill an analogous role in
horseradish peroxidase (HPO), donating hydrogen bonds to
both Fe(III)-hydroperoxo and Fe(IV)=0 intermediates during
the formation of compound 1.**

The key difference between MauG and the above-mentioned
enzymes lies in how oxidizing equivalents are stored. CPO and
HPO, having only a single heme, store one oxidizing equivalent
as Fe(IV)=0 and the other as a porphyrin cation radical
(compound I).**> Most eukaryotic monoheme CCPs utilize this
same intermediate,>* except the yeast enzyme which stores the
second oxidizing equivalent as a Trp cation radical.>> The
bacterial diheme CCPs, which are active in a mixed-valence
(Fe(1II)/Fe(II)) state, store the second oxidizing equivalent as
Fe(III) at the second heme,” although NeBCCP can also utilize
compound I if the second heme is ferric at the start of catalysis.>®
MauG is the only enzyme known to form a bis-Fe(IV) heme two-
electron oxidant.” This remarkable property must have little to
do with the environment of the high-spin heme, which is very
similar to that of NeBCCP. The unusual His-Tyr ligation of the
low-spin heme of MauG'® appears key to stabilizing this inter-
mediate. In this regard, it should be noted that the Tyr ligand to
the low-spin heme is also fully conserved among MauG proteins
(Figure S2, Supporting Information). When the Tyr294 is
mutated to His, which acts as a ligand to give a six-coordinate
His-His ligated heme, the mutant no longer supports the
formation of the bis-Fe(IV).>” Although it can form a high-valent
intermediate (probably compound I), it is inactive in TTQ
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biosynthesis. The hemes of the Tyr294His mutant still retain the
redox co-operativity of wild-type,'* although the linked oxi-
dation—

reduction midpoint potentials are altered.”” As such, CO binding
at the high-spin heme is affected by the change of ligation at the
low-spin heme, leading to a significant increase in CO affinity
over that of wild-type.

Our results indicate that Glul13 of MauG likely plays a key
role in catalysis, donating one or more protons, either directly or
by stabilizing a network of catalytic waters, to bound O,
intermediates leading to O—O bond cleavage and formation of
the bis-Fe(IV) catalytic intermediate. In addition to its proposed
role in maintaining an activated high-spin heme environment,'°
Pro107 may play a steric role in O,-activation, positioning the
distal oxygen atom near the carboxylate of Glull3. Once the
O—O0 bond has been cleaved, GIn103 may be in a position to
hydrogen bond with the Fe(IV)=0 moiety. This, coupled with
charge stabilization provided by the negatively charged Glul13,
may account for the unusual stability of this species in MauG in
the absence of substrate.” Structural characterization and activity
measurements of distal residue mutants should help to refine our
understanding of the mechanism of oxygen activation and high-
valent heme stabilization in this unusual enzyme.
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