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ABSTRACT: The diheme enzyme MauG catalyzes a six-
electron oxidation required for post-translational modification
of a precursor of methylamine dehydrogenase (preMADH) to
complete the biosynthesis of its protein-derived tryptophan
tryptophylquinone (TTQ) cofactor. Crystallographic studies
have implicated Glul13 in the formation of the bis-Fe" state
of MauG, in which one heme is Fe''=0 and the other is Fe!¥
with His-Tyr axial ligation. An E113Q mutation had no effect
on the structure of MauG but significantly altered its redox
properties. E113Q MauG could not be converted to the
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diferrous state by reduction with dithionite but was only reduced to a mixed valence Fe'/Fe'™ state, which is never observed in
wild-type (WT) MauG. Addition of H,0, to E113Q MauG generated a high valence state that formed more slowly and was less
stable than the bis-Fe'” state of WT MauG. E113Q MauG exhibited no detectable TTQ biosynthesis activity in a steady-state
assay with preMADH as the substrate. It did catalyze the steady-state oxidation of quinol MADH to the quinone, but 1000-fold
less efficiently than WT MauG. Addition of H,O, to a crystal of the E113Q MauG-preMADH complex resulted in partial
synthesis of TTQ. Extended exposure of these crystals to H,O, resulted in hydroxylation of Pro107 in the distal pocket of the
high-spin heme. It is concluded that the loss of the carboxylic group of Glul13 disrupts the redox cooperativity between hemes
that allows rapid formation of the diferrous state and alters the distribution of high-valence species that participate in charge-

resonance stabilization of the bis-FelV redox state.

42-kDa c-type diheme enzyme,' MauG catalyzes the final

steps in the biosynthesis of the protein-derived cofactor™?
tryptophan tryptophylquinone (TTQ) in methylamine dehy-
drogenase (MADH).* In order to complete TTQ_ formation,
these post-translational modifications require a six-electron
oxidation of a precursor of methylamine dehydrogenase
(preMADH) that possesses a monohydroxylated residue
PTrp57>° (Figure 1). The order of the reactions that MauG
catalyzes are covalent cross-linking of ATrpS7 to STrpl08,
insertion of a second oxygen atom into the side chain of
PTrp57, and oxidation of the quinol species to the quinone.”
Diferric MauG can be oxidized by H,0, to generate the high-
valence heme species required for TTQ biosynthesis. In
contrast to peroxidases and other heme-dependent oxygenases,
the high-valent species generated in MauG is not compound I
or compound ES, but a bis-Fe!" intermediate of MauG® in
which one heme is present as Fe'"=0 with an axial ligand
provided by a His and the other is present as Fe'" with His-Tyr
axial ligation and no exogenous bound ligand.” Experimental
and computational studies have demonstrated that Tyr294,
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Figure 1. MauG-catalyzed TTQ_biosynthesis from preMADH. The
post-translational modifications of preMADH that are catalyzed by
MauG are highlighted in red.

which provides an axial ligand for the six-coordinate heme iron,
plays a critical role in stabilization of the bis-Fe'¥ state.'®”'?
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The bis-Fe' species is also stabilized by an unusual charge-
resonance transition in which the two Fe' hemes and Trp93,
which resides between the two hemes, share spin and charge via
ultrafast hopping-mediated electron transfer.'* The crystal
structure of a catalytically competent complex of MauG and
preMADH from Paracoccus denitrificans has been determined,”’
and it shows that the process of MauG-dependent TTQ
biosynthesis requires long-range electron transfer, as the
distances between the residues of preMADH that are modified
to form TTQ and each heme iron of MauG are approximately
40.1 and 194 A. Trpl99 of MauG resides at the site of
interaction with preMADH and is positioned approximately
halfway between fTrp108 and the nearest heme of MauG. Site-
directed mutagenesis and kinetic and thermodynamic analyses
showed that Trp199 mediates a hole-hopping mechanism of
electron transfer that is required for MauG-dependent TTQ
biosynthesis.">'® As the details of this mechanism of remote
catalysis by MauG are being elucidated, questions remain
concerning the roles of specific amino acid residues that are in
close proximity to the hemes in stabilizing the different redox
states of MauG.

Inspection of the crystal structure of MauG identified three
residues of interest in the distal pocket of the high-spin five-
coordinate heme: Prol107, GIn103, and Glul13. The results of
site-directed mutagenesis studies of Pro107'” showed that the
presence of Prol07 is critical in maintaining the proper
structure of the distal pocket of the high-spin heme of MauG,
controlling the binding of exogenous ligands and directing the
reactivity of the heme-activated oxygen during catalysis, thus
minimizing the oxidation of other residues of MauG. A
quantum chemical investigation that explored the unusual
Mossbauer spectroscopic parameters of the bis-Fe'¥ MauG
suggested that GIn103 is important in stabilizing the Fe"'=0
by hydrogen bonding to the oxo."> On the basis of the crystal
structure of NO bound to the MauG-preMADH complex,'® it
was suggested that Glull3 may be important in promoting
cleavage of the O—O bond through protonation of oxygen
intermediates bound to heme during catalysis. An analogous
role has been suggested for a Glu in the same spatial position in
the heme pocket of certain peroxidases.'* >

In this study, Glul13 was converted to glutamine. While this
results in no significant structural changes to MauG, the E113Q_
mutation dramatically affects the redox properties of MauG and
its TTQ biosynthesis activity. It is concluded that the loss of the
carboxylic group of Glull3 disrupts the redox cooperativity
between the hemes of MauG that allows rapid formation of the
diferrous redox state” and alters the distribution of high
valence species that participate in charge-resonance stabilization
of the bis-Fe'” redox state. The interpretation of these results
has implications for understanding not only the structure—
function relationships of MauG but also for peroxidases and
heme-dependent oxidative enzymes in general.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Recombinant
MauG' and preMADH® were purified from P. denitrificans
and Rhodobacter sphaeroides, respectively, as described
previously. Glull3 of MauG was converted to Gln by site-
directed mutagenesis of double-stranded pMEG391, which
contains mauG, using the QuikChange kit (Strategene). E113Q
MauG was expressed in P. denitrificans and isolated from the
periplasmic fraction as described for recombinant wild-type
(WT) MauG.'
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Redox Titrations. E, values of E113Q MauG were
determined by anaerobic spectrochemical titration, as described
previously for WT MauG using FMN as a mediator.”* Sodium
dithionite and potassium ferricyanide were used in reductive
and oxidative titrations, respectively. The fraction of MauG that
was reduced was determined by comparison with the spectra of
the completely oxidized and reduced forms of MauG and
quantitated from the absorbance at 550 nm. Data were fit to the
Nernst equation (eq 1) and eq 2, which describes the redox
behavior of a system with two redox active centers, where a is
the fraction of the total absorbance change attributable to one
center and (1 — a) is the fraction of the total absorbance
change attributable to the other.

E = E_ + (23RT/nF) log([MauG,,]/[MauG,.4]) (1)
fraction reduced = a/[1 + 10(E=Ew))/ 0-059V)]
+ (1 -a)/[1+ 10((E—Em2)/o.os9v)]
()

Resonance Raman Spectroscopy. Resonance Raman
spectra were recorded using a Raman spectrometer consisting
of a Spex model 1877 triple spectrograph and a CCD detector
as reported previously.”> A 406.7 nm line from an argon—
krypton ion laser (Spectra-Physics BeamLok model 2080-KV)
was used as the excitation source, and the Raman signal was
collected in a 120° geometry. The laser power was adjusted to
~5 mW at the sample. Each spectrum was recorded with a 60 s
accumulation time, and 10 repetitively measured spectra were
averaged to improve the quality of the final spectrum. The
frequencies of the Raman bands were calibrated using the
standard spectrum of cyclohexane. Samples contained 0.15 mM
protein in 0.05 M potassium phosphate buffer, pH 7.5, and
spectra were recorded at 25 °C.

Steady-State Kinetic Assay. Steady-state kinetic studies of
MauG-dependent TTQ biosynthesis from preMADH'”** and
from quinol MADH>* were performed using previously
described spectrophotometric assays. E113Q MauG was
mixed with preMADH in 0.01 M potassium phosphate buffer,
pH 7.5 at 25 °C. Reactions were initiated by addition of 100
UM H,0,, and the rate of appearance of quinone MADH was
monitored at 440 nm. The data were fit by eq 3.

v/E = k,[S1/((S) + K,) G)

Mass Spectrometry. Samples were desalted and exchanged
into 75:25 acetonitrile/water, 0.1% formic acid using C4 resin
ZipTip pipet tips (Millipore) prior to introduction into the
mass spectrometer. Data were acquired on a QSTAR XL (AB
Sciex) quadrupole time-of-flight mass spectrometer with the
IonSpray electrospray source. Samples were manually injected
into a 10-uL sample loop plumbed into the divert/inject valve
of the instrument. Samples were infused at a flow rate of 10 uL/
min with 50:50 acetonitrile/water, 0.1% formic acid. The
IonSpray voltage was 4700 V. The TOF region acceleration
voltage was 4 kV, and the injection pulse repetition rate was 4.9
kHz. The monoisotopic peaks of human renin substrate tetra-
decapeptide from Sigma-Alrdich (St. Louis, MO) were used for
external calibration ([M + 3H]*" at 586.9830 and [M + 2H]*
at 879.9705). TOF MS spectra were acquired from 700 to 2200
m/z for approximately 5 min with a 1 s accumulation time. The
acquisition software was Analyst QS v1.0 (AB Sciex). The
Bayesian protein reconstruct tool in BioAnalyst extensions v1.1
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(AB Sciex) was used for multiple charge state data
deconvolution of the intact proteins.

Crystallization and X-ray Structure Determination of
the E113Q MauG-preMADH Complex. A 2:1 E113Q
MauG/preMADH ratio mix (100/50 M) corresponding to
the stoichiometry observed in the molecular complex of WT
MauG/preMADH was used. The protein complex crystallized
through optimization of the conditions previously established
for WT MauG/preMADH® by hanging drop vapor diffusion in
VDX plates (Hampton Research). Single crystals suitable for X-
ray data collection were obtained from drops assembled with 1
UL of protein solution layered with 3 uL of reservoir solution
over a 22—26% w/v PEG 8000, 0.1 M sodium acetate, 0.1 M
MES pH 6.4 reservoir. Crystals were cryoprotected as described
previously through the inclusion of 10% PEG 400.” The H,O,-
treated crystals were prepared by soaking in cryoprotectant
solution containing 2 mM H,O, for 2 min prior to cryo-
cooling. X-ray diffraction data were collected at GM/CA-CAT
beamlines 23-ID-D and 23-ID-B of the Advanced Photon
Source, Argonne National Laboratory, Argonne, IL. Data were
collected at 100 K using a beam size matching the dimensions
of the largest crystal face.

The diffraction data are essentially isomorphous with data
obtained from WT MauG/preMADH crystals in the space
group P1 with one complex (two E113Q MauGs bound to one
preMADH) in the asymmetric unit. The data were processed
with HKL2000,>> and structure solutions were obtained by
difference Fourier using the coordinates of WT MauG/
preMADH (PDB entry 3L4M) retaining only the protein
components and with Glul13 mutated to Gln. Refinement was
carried out using REFMAC?® in the CCP4 program suite,”’” and
model-building was carried out in COOT.*® Restrained
refinement with TLS was carried out using no distance
restraints between the heme iron centers and their ligands.
Refinement was assessed as complete when the F, — F_ electron
density contained only noise.

B RESULTS

Effects of the E113Q Mutation on the Spectroscopic
Properties of the Oxidized and Reduced Forms of
MauG. The absorbance spectrum of diferric E113Q MauG is
similar to that of WT MauG except for a 2 nm red shift of the
Soret peak maximum and a slight broadening of the Soret peak
(Figure 2). Anaerobic reductive titration of WT MauG with
dithionite requires two electron equivalents and yields the
spectrum of the diferrous enzyme with an increase in intensity
and red shift of the Soret peak to 418 nm with a shoulder at
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Figure 2. Absorption spectra of oxidized and reduced WT MauG and
E113Q MauG. (A) Overlay of the spectra of 2 uM diferric WT MauG
before (solid line) and after (dashed line) reduction by sodium
dithionite. (B) Overlay of the spectra of 2 uM diferric E113Q MauG
before (solid line) and after (dashed line) reduction by sodium
dithionite.
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427 nm and appearance of the @ and f bands at 550 and 524
nm, respectively.1 Titration of E113Q MauG yielded different
results. The reductive titration of E113Q MauG with dithionite
was complete after addition of only one electron equivalent,
and further addition of dithionite resulted in no additional
spectral changes. In the resulting spectrum (Figure 2B) the
Soret peak shifts slightly to 412 nm without an increase in
intensity and with a more pronounced shoulder at 427 nm, and
the o and f bands are poorly resolved.

It was previously shown that in diferric WT MauG one heme
is low-spin and the other is high-spin." While it is difficult to
distinguish the spin states of the hemes by absorbance
spectroscopy, the spin states of each heme in the diferric and
diferrous redox states may be determined by resonance Raman
spectroscopy (Figure 3). An advantage of this approach is that

Raman Intesnsity

L}
1400
Wavenumber cm™

Figure 3. Resonance Raman spectra of oxidized and reduced WT
MauG and E113Q MauG. The spectra of the following species are
overlaid: diferric E113Q MauG before (black, dashed line) and after
reduction by dithionite (red, dashed line) and diferric WT MauG
before (black, solid line) and after reduction by dithionite (red, solid
line). Marker bands and their frequencies are indicated.

the spectra may be recorded in the solution state to correlate
with the absorbance spectra and activity studies. Bands in the
resonance Raman spectrum are known to be sensitive to
oxidation state and spin state.”” ' The spectra of diferric WT
MauG and E113Q MauG are essentially identical. In each, the
oxidation state marker band (v,) is centered at 1374 cm™,
indicating that both hemes are in the ferric state. Each spectrum
contains v bands at 1478 and 1501 cm™’, which correspond to
the high-spin and low-spin hemes, respectively. After addition
of dithionite, the spectra of WT MauG and E113Q MauG were
different. The spectrum of WT MauG shows a single v, band
that is centered at 1359 cm™, indicating that both hemes are in
the ferrous state and the v5 bands have shifted to 1467 and
1492 cm™ for the high-spin and low-spin hemes, respectively.
In contrast, the spectrum of E113Q MauG shows two v, bands
of equivalent intensity centered at 1359 cm™' and 1374 cm ™.
The v; band for the high-spin heme exhibits the same shift as
seen in the WT MauG spectrum, indicating that it is ferrous.
However, the position of the v; band for the low-spin heme
indicates that it is still ferric. These results indicate that the
absorption spectrum of dithionite-reduced E113Q MauG
(Figure 2B) is of a mixed-valence state with the high-spin
heme as Fe'' and the low-spin heme as Fe. While a stable
mixed-valence state is a common feature of bacterial diheme
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Figure 4. Spectrochemical redox titrations of E113Q MauG (A) and WT MauG (B). Reductive (circles) and oxidative (squares) titrations were
performed anaerobically in 50 mM potassium phosphate, pH 7.5, as described in Experimental Procedures. The solid lines are the fits of the data by
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Figure S. Visible absorption spectra of diferric E113Q MauG before and after addition of H,0,. Overlay of the Soret region of the spectra before
(solid line) and after (dashed line) addition of a stoichiometric amount of H,O, to 2 uM diferric WT MauG (A) and E113Q MauG (B). Overlay
high wavelength visible region of the absorption spectra before (solid line) and after (dashed line) addition of a stoichiometric amount of H,0, to 20

uM diferric WT (C) and E113Q (D) MauG.

cytochrome ¢ peroxidases (DCCPs),>*™** it has not previously

been seen in WT MauG or any other mutant MauG
proteins 51011151723

Effect of the E113Q Mutation on the E,, values of
MauG. Spectrochemical titration of WT MauG exhibits two E,,
values of —158 mV and —246 mV, which correspond to the
sequential addition or removal of the first and second electrons
to or from the diheme system.>® For reasons that are not clear,
the initial reductive titrations of E113Q MauG were routinely
not well-behaved; however, after the initial reduction the
subsequent oxidative and reductive titrations yielded linear
plots that fit well to eq 1 and were reversible and reproducible,
yielding an E , value of =196 + 6 mV and an n value of 1.04 +
0.10, the latter value consistent with a one-electron oxidation/
reduction. This result is consistent with the results of
absorbance and resonance Raman spectroscopy, which
indicated that only one heme was reduced on addition of
excess dithionite. A representative titration is shown in Figure
4A. In contrast to WT MauG, the data for the titration of
E113Q was adequately fit by eq 1. For comparison a titration of
WT MauG is shown in Figure 4B. Deviation from the linear fit
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is evident, and the fit yields an n value of 0.64 rather than 1.0.
For this reason the data for WT MauG, as well as all previously
studied MauG variants, were fit by the more complex eq 2,
which describes a two-component system and yields two E,,
values.

Effects of the E113Q Mutation on the Reaction of
MauG with H,0,. Reaction of diferric WT MauG with
stoichiometric H,O, results in formation of a bis-Fe!V redox
state.® The formation of the bis-Fe!" species is accompanied by
changes in the visible absorbance spectrum, which include a
decrease in intensity and a shift of the Soret peak from 406 to
408 nm and appearance of minor peaks at 526 and 559 nm.'***
The spectral changes in the Soret peak were not observed after
reaction of E113Q MauG with stoichiometric H,0, (Figure
SA,B). Instead, only a small red shift of the left side of the Soret
peak was observed. Furthermore, the a/f bands, which
presented as two new peaks at 526 and 559 nm in the high-
valence form of WT MauG, were absent after addition of H,0,
to E113Q MauG (Figure SC,D). It was previously shown that a
Y294H MauG variant did not form the bis-Fe' state on
reaction with H,O, but instead formed a compound I-like

dx.doi.org/10.1021/bi400905s | Biochemistry 2013, 52, 6358—6367
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Figure 6. Formation and decay of NIR absorbance features after addition of 10 equiv of H,O, to 20 uM WT MauG (A) and E113Q MauG (B).
Spectra were recorded before (bold black traces) and after H,0, addition when the absorbance at 950 nm maximized (bold red traces). Decay was
monitored every 2 min (gray scale traces) until no further changes were observed (bold blue traces). (C) Absorbance at 950 nm vs time for WT

MauG (solid squares) and E113Q_(open circles).

intermediate, which exhibited characteristic absorbance features
in the 600—700 nm region.10 However, no such changes in this
region of the spectrum were observed after reaction of H,0O,
with E113Q MauG (Figure SD). These data suggest that
neither the bis-Fe'¥ state nor compound I is stabilized by
E113Q MauG after reaction with H,0,.

To further probe the nature of the high-valence heme species
that is formed on addition of H,0, to E113Q MauG, the near-
infrared (NIR) region of the absorption spectrum was
examined. A NIR absorption feature, which exhibits a maximum
at 950 nm, has been described and attributed to a charge-
resonance-transition phenomenon involving the two hemes and
the intervening Trp93 residue that stabilizes the bis-Fe'¥ state.'*
In contrast to what was observed in the visible absorbance
spectrum, this NIR absorbance feature was observed on
addition of 10 equiv of H,0, to E113Q MauG, the conditions
that were used in the previous study with WT MauG'* (Figure
6). In WT MauG, the bis-Fe(IV) species is formed within the
dead time of rapid mixing (k > 300 s™') and spontaneously
decays back to the diferric state over several minutes.**The
formation of the 950 nm absorbance peak in E113Q MauG was
much slower (requiring ~4 s) than observed for WT MaugG,
and the rate of decay was faster (Figure 6C). The intensity of
the 950 nm absorbance in the H,0,-treated E113Q_ MauG is
also weaker than that of WT MauG.

Effects of the E113Q Mutation on Steady-State
Reactions of MauG with Substrates. As the spectroscopic
data indicated that reaction of H,O, with E113Q MauG gave
rise to some type of high-valence heme species, the reactivity of
E113Q MauG was examined using a steady-state assay for TTQ_
biosynthesis utilizing preMADH and H,0, as the substrates.
Whereas WT MauG exhibited a k., value of 0.2 s™* and K,
value of 1.7 uM for preMADH," no detectable TTQ
biosynthesis was observed in this assay with E113Q MauG
using up to 20 yM preMADH as the substrate.

Another steady-state assay of MauG uses quinol MADH as a
substrate. In this assay MauG is only catalyzing the final two-
electron oxidation of TTQ biosynthesis, which is conversion of
the quinol to the quinone. With WT MauG, this reaction is
significantly faster than the reaction with preMADH and
exhibits a k., of 42 s™" and K,, value of 11.1 uM for quinol
MADH.*® Steady-state activity was observed when E113Q
MauG was used in this assay, but it was much slower than the
reaction of WT MauG and exhibited a k_, value of 0.06 + 0.01
s™' and K,, value of 17 + 4 uM (Figure 7).
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Figure 7. (A) Steady-state E113Q MauG-dependent TTQ_biosyn-
thesis utilizing quinol MADH as a substrate. The line is the fit of the
data by eq 3.

Structure of the E113Q MauG-preMADH Complex.
The crystallographic data collection and refinement statistics
are given in Table 1. The overall structure of the E113Q MauG-
preMADH protein complex (1.9 A resolution) is essentially
identical to the WT MauG-preMADH structure (rmsd = 0.49 A
over the entire complex). Clear electron density was obtained
for the high-spin heme, as well as distal residues and water
molecules. Comparison of the high-spin heme environment of
E113Q MauG to that of WT MauG shows only a very modest
repositioning of GInl13 relative to the WT Glull3 residue
(Figure 8). The network of water molecules leading from bulk
solvent to the high-spin heme Fe is also unperturbed, and there
is no observed change at the low-spin heme. These results are
consistent with the very similar spectroscopic properties of
diferric WT MauG and E113Q MauG (Figures 2 and 3).

Reactivity of the MauG E113Q-preMADH Complex in
Crystallo. It was previously shown that the addition of H,0, to
crystals of the WT MauG-preMADH comglex resulted in
completion of TTQ_ biosynthesis in crystallo.” In the case of
E113Q MauG-preMADH crystals, addition of H,0, appears to
result in partial TTQ biosynthesis (Figure 9, Table 1). There
has been partial cross-link formation between ATrpS7 and
PTrpl08, but the second oxygen has not been inserted into
PTrpS7. This result demonstrates that E113Q shows some
catalytic activity toward preMADH in crystallo.

The H,0,-soaked crystal (1.8 A resolution) contained
significant residual difference density at the high-spin heme
directly above the heme iron (Supplementary Figure S1). It was
not accounted for by the nearest water (WO0) observed in the
resting state structure, suggesting the presence of a new ligand
to the heme Fe. Modeling the site with split occupancy for WO
and a second water molecule modeled into the difference
density, followed by refinement, results in a good fit to the

dx.doi.org/10.1021/bi400905s | Biochemistry 2013, 52, 6358—6367
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Table 1. X-ray Crystallography Data Collection and Refinement Statistics”

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

E113Q MauG-preMADH resting

P1
55.95 X 84.90 X 108.50
110.97, 91.60, 104.62

E113Q MauG-preMADH + H,0,

Data Collection

E113Q MauG-preMADH aged 120 days

P1 P1
55.99 X 84.99 X 108.35 55.43 X 83.46 X 107.96
111.07, 91.82, 104.54 110.1S, 91.58, 105.29

wavelength (A) 1.03313 1.03313 1.03320

resolution (A) 50.00—1.88 (1.91—1.88) 50.00-1.79 (1.82—1.79) 50.00—2.05 (2.09-2.05)
measured reflections 582,116 706,383 237,068

unique reflections 133,422 168,410 110,039

completeness (%) 97.5 (96.4) 96.4 (83.8) 97.8 (96.3)

Ryperge (%)° 6.6 (48.2) 6.8 (50.8) 6.1 (35.8)

I/ol 19.8 (34) 20.0 (2.2) 134 (2.3)

multiplicity 44 (4.4) 44 (3.9) 22 (22)

Refinement

resolution (A)

24.35-1.92 (1.97-1.92)

no. reflections; working/test 122,656/6,450
Ryene (%)° 160
Riee (%)° 20.7
protein atoms 13,495
ligand atoms 213
solvent sites 1,541
Ramachandran statistics®
allowed (%) 98.97
outliers (%) 1.03
root mean square deviation
bond lengths (A) 0.020
bond angles (deg) 2.16
average B-factor (A?) 35.97
ESU (A)/ R,/ Riee 0.157/0.144
PDB code 4L1Q

44.49-1.79 (1.84—1.79) 29.62—2.05 (2.10-2.05)

150,844/7,881 101,166/5,334
15.4 15.8

19.8 21.0

13,595 13,329

231 199

1,488 1,065

99.13 99.05

0.87 0.95

0.019 0.018

215 1.96

39.53 37.58
0.117/0.116 0.194/0.168
4L3H 413G

“Values in parentheses are for the highest resolution shell. meerge 2l — (Tya)l/ZpZiligy where I is the observed intensity and (Iy) is the
average intensity of multiple measurements “Ryork = Z||F,l — IE||/ZIF,, where IF,| is the observed structure factor amplitude, and IF, is the
is the R factor based on 5% of the data excluded from refinement. “Based on values attained from

calculated structure factor amplitude. ?
refinement validation options in COOT.

;Estlmated standard uncertainties generated for R,y and R, in RefmacS.5 in the CCP4i suite.

Pro107 00

W0 GIn113

Figure 8. Overlay of the high-spin heme environments of resting WT
MauG (pink) and E113Q MauG (blue)-preMADH crystals. Hemes
and residues of interest are drawn in sticks colored by atom, with the
remaining protein shown in cartoon. The iron is displayed as an
orange sphere. Figure produced using PyMOL (http://www.pymol.
org/).

resulting 2F, — F_ electron density and similar B-factors for
these waters and the heme Fe. With no restraints imposed, the
Fe—O distance refines to 1.8 A, which is long for an Fe(IV)=
O bond, being more consistent with compound II*” and less
consistent with WT MauG X-ray absorption data that models a
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Figure 9. PreTTQ site of /-MADH from (A) resting E113Q MauG-
preMADH and (B) H,0,-treated E113Q MauG-preMADH. The final
model for the H,0,-treated E113Q MauG-preMADH contains
preTTQ (orange) and cross-linked preTTQ_(yellow) each at 50%
occupancy. 2F, — F, electron density is contoured to 1.0 ¢. Residues of
interest are drawn in sticks colored by atom, with the remaining
protein shown in cartoon. Figure produced using PyMOL (http://
www.pymol.org/).

ferryl bond distance of 1.69 A."” Single crystal spectroscopy of a
resting state E113Q_MauG-preMADH crystal before and after
X-ray data collection demonstrated that heme photoreduction
is occurring (Supplementary Figure S2). It should be noted that
other possible species, such as inclusion of a diatomic ligand,
could also be successfully modeled and refined. As such, distal
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BTrp108

BTrp57

Figure 10. Structure of an E113Q MauG-preMADH crystal aged for 120 days showing modification at the (A) preTTQ site and (B) Pro107 of the
high-spin heme site. 2F, — F, electron density contoured to 1.0 o. Residues of interest are drawn in sticks colored by atom, with the remaining
protein shown in cartoon. Figure produced using PyMOL (http://www.pymol.org/).

ligation is likely a mix of species, including those generated
through photoreduction.

It was previously shown that crystals of the WT MauG-
preMADH complex catalyzed very slow (~120 days) MauG-
dependent TTQ formation as a consequence of the slow
release of H,0, from the auto-oxidation of the poly(ethylene
glycol) used as the precipitant during crystallization.”*® Thus, it
was of interest to determine the structure from aged (4
months) crystals of the E113Q MauG-preMADH complex
(Table 1). Refinement of this structure to 2.05 A resolution
revealed significant changes at the preTTQ_site (Figure 10A).
Modeling mature TTQ into both S-MADH chains in this
structure resulted in a reasonably good fit of the density,
although density for the second oxygen atom of TTQ is
somewhat weak. The B-factor for this atom is also relatively
high, suggesting that TTQ formation may not be 100%.
Nevertheless, this result indicates that E113Q_is able to slowly
catalyze TTQ_formation in the crystals under these conditions.
In the high-spin heme distal pocket, new electron density was
observed associated with Prol07 (Figure 10B). Modeling
Pro107 as a hydroxyproline at 100% occupancy in both MauG
chains was necessary in order to obtain satisfactory fits of the
density at this position. The hydroxyl oxygen refines to 2.9 A
from the heme iron in both chains.

Reaction of the High Valence Form of E113Q MauG
with preMADH in Solution under Single-Turnover
Conditions. Given the observations of slow and partial TTQ
formation in crystallo, the oxidation of preMADH by E113Q
MauG was studied under single-turnover conditions, which
more closely approximate the conditions in crystallo than in
solution under steady-state conditions. A 10-fold excess of
H,0, was added to E113Q MauG and incubated for 3 min to
maximize the formation of the high-valence state, followed by
addition of a stoichiometric amount of preMADH (in terms of
f-subunit). The reaction mixture was then analyzed by mass
spectrometry (Figure 11). The reaction resulted in a 12 Da
increase in mass for the S-MADH subunit consistent with
formation of the TTQ_ cofactor.’® Thus, although the high-
valence state of E113Q MauG appears to be very inefficient for
the steady-state biosynthesis of TTQ from preMADH in
solution, it is not completely inactive.

B DISCUSSION

A distinguishing feature of MauG is that it possesses two hemes
that are physically separated yet function as a single two-
electron diheme redox center. During the interconversion
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Figure 11. Deconvolved mass spectra of f-preMADH before (solid
line) and after (broken line) incubation with stoichiometric E113Q
MauG in the presence of a 10-fold excess of H,O,.

between the diferric and diferrous states the two hemes reduce
and oxidize simultaneously.”® The two E,, values associated
with this redox couple do not describe the one-electron redox
couples for each individual heme but rather describe the
addition or removal of the first and second electron from the
diheme system. A mixed-valence state of MauG with one ferric
heme while the other one is ferrous has never been observed.®
Similarly the conversion of the two hemes from the diferric
state to the bis-Fe!V state occurs simultaneously.® It was
recently shown that the formation and relatively long lifetime of
the bis-Fe"V state of MauG is achieved through charge-
resonance stabilization.'"* This was explained by a hopping
mechanism of electron transfer between hemes that is mediated
by the intervening Trp93 residue. The very rapid and reversible
electron transfer mimics the distribution of charges and spins
that would be observed in an extended conjugated system. In
this model the bis-Fe'" state is the dominant species, but it is in
charge resonance with compound ES and compound I-like
species of the high-spin heme."* According to this model, the
electrostatic environment of the hemes will likely influence the
stability of the bis-Fe'" state, as the addition or removal of a
charge from a heme site could alter the distribution of the
charge-resonance structures such that bis-Fe'" is no longer the
dominant species. By analogy, alteration of the electrostatic
environment of one of the heme sites might also disrupt the
redox cooperativity between the hemes that describes the
diferric-diferrous redox couple (discussed below). It should be
noted that the 950 nm peak in the NIR spectrum derives from a
charge-resonance transition phenomenon that is correlated
with an ensemble of resonance structures that includes bis-Fe'".
Thus, the magnitude of this peak does not necessarily correlate
with the proportion of bis-FeV (or any one resonance
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structure) within the ensemble. The features of the visible
absorbance spectrum of the high-valence state of E113Q MauG
indicate that bis-Fe' is no longer the major species. However,
despite the lower proportion of bis-Fe'" species, the presence of
the 950 band indicates that a resonance ensemble is still
generated upon addition of H,0,, but with a different
distribution of structures than is present in the high-valence
state of WT MauG.

MauG is distinct from the DCCPs and diheme and
multiheme cytochromes in that it does not stabilize a mixed-
valence Fe!l/Fe'! state.>** When Glul13 is mutated to Gln,
MauG is unable to form the diferrous state and may only be
reduced by one electron to a mixed-valence state. This is not
due to a change in the structure of the protein (Figure 8). The
only significant difference that results from this conservative
mutation is the loss of a negative charge in the proximity of the
high-spin heme. Yet this change prevents the low-spin heme
from being reduced by dithionite. Very little is known of the
redox properties of His-Tyr ligated hemes because of their
scarcity. The extracellular heme-binding protein HasA, which
coordinates a b-type heme via His and Tyr residues,* is
reported to have an E_ value of —550 mV for the bound
heme.*! The results obtained for E113Q MauG suggest that
this mutation causes disruption of the cooperative redox
behavior of MauG, such that the hemes no longer function as a
diheme unit but instead now function as independent redox
centers. If as a consequence of the loss of redox cooperativity
the Tyr-His ligated heme of E113Q MauG has an E,; value
similar to that of the HasA-bound heme, then this could explain
why it is not reduced by dithionite that has a redox potential in
the same range. The expectation that the low-spin heme of
MauG would have a very negative E_, value, if functioning
independently of the high-spin heme, is supported by X-ray
absorption and density functional theory studies that showed
that the heme ligand in WT MauG is the deprotonated
tyrosinate in all redox states.'” The sum of these data suggests
that the electronic communication between hemes in the
diheme redox center of WI MauG not only requires the
intervening Trp93 residue but is also dependent on the
electrostatic environment of the distal heme pocket of the high-
spin heme.

MauG exhibits approximately 30% sequence homology to
DCCPs," and residues in the distal pocket of the high-spin
heme, including Glul13, are structurally conserved.” Glul13 of
P. denitrificans MauG is equivalent to Glul03 in Nitrosomonas
europaea DCCP,*! Glull7 in Rhodobacter capsulatus DCCP,"
and Glul14 in Pseudomonas nautica DCCP.? This feature has
also been described in the mono heme-dependent enzyme
Caldariomyces fiimago chloroperoxidase, where Glul83 has
been suggested to play a role in catalysis by acting as a general
base that promotes the heterolytic cleavage of the O—O bond
from the hydroperoxy intermediate.”

In MauG, Glull3 may act as a proton acceptor during the
initial reaction of H,0, with the diferric high-spin heme to
generate the ferric hydroperoxy species. The protonated
Glul13 then could act as a proton donor to that species
leading to heterolytic cleavage of the O—O bond to release
water and generate the bis-Fe''. The crystal structures of CO-
and NO-bound adducts of MauG indicated that Glul13 was in
a position to serve as a proton donor to the terminal bound O,
either directly or via a hydrogen-bonded network of waters.'®
Unlike Glul13, GIn113 would not be able to directly act as an
acid—base and could also perturb the pK, of ordered waters,
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affecting their ability to act in this capacity, particularly as a
proton source. This could explain the observed aberrant
reactivity toward H,0, and much slower formation of the high-
valence state in E113Q MauG (Figure 6C). As there is no
amino acid in the distal pocket that could directly act as an
acid—base in the absence of Glul13, it is likely that a water acts
in this capacity, although not as efficiently.

The effects of the E113Q MauG on TTQ biosynthesis
activity in solution and in crystallo may be explained in the
context of the charge-resonance-transition model for bis-Fe'”
stabilization in MauG, which was described earlier.'* A
consequence of this model is that replacement of amino acid
residues in close proximity to either heme may influence the
distribution of the resonance structures. It is proposed that the
loss of the negative charge in the high-spin heme distal pocket
of E113Q MauG alters the distribution of resonance structures
such that the bis-Fe'" state is no longer the dominant species.
As such it exists for only a small percentage of the time, and this
unfavorable resonance equilibrium for bis-Fe" stabilization
limits the availability of the bis-Fe"" species, thus reducing the
rate of its reaction. The E113Q mutation causes an
approximately 1000-fold decrease in the efficiency of the
steady-state oxidation of quinol MADH. For WT MauG, the
steady-state biosynthetic reaction with preMADH is much
slower than the reaction with quinol MADH, due to a much
lower driving force for the former reaction. If the E113Q
mutation causes a similar reduction in the rate of the reaction
with preMADH, which is 0.2 s7! for WT MauG, then the
decreased rate for the reaction of E113Q MauG would be less
than that of the spontaneous decay of bis-Fe' to the diferric
state. Furthermore, the NIR spectroscopic data indicates that
the rate of spontaneous decay for the high-valence state of
E113Q MauG is faster than that for WT MauG (Figure 6C).
This explains why no reaction is detectable in the steady-state
reaction with preMADH in solution, because the high-valence
species decays faster than it reacts with preMADH. However,
increasing the relative concentration of E113Q MauG over-
comes this deficiency, resulting in turnover as determined by
mass spectrometry (Figure 11). In crystallo the bis-Fe'" state
may also be stabilized because of reduced dynamics imposed by
the crystal lattice allowing a slow reaction with preMADH to be
observed.

The susceptibility of Prol07 to oxidation in aged E113Q
MauG crystals is also interesting because Prol07 occupies a
very similar position to the substrate in the structure of
substrate-bound cytochrome P450cam.”* The same rationale
for why TTQ_ biosynthesis is observed in crystallo but not in
solution can be applied to the observation of hydroxylation of
Prol07 in crystallo. During the spontaneous decay of bis-Fe',
this species must acquire electrons from some donor, which is
most likely buffer. However, it is not unreasonable to believe
that if this process is repeated enough times, then it may
sometimes instead extract an electron from Prol07, which will
result in oxidative modification. The initial oxidation of Pro107
to generate a cation radical would be reversible, but further
reaction of the resultant radical with water would irreversibly
yield hydroxylated Prol07. In solution, H,O, causes general
oxidative damage and inactivation of WT MauG after a few
cycles of bis-Fe'V formation and decay.” In the aged crystal,
where H,0, is slowly released over a 4 month period, 100%
hydroxylation of Pro107 is observed with minimal evidence of
other oxidative damage and no chemical damage to the hemes.
In this context the crystals of E113Q MauG appear to be robust
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in their tolerance to long-term H,0, exposure, either through
crystal packing effects or the crystal mother liquor, or both.
Hydroxylation of Prol07 was not observed in similarly aged
crystals of the WT MauG-preMADH complex, in which
complete formation of TTQ was observed.” Thus, the oxidative
modification of Prol07 in crystallo does appear to be a
consequence of the altered reactivity of MauG toward H,0,
and preMADH, as described in the solution studies.

B ASSOCIATED CONTENT

© Supporting Information
Figures S1 and S2. This material is available free of charge via
the Internet at http://pubs.acs.org.

Accession Codes

Coordinates and structure factors have been deposited in the
Protein Data Bank as 4L1Q (E113Q MauG-preMADH), 4L3H
(E113Q. MauG-preMADH + H,0,), and 4L3G (E113Q
MauG-preMADH, aged 120 days).
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