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Abstract: The biosynthesis of tryptophan tryptophylquinone,
a protein-derived cofactor, involves a long-range reaction
mediated by a bis-Fe'" intermediate of a diheme enzyme,
MauG. Recently, a unique charge-resonance (CR) phenom-
enon was discovered in this intermediate, and a biological,
long-distance CR model was proposed. This model suggests
that the chemical nature of the bis-Fe'" species is not as simple
as it appears; rather, it is composed of a collection of resonance
structures in a dynamic equilibrium. Here, we experimentally
evaluated the proposed CR model by introducing small
molecules to, and measuring the temperature dependence of,
bis-Fe'"" MauG. Spectroscopic evidence was presented to
demonstrate that the selected compounds increase the decay
rate of the bis-Fe' species by disrupting the equilibrium of the
resonance structures that constitutes the proposed CR model.
The results support this new CR model and bring a fresh
concept to the classical CR theory.

Since its first documentation by Brocklehurst and Badgers
in 1968,! charge-resonance (CR) phenomena have been
actively researched by organic chemists.”! In a typical CR
event, one-electron oxidation of an aromatic compound
generates a cation radical which spontaneously associates
with its neutral parent molecule or another molecule of the
cation radical to form noncovalent “sandwich-like” dimeric
complexes. The former scenario stabilizes an odd number of
spin/charge in a mixed-valence species, (IT),"", and is classified
as type I CR; the latter one stabilizes an even number of spin/
charge in a dication diradical, (IT**),, and is classified as
type IT CR.B! Notably, unique electronic absorption bands in
the near-infrared (NIR) region arise from resonance stabili-
zation of spin/charge in the CR complexes and are thereby
termed as CR bands (see Figure S1 for an MO diagram).*"!
CR complexes represent the simplest intermolecular units
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that carry delocalized spin/charge. Investigation of these
phenomena may provide the chemical basis for electron
transfer (ET), conductivity, and ferromagnetism in many
organic materials and metalloporphyrin complexes.

Like many classical chemical models adopted by nature,
the utilization of CR in biological systems to transiently
stabilize spin/charge was first suggested in a pair of chloro-
phyll molecules, known as the “special pair”, in bacterial
photosynthetic reaction centers.®) Recently, a second exam-
ple was revealed from a diheme enzyme, MauG.! MauG is
the terminal enzyme in the biogenesis pathway of a protein-
derived cofactor, tryptophan tryptophylquinone (TTQ),!
which is the catalytic center of methylamine dehydrogenase
(MADH).™! MauG possesses two c-type hemes in distinct
spin states: one is pentacoordinate, high-spin with an axial
histidine ligand and the other is hexacoordinate, low-spin with
an axial histidine-tyrosine ligand set (denoted as Hemes: and
Hemegc, respectively, as shown in Figure 1).1%!?] The sub-

Figure 1. Structural orientation of the hemes and the intervening
tryptophan residue in MauG (PDB entry: 3L4M). The distance between
the two iron ions and the edge-to-edge distances between the aromatic
moieties are labeled.

strate of MauG is a precursor protein of MADH, pre-
MADH.! MauG performs three cycles of H,0,-dependent
oxidation on two adjacent tryptophan residues of preMADH
to produce TTQ (Figure S2a).'" Each two-electron oxidation
cycle is suggested to be mediated by a unique bis-Fe'"
intermediate of MauG in which Hemesc is in an oxyferryl
state and Heme is in a ferryl state with its two original axial
ligands retained (Figure S2b).[116]

It is in the bis-Fe' intermediate that the CR phenomenon
was proposed.P! A broad electronic absorption band centered
at 950 nm (& = ca. 7000M ' cm™") is present specifically in the
bis-Fe!" state of MauG (Figure S2¢).F! It is noteworthy that
the spectral properties of the NIR band are highly reminiscent
of the reported CR spectroscopic signatures from metal-
loporphyrin complexes."'”! The bis-Fe!¥ species is electroni-
cally equivalent to two ferric hemes each coupled with

Wiley Online Library

Chemie

3763


http://dx.doi.org/10.1002/anie.201410247

Angewandte

3764

Zuschriften

a porphyrin cation radical, a scenario resembling the dication
diradical complexes in type II CR. However, this case cannot
be simply illustrated by the classical CR models as the two
porphyrin rings are about 14 A apart (Figure 1), a much wider
separation than the interacting moieties in model CR com-
plexes.'®1? A significant conformational change that enables
the diheme cofactor to fold into a “sandwich-like” dimer is
unlikely to occur during the formation of the bis-Fe' species
since the structure shown in Figure 1 was previously demon-
strated to be in the catalytically active form by reactions in
crystals." Thus, a new class of CR, type III, was proposed,
whereby resonance stabilization of spin/charge is facilitated
by an additional = moiety, the Trp93 residue located between
the hemes (Figure 2a).”! Electron/hole hopping through
Trp93 was postulated to occur in the ET process between
the hemes to enable CR stabilization. Ultrafast and reversible
ET with Trp93 as the hopping site mimics the distribution of
spin/charge as if this was in an extended conjugated system.
Overall, the type III CR model represents a dynamic equi-
librium of different electronically equivalent resonance
structures as one electron from Trp93 cannot simultaneously
fill two holes. This new CR model is supported by theoretical
calculations, which predicted that in the bis-Fe!V species
electron/hole hopping through Trp93 makes possible a rate of
interheme ET greater than 10’ s™', in accordance with the
reported ET rates from established model CR systems.”!

In this work, we aim to experimentally evaluate the
proposed type III CR model and determine the chemical
nature of bis-Fe™¥ MauG, i.e., whether it is a single redox
species or composed of multiple resonance structures as
predicted by the CR model. We introduced small-molecule
ligands to disrupt the hypothesized equilibrium of high-
valence species. The selected ligand molecules include
cyanide (CN™), imidazole (IM), and fluoride (F~). They are
all capable of binding to the heme iron when there is
a coordinate vacancy, yet with different binding affinities. If
bis-Fe'™¥ MauG is a single redox species, exogenous small-
molecule ligands (CN~, for instance) are not expected to

cause a notable effect on its chemical properties because both
hemes are coordinatively saturated and the axial ligands are
either irreplaceable (Hemesc) or inaccessible (Hemeyc).['>?")
However, if bis-Fe™ MauG represents an equilibrium of
resonance structures as proposed in Figure 2a, exogenous
CN™ might be able to specifically target species like com-
pound (Cpd) ES* and Cpd I* by outcompeting the relatively
weakly associated axial ligand of Hemes- to generate the
[Fe"CN~Trp93-*---Fe'] and [Fe™CN~--Trp93---Fe'*"] com-
plexes, respectively (Figure 2b). Neither CN~ adduct is likely
to be capable of maintaining the CR stabilization due to
changes in heme redox properties, and it is anticipated that
they will quickly decay to a stable, reduced state by releasing
two oxidizing equivalents to the protein matrix or the solvent
(Figure 2b). Previously, three methionine residues near
Heme;. were identified to absorb the oxidizing equivalents
from bis-Fe'” in the absence of preMADH through ancillary
ET pathways.?!! Despite the fact that Cpd ES* and Cpd I* are
present only as minor species in the proposed CR model,F! the
dynamic exchange with other resonance structures allows the
CN~-induced disruption to gradually shift the equilibrium and
break the electronic communication between the hemes. It
will eventually destroy the CR stabilization, resulting in an
accelerated decay of the bis-Fe'" species to a diferric CN~
adduct (Figure 2b).

In the absence of preMADH, bis-Fe" MauG does not
misfire but instead exhibits extraordinary stability with a half-
life of several minutes.'>*) The NIR band at 950 nm can be
used as a spectral signature to monitor the decay process of
the bis-Fe' species.”’l Figure 3 a shows that the introduction of
CN™ to the bis-Fe' species led to an apparent increase in the
decay rate of the NIR band, compared to a parallel experi-
ment without CN™. In the presence of 25 mm CN~, the NIR
spectral signature became completely diminished ca. 75s
after addition of CN~, with a decay rate nearly one order of
magnitude greater than that in the absence of CN~. When
different small-molecule ligands were examined, they exhib-
ited different degrees of disruptive effects on the decay rate of
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Figure 2. Type 11l CR in bis-Fe" MauG. a) Proposed resonance structures in the type Il CR model. “H” represents a third aromatic moiety (i.e.,
the Trp93 residue in this case), which functions as a hopping relay to facilitate ET between the two primary aromatic moieties. The two resonance
structures (Cpd ES* and Cpd I*) that can be potentially targeted by small-molecule ligands are highlighted with a grey background. b) Specific
targeting of Cpd ES* and Cpd I** by CN™ to disrupt the type I1l CR in the bis-Fe'" species.
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Figure 3. Disruption of bis-Fe" MauG by small-molecule ligands.

a) Addition of CN™ accelerated the decay of the NIR band of bis-Fe"
MauG. CN~ was added immediately after bis-Fe" formation. The solid
lines are fits of the data to single-exponential decay. b) Effect of
different small-molecule ligands on the decay of the NIR band. Each
small-molecule ligand (25 mm) was added immediately after bis-Fe'”
formation. c) Decay rates of the NIR band in the absence and presence
of small-molecule ligands.

the NIR band with CN™ presenting the most pronounced
influence, followed by IM (Figure 3b). The F~ anion showed
almost no observable effect. This trend correlates with the
binding affinities of these small-molecule ligands to ferric
heme centers; it is known that in many hemoproteins
diatomic molecules like CN™ are the most tightly associated
ligands, whereas small heterocyclic compounds like IM and
halide anions are usually weaker ligands.”**! Figure 3¢
summarizes the decay rates of the NIR band in the absence
and presence of these small-molecule ligands.

EPR spectroscopy was also used to characterize the
aforementioned chemical events. As shown in the gray trace
of Figure 4, there are three different heme species revealed
from the EPR spectrum of diferric MauG, a high-spin species
(Hemesc), a major low-spin species (Hemeg:), and a minor
low-spin species attributed as a freezing-induced artifact
derived from the high-spin species.'"**! Exogenous CN~
was only able to coordinate to Hemes- and caused a spin
transition to produce a new low-spin species with a very broad
signal around g =3.37, at the expense of the high-spin species
(Figure 4, the black trace). This low-spin signal is consistent
with the formation of a hexacoordinate CN~ adduct of
Hemes, based on its similarity to the EPR signals of CN™
adducts reported from other hemoproteins.”” In addition, the
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Figure 4. EPR spectra of MauG. Gray trace: as-isolated diferric MauG;
black trace: MauG +25 mm CN~; blue trace: MauG +1xH,0,; red
trace: MauG+1xH,0, (frozen 75 s after reaction); green trace:
MauG+1xH,0,+25mm CN™ (CN~ was added immediately after
addition of H,0, and the sample was frozen 75 s after addition of
CN7). The arrows indicate the CN™ adduct of Heme,c at g=3.37.

freezing-induced artifact was removed in the presence of
CN™, confirming that it is derived from the high-spin species
of Hemesc. Upon addition of H,O, to diferric MauG, the high-
spin and low-spin ferric signals are nearly absent, owing to the
formation of the bis-Fe'" species (Figure 4, the blue trace).™
The introduction of CN™ to this system accelerated the decay
of the newly generated bis-Fe'" species as indicated by a more
rapid return of the low-spin signal of Hemeg., compared to
a control sample without CN~ (Figure 4, the red and green
traces). It should be noted that Hemeg. is buried in the
protein matrix and inaccessible to exogenous small-molecule
ligands.'">?! Thus, the accelerated decay of the ferryl species
at the Heme, site is likely due to disruptive events that
remotely occurred at the Hemes site and caused a loss of the
electronic communication between the two hemes. The
sample freeze-quenched 75 s after addition of CN~ to bis-
Fe' MauG displayed a spectrum that is almost identical to
that of the sample containing the CN~ adduct of MauG
(Figure 4, the black and green traces). This observation
suggests that almost all the newly generated bis-Fe'" species
was eliminated after the CN~ treatment for 75 s, consistent
with the result obtained from monitoring the decay of the
NIR band. It also indicates that the end product of this
chemical processing is a diferric CN~ adduct of MauG, in
accordance with our proposed scheme shown in Figure 2b.

Given the relatively high concentration of small-molecule
ligands added to the system, it could be possible that direct
reduction by these molecules or exchange of the ferryl oxo
group with exogenous ligands occurred at the Hemesc site,
thereby causing a more rapid decay of bis-Fe'Y MauG. Our
further investigation on the Y294H mutant of MauG ruled
out this possibility. Tyr294 is an axial ligand of Hemeg
(Figure 1). Mutation of this residue to histidine creates an
axial bis-histidine ligand set at Hemeg., which is not capable
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of stabilizing the ferryl oxidation state.”! In the reaction
between diferric Y294H MauG and H,0,, the two oxidizing
equivalents from H,O, are trapped at the Hemes site in the
form of a CpdI-like species (Figure S3a), which presents
a characteristic absorption band for Cpd I species at 655 nm
but no NIR band at 950 nm (Figure S3b).?*?! The introduc-
tion of small-molecule ligands such as CN™ and IM to Y294H
Cpd I had a minimal effect on its decay rate as revealed from
the time-dependent spectral change at 655 nm (Figure S3c).
Therefore, the observed accelerated decay of the bis-Fe'
species from wild-type MauG in the presence of small-
molecule ligands is unlikely due to direct reduction or ligand
exchange on the oxyferryl species at the Hemes site.
Furthermore, the effect of temperature on the spectral
and kinetic properties of the NIR absorption feature was
investigated over a temperature range of 2 to 30°C. As
reported from a previous study, MauG is not stable above the
higher temperature,® thereby limiting the temperature
range. Within this interval, changes in temperature have no
observable effect on the absorption maxima wavelength or
the overall lineshape of the NIR band; however, the
absorption intensity was seen to increase with decreasing
temperature. Figure 5 shows that the decay rate of the NIR
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Figure 5. Temperature effect on the decay rate of the NIR band of bis-
Fe"V MauG. The bis-Fe' species was generated by addition of a stoi-
chiometric amount of H,0O, to diferric MauG (15 um). The data were
fit to the Arrhenius equation (solid trace) to calculate the activation
energy (E,) and to the Marcus equation (dashed line) to calculate the
reorganization energy (1) of the ET reaction, respectively.

band increases as the temperature rises. Fitting of the
experimental data by the Arrhenius equation [Eq.(S1)]
yields an activation energy (E,) of 18.6kcalmol . As
mentioned previously, the decay of the NIR band is associated
with the decay of the bis-Fe'" species through oxidation of the
methionine residues near Hemes.. The E, value of the bis-
Fe'v self-decay reaction is comparable but slightly higher than
those determined from H,O,-dependent oxidation reactions
of methionine residues in other proteins or peptides.’!* The
self-decay process of the bis-Fe' species can be also treated
as an ETreaction from the methionine residues to the diheme
cofactor. The experimental data was also analyzed using the
classical ET theory™® (see details in the Supporting Informa-
tion). Among the three methionine residues near Hemes,
Met108 was identified as the first residue to be oxidized by
bis-Fe'¥ MauG.”"! The ET reaction was analyzed with Met108
as the electron donor and the diheme cofactor as the electron
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acceptor. Using the direct distance approach developed by
Dutton and co-workers,* a HARLEMP calculation on this
ET reaction revealed an ET distance (r) of 7.31 A and a decay
constant (8) of 1.64 A. Although the free energy change
(AG®) of this ET reaction is unknown, it can be estimated
based on the redox potentials of the associated redox
centers.F*%” The reaction potential (E°) is anticipated to be
within the range of 0 to 1V, corresponding to a range of 0 to
—23.1 kcalmol ™! for AG®°. In Figure 5, fitting of the exper-
imental data by the Marcus equation [Eq. (S2)] with the input
of these calculated parameters yields a range of the reorgan-
ization energy (4) of 3.02 to 4.81 eV. This range is comparable
but slightly larger than those calculated for other ETreactions
from similar systems.’! The increased values of E, and 4 for
the bis-Fe'" self-decay reaction highlight the role of CR in
stabilizing the bis-Fe'" species by elevating the energy barrier
for self-oxidation reactions. This is achieved by expanding the
single redox center to an extended conjugated system and
thereby increasing the reorganization energy of the related
ET reactions.

In conclusion, the bis-Fe'" state of MauG is not a single
redox species but rather an equilibrium of different electroni-
cally equivalent resonance structures. The data presented
here provide supporting evidence for our proposed long-
distance type III CR model, which brings a new concept to the
well-documented CR phenomena.
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