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NRVS of mononuclear and binuclear
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This proposal is a renewal of the Long-Term project
performed in 2013B through 2016A. The goals of the project
are to understand the factors that govern differences in
reactivity of mononuclear vs. binuclear non-heme iron enzyme
intermediates, to understand the key differences in reactivity for
non heme vs. heme iron enzymes, and to determine why
different modes of oxygen activation are utilized for specific
functions. The research theme set in the project is important in
enzyme research. For these goals, a combination of nuclear
resonance vibrational spectroscopy (NRVS) experiment and
density functional theory (DFT) computation is used, which
has been developed by the previous Long-Term project and
earlier experiments. This methodology is expected to provide a
complete picture of the reaction mechanism on a molecular
level.

The renewal proposal includes the extension of the previous
studies, such as non-heme facial triad and heme Fe(IV)=0
Fe(II)-OO(H) Rieske

dioxygenases, O, intermediates in extradiol dioxygeneration,

intermediates, intermediate  in

peroxy intermediates and high valent intermediates. These
studies are appropriate for achieving the goals and lead to
publications in major journals. The experiments proposed are
challenging because of low concentration intermediates and
thus the project indeed needs the high brilliance x-rays at
BLO09XU, SPring-8. On the other hand, a new high-resolution
monochromator for NRVS will be installed in the BLOOXU
beamline, which improve the data-taking efficiency. Therefore,
the committee recommends that the renewal proposal should

be approved with a reduced number of beamtime shifts.

[RREEEIC KL 2HFHE]

Mononuclear and binuclear non-heme iron (NHFe and
NHZ2Fe, respectively) enzymes exhibit a wide range of
chemistry and play important roles in biosynthesis, DNA
repair, and the treatment of diseases. The purpose of our
research is to use nuclear resonance vibrational spectroscopy
(NRVS) to characterize catalytically relevant intermediates
of non-heme enzymes and to understand mechanisms
governing their unique chemistry. NRVS provides key
vibrational information on the NHFe active sites. This
vibrational density of states gives geometric and electronic
structural insight into the intermediates and their frontier
molecular orbitals that are key to reactivity.

Intermediates in NHFe enzymes can be broadly divided
into three classes: Fe"-oxo, Fe™-(hydro)peroxo, and Fe"-
superoxo. In the area of Fe'Y-oxo intermediates, we have
recently made great progress in defining the structure of the
FeV-oxo intermediate in the halogenase SyrB2 through
NRVS and using this structure to define the frontier
molecular orbital contributions that govern hydroxylation
versus halogenation reactivity in this class of enzymes. We
are now expanding these studies to the Fe™-oxo
intermediate in the alpha-ketoglutarate dependent enzyme
taurine dioxygenase to form a basis for understanding the
hydroxylation, desaturation, and electrophilic aromatic
substitution reactions catalyzed by this class of enzymes.

In the area of Fe"-(hydro)peroxy intermediates, we have
previously used NRVS to define the structure of the active
intermediate in the low spin Fe™-OOH intermediate in the
anticancer drug bleomycin and used this to understand the

differences between heme and non-heme Fe™OOH
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reactivity. Recently, we extended these studies to a series of
high-spin Fe™ peroxy model complexes to define the effect
protonation state and peroxy binding mode have on the
NRVS spectrum, allowing us to define spectral features that
distinguish between side-on peroxy, side-on hydroperoxy,
and end-on hydroperoxyl structures. We are now in the
process of extending these studies to the peroxy intermediate
in the Rieske dioxygenase benzoate 1,2-dioxygenase to
define its structure and correlate this to its reactivity, which
we will complete under this long-term proposal.

The extradiol dioxygenases are a class of NHFe enzymes
proposed to proceed through a Fe™-superoxy intermediate.
Previously, we have collected and analyzed NRVS data on
two relatively stable intermediates in an extradiol dioxygenase,
including a putative Fe"-superoxo intermediate and a Fe"-
hydroperoxo intermediate, that are not reactive in extradiol
cleavage, in addition to nitrosyl analogues where NO
mimics O, binding. This has allowed us to define the
structural factors that influence the NRVS spectra of these
intermediates. In the current long-term proposal, we are
now extending those studies to a series of extradiol
dioxygenase intermediates active in extradiol cleavage to
define the structures of these intermediates and correlate
these to their reactivity in building the reaction coordinate
for extradiol deoxygenation. We will also initiate NRVS
studies on two intermediates in the intradiol dioxygenase
protocatechuate 3 4-dioxygenase, which will define the
reaction coordinate of this class of enzymes and, together
with the extradiol study, give insight into the factors that
govern extradiol versus intradiol cleavage.

NH2Fe enzyme reactivity can be divided into two major
classes of intermediates: peroxy and high-valent intermediates.
For the peroxy intermediates two subclasses are further
distinguished: P and P’, which exhibit different UVvis
absorption bands and Mossbauer parameters (~700 nm, §
~0.66 mm/s and AE,~ 1.5 mm/s for P versus no visible
UVvis band, 6 ~0.55 mm/s and AE,~0.66 mm/s for P’)
and only P’ is reactive. With respect to high-valent
intermediates, there is the Fe(IV)/Fe(IV) intermediate Q in
methane monooxygenase (MMO) and the Fe™/Fe™
intermediate X in ribonucleotide reductase (RNR). In

previous studies, we focused on intermediates P and Q and
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we will now extend these studies to understand the P’ and X
intermediates.

Recently, we showed that P’ in AurF, which performs an
electrophilic attack, is a hydroperoxy species. We are now
extending this to the N-oxygenase Cmll, which is belied to
contain a p-n' : 1° peroxo, rather than a hydroperoxo as in
AurF and Cmll. We are currently investigating isotope
labeled 180, P’ intermediates of Cmll. We will extend this
study to toluene o-xylene monooxygenase (ToMO), which
performs an electrophilic attack on aromatic rings and
utilizes 2His/4Glu ligation instead of the 3His/4Glu ligation
of AurF. We will elucidate how the different ligation
facilitates similar reactivity. In contrast to AurF, Cmll and
ToMO, (ADO)

performs nucleophilic rather than electrophilic reactivity.

aldehyde-deformylating  oxygenase
We will elucidate geometric and electronic differences that
lead to these different reactions. Furthermore, the P
intermediate in deoxyhypusine hydroxylase (exhibiting a
down-shifted UVvis band at ~630 nm) is believed to
contain an additional p-O(H) bridge and a 4His/2Glu
ligation set. We will use NRVS to define how this peroxy
species relates to those summarized above.

We recently finished our NRVS study of Q in MMO and
are using these data to define how the binuclear core is more
reactive relative to the mononuclear Fe=O species in SyrB2 in
H-atom abstraction. We will extend these studies to
intermediate X in RNR class 1a and compare our findings to
results from our previous NRVS study which defined a Mn/Fe
class 1¢ RNR, which exhibits Q- and X-analog (Mn"/Fe" and
Mn"/Fe™, respectively) intermediates. This study of X focuses
on its function of generating the tyrosyl radical required for
deoxyribonucleotide synthesis in class 1a versus the Mn"/Fe™
providing the radical directly class 1c RNR.
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The principal investigator developed the technique of NRVS
(Nuclear Resonance Vibrational Spectroscopy) and his group
has been applying it to iron-containing enzymes in Long-Term
projects over several years. They have produced significant
results and contributed much to understanding of the reaction
mechanisms of these enzymes. In this Long-Term proposal, the
PI proposes to focus on iron-hydrogen bonds in intermediate
states of hydrogenases and nitrogenases. The committee highly
appreciates the past achievements of the PI and considers the
project worthy of beamtime for the next two years. On the other
hand, since the NRVS technique has been established, this can
be regarded as just a routine measurement that requires a large
amount of beamtime. In the interview, the PI explained the
technical developments to reduce the measurement time. Thus,

the committee recommends the PI to apply for external funding
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to achieve these improvements, together with the left-over
technical developments from the last Long-Term project, in
collaboration with the SPring-8 staff. This will be the most
efficient way to get the data the PI needs without sacrificing too

much beamtime of other users.

[RREEEIC KL DMHFHE]
At beam line BLO9XU the principal investigator (PI)

developed the use of Nuclear Resonance Vibrational
Spectroscopy (NRVS) for analyzing iron active sites of
metalloenzymes. The use of this technique has resulted in
several high impact papers in Journal of American Chemical
Society (JACS) as well as Angewandte Chemie and Inorganic
Chemistry™. The research was focused on enzymes such as
nitrogenase (N,ase), [FeFe] hydrogenases (FeFe-H,ases),
[NiFe]-hydrogenase (NiFe-H,ase), and WhiD. Most recently
we have been focused on analyzing Fe-H/D bending modes in
model compounds and H,ase enzymes. Fe-H/D modes are
weak and thus development of NRVS technique is necessary in
order further the study of these enzymes. We hope that future
collaboration with SPring-8 will allow us to push the
boundaries of NRVS. In addition, we are also focused on
collecting data at higher energy region to analyze Fe-H/D
stretching modes (>1000 cm™). We hope to work on technique
development in collaboration with scientist at beam line
BLO9XU. Our goal is to increase the count rates by two fold
without loss of resolution, increase the count 2x by increasing
the size of the APD or by using double sided detection, and
developing a cosmic ray anti-coincidence system to reduce
background count rates with the help of scientist at SPring-8.
This proposal aims to use the nuclear resonance vibrational
spectroscopy (NRVS) to study the structure and dynamics of
Fe-S proteins. NRVS is a spectroscopic technique that probes
vibrational sidebands from a nuclear excited state transition in
Mossbauer active nuclei, in our case Fe. NRVS exploits
nuclear resonant absorption with recoil to reveal vibrational
dynamics of the resonant nuclei using high flux and high
monochromation (0.8 meV). It yields vibrational spectra for all
the normal modes involving Fe motion, making it highly

selective and valuable technique.



Iron-sulfur [Fe-S] clusters are ubiquitous and evolutionary
ancient prosthetic groups that are required to sustain
fundamental life processes, including electron transfer within
and between proteins, catalysis of chemical reactions, sensing
of the chemical environment, regulation of DNA expression,
repair of damaged DNA, and maintenance of molecular
structure®™. Our research in this proposal involves three critical
Fe-S proteins: (1) MoFe and VFe nitrogenases (N,ase)-
responsible for biological nitrogen fixation and supplies the
chemically reactive N needed for building proteins and nucleic
acids’. (2) NiFe and FeFe-hydrogenases(H,ase) -the
production or consumption of molecular H, which is as fast as
the best artificial fuel cells, but uses earth-abundant Fe instead
of rare and expensive Pt. (3) WhiD proteins for NO and O,
sensing.

The NRVS studies form our previous proposal obtained
significant NRVS results for many important enzymes. One of
the most important results is our observation of Fe-H/D
bending modes in NRVS for Hases and N,ase which are

considered among the weakest vibrational modes.
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