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Long-term Proposal Report 1
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'Department of Chemistry, University of California, Davis, CA, USA
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Abstract

Using *"Fe nuclear resonant vibrational spectroscopy (NRVS), we have characterized several important *’Fe-labeled proteins such

as [FeFe] hydrogenase ([FeFe] H,ase), [NiFe] hydrogenase ([NiFe] H,ase), and nitrogenase (N,ase). Following the successful
observation of the Ni-H-Fe wag mode in Desulfovibrio vulgaris Miyazaki F [NiFe] H,ase (DvMF for abbreviation), we extended
these studies to other enzymes, such as Chlamydomonas reinhardtii [FeFe] Hyase (Cr-HydAl) and Desulfovibrio desulfuricans
[FeFe] H,ase (Dd-HydAB). Fe-hydride and Fe-deuteride related bending modes in [FeFe] H,ases were observed and interpreted by
density functional theory (DFT) calculations. We also observed the interaction between the amine group (NH) in the azadithiolate
(ADT) bridge and the Fe-H/D structure by comparing the wild type Dd-HydAB result with that from a variant with an oxodithiolate
(ODT) bridge. With the advancement we have made for studying H,ase, we have also better characterized the catalytic intermediates

in N,ase, such as the E, state.

Background and Purpose

H,ases catalyze the reversible reaction of 2H*+ 2e = H,!'¥,
while N,ases catalyze the fixation of molecular nitrogen (N,) in
the atmosphere into bio-available NH,"*". Since today’s world
faces multiple pressures from the demands for sustainable
energy and food resources, H,ases and N,ases have both
attracted a lot of attention and have been intensively studied for
decades. Although crystal structures are available for all of
these enzymes (Figure 1), many key enzyme intermediates
cannot be crystallized. We are therefore using spectroscopy as
an alternative probe of these key intermediates, with the
overarching goal of understanding the catalytic mechanisms of
these systems.

Nuclear resonant vibrational spectroscopy (NRVS)

104 SPring-8/SACLA Information,”Vol.22 No.2 MAY 2017

measures vibrational transitions that occur together with
nuclear transitions that are typically associated with the
Mossbauer effect'®”. For the study of Fe in biology, *’Fe NRVS
has key features that complement traditional techniques such as
infrared (IR) and Raman spectroscopies. Despite the
complexity of these samples, “Fe NRVS only sees normal
modes that involve motion of the *'Fe nucleus. Since the NRVS
intensity is proportional to this “Fe motion, the NRVS
spectrum is easy to calculate from a normal mode analysis of a
candidate structure. The technique has moderate sensitivity,
and at the moment can be used to study frozen protein samples
at ~mM concentrations®'”!, Over the past decade, this technique
has been used to study the lower frequency modes of a wide

variety of Fe complexes and proteins'"''*. More recently, we
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Figure 1 Crystal structures of the catalytic centers: (a) [NiFe] center inside a
typical [NiFe] Hoase; (b) H cluster inside a typical [FeFe] Hiase; (c)
FeMo cofactor inside a typical N.ase.

have extended NRVS studies to more difficult Fe-H related
vibrational features in several H,ase enzymes as will be detailed
later in this article.

Our NRVS measurements were performed at SPring-8
BL09XU™!, which uses a high heat load monochromator to
produce 14 4 keV radiation with ~1.0 eV resolution, followed by
a Ge(422) x 2Si(975) high energy resolution monochromator
(HRM) to narrow the resolution to ~0.8 meV, with a final flux of
~2.5 x 10° photons/s. Some NRVS data were also measured at
SPring-8 BL19LXU. The NRVS measurements used a 2 x 2
avalanche photodiode (APD) detector array to collect the
nuclear fluorescence and the internal conversion Fe Ka
fluorescence following ¥Fe nuclear excitation. The typical
background count rates for this array is ~0.03 cts/s”. A closed-
cycle liquid helium flow cryostat was used to maintain the
samples at cryogenic temperatures (~50 K). During the NRVS
measurements, the scans were often divided into segments with
different data collection times at a given energy. These
acquisition times ranged from 1-3 s in the Fe-S region to as
much as 30 s per point for weak Fe-H related modes. The
energy scale was always calibrated with respect to a standard
sample of [FeCl,][NEt,], which has a prominent peak at 380
cm’. Raw NRVS data were converted to PVDOS using the
PHOENIX software package!”.

Results
[NiFe] Hyases

The crystal structure for the [NiFe] center in Desulfovibrio
vulgaris Miyazaki F [NiFe]-H,ase (DvMF) is shown as in
Figure la. By a series of careful and strenuous NRVS

measurements, we recorded the first direct spectroscopic

©
Fe,

Cys178

r.})vi

Lys237

Pro203

le204

D Vs
U
&

C

evidence for a bridging Ni-H-Fe species in a “Fe-labeled
DvMF Ni-R sample. The overall NRVS spectra are shown as
in Figure 2, with Fe-S, Fe-CN/CO and the weak Ni-H-Fe
features. Via DFT simulation on the measured PVDOS, the
optimized structure with detailed H and S bonging information
(Figure 2, insert) was obtained as the possible Ni-R structural
candidate. The biochemical science and the DFT simulations
were presented and well-discussed in an article in Nature
Communications in 2015™, while its technical details leading
to the successful observation of the weak Ni-H-Fe wag mode
was presented in J. Synchrotron Rad in the same year'®,

The existence of Ni-H-Fe in DvMF Ni-R has provided a
critical reference for the DFT simulation to determine the
possible Ni-R structure (Figure 2, insert). The successful
observation of this extremely weak feature also has: 1)
established that a 0.1 cts/s’ Fe-H related bending/wagging
mode is observable although it has a much weaker NRVS

0 20 40 60 80 E (meV)

Cluster
Motion

Fe-S

Fe-CN/CO ]
100 200 300 400 500 600

hi

700 E(cm™)

Figure 2 PVDOS of DWIF Ni-R prepared under Hy/H,O (—)
and Do/D;O (—) conditions. The blue numbers are
the NRVS signal levels for the corresponding Fe-CO
and Ni-H-Fe features; (insert) the best Ni-R structural
model obtained from DFT simulation of the PVDOS.
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signal than the already weak Fe-CO"'™: 2) identified the
energy position for the Ni-H-Fe at 675 cm’, which was
virtually unknown because this position is much lower than the
Fe-H bending positions in model complexes or in previous
DFT “predictions”; 3) demonstrated that the comparison of Fe-
CO features in H/H,O (—) vs. D,/D,0O (—) prepared Ni-R
samples can also be used as an indirect evidence for the existence
of Ni-H-Fe in additional to the direct observation.

[FeFe] Hoases

We then successfully evaluated two H,/H,O vs. D,/D,O
[FeFe] H,ase enzyme pairs from the Chlamydomonas
reinhardtii [FeFe] Hyase (Cr-HydAl) and the Desulfovibrio
desulfuricans [FeFe] Hyase (Dd-HydAB). Dd-HydAB differs

il NC Srs( CN
57Fe + CN' = \57 //\5\7 S
wFe—">'Fe

oc'/

ocC

Ha'

ﬂco

a

NH  |2-

\"co

Isotopically labeled H-cluster of
[FeFe] H,ase in the H,,-CO state

from Cr-HydA1 by the amount of [4Fe4S] accessory clusters in
the enzyme, but their active sites are the same - both consist of
a binuclear Fe-S subcluster ([2Fe];) bound to a special
[4Fe4S],; cluster via a cysteine to form an H-cluster (as
illustrated in Figure 1b).

First, a synthetic precursor [*’Fe,(adt)(CN),(CO),I* (where
adt”=[(SCH,),NH]*) was produced and artificially inserted
into the Apo-Cr-HydAl enzyme (Figure 3a). This approach
allows for the specific ¥Fe labeling of the [2%Fe], subcluster,
while leaving other irons unlabeled. The PVDOS for such
labeled Cr-HydAl Hox-CO (—) and its precursor (—) were
observed as shown in Figure 4a, from which we identified Fe-
S modes from 0 to 300 cm™, 2 Fe-CN modes at 400-450 cm™,
and 6 Fe-CO modes at 480-700 cm™. This labeling has helped
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Figure 3 (a) The artificial maturation process of [FeFe] Hase using a [~ Fex(adt)(CN)»(CO)4J* precursor™®;
(b, ¢) manipulation of the active sites from ADT (b, with a NH) to ODT (c, with an ).

Fe-S Fe-CN Fe-CO

Fe-S

576

170
653
434

228 9 326 415

1 1 &7 " P - n
300 400 500 600 700

Energy (cm™)

-
200

=T 00

500500500~ 600"~~706~ 800
Energy (cm'1)

Figure 4 (a) PVDOS of *Fe-labeled [2Fel]y subcluster in HydA7 Hox-CO (—) and the precursor
[*’Fex(adt)(CN)o(CO)4* (—). Important peak positions are labeled in the color corresponding
to the spectra, or in black while the positions are the same for both spectra"gl; (b) the
observed PVDOS spectra for Cr-ODT prepared under Do/D-O (—) vs. under Ho/H,O (—)
conditions vs. the DFT calculations (—). The arrows indicate the X-Fe-H/D bending features.

106 SPring-8/SACLA Information,”Vol.22 No.2 MAY 2017



characterize key intermediates in the catalytic cycle and
advanced our spectroscopic investigation of [FeFe] Hyases.

Taking advantage of the same protocol, we successfully
replaced the azadithiolate (ADT) bridge of the active site in Cr-
HydAl (Figure 3b) with an oxodithiolate (ODT) bridge (or
NH—O) to form an ODT variant (Cr-ODT, Figure 3c)"”. This
replacement obstructs the proton transport chain, which allows
us to trap a transient intermediate (known as the H,, state)™!
with high population.

For Cr-ODT (Figure 3c), we have observed clear Fe-H/D
bending features (Figure 4b). The H/H,O prepared sample
leads to a well-resolved band at 727 cm™ (in-plane bending
mode) and a smaller feature at 670 cm” (out-of-plane wagging
mode) (Figure 4b, —). Its X-Fe-H wagging mode has a similar
energy position as the Ni-H-Fe wagging mode in DvMF Ni-R
(Figure 2, at 675 cm™). The sample prepared under D,/D,0
does not have these features, but instead shows a sharp peak at
625 cm™; the second Fe-D band is presumably highly mixed
with Fe-CO features (Figure 4b, —). The observed H/D-
dependent spectral changes in the 400-800 cm™ region coupled

with the “Fe-H/D DFT calculations clearly confirmed our
Using observed PVDOS and DFT
simulations, we have concluded the strong evidence for the X-
Fe-H related modes in transient states of H,q in Cr-ODT, which
has a similar NRVS signal level with DvVMF Ni-R (both at ~0.1
cts/s™.

In addition to observing the transient intermediate in Cr-

mode assignments.

ODT, we were also able to observe a catalytic intermediate in
the wild type Dd-HydAB (with an ADT bridge, PVDOS not
shown). Direct evidence for the terminal Fe-H bending mode
has led to the identification of the intermediate H,y, and the
difference between Cr-ODT and Dd-HydAB has helped
understand of the interaction between the amine group (NH)
and the terminal Fe-H structure in the catalytic cycle.

N,ases

We also evaluated the E, state in V70I variant of the N,ase.
This so-called Janus intermediate is considered to be the turning
point in the biological nitrogen fixation mechanism (Figure 5).
The intermediate was freeze-trapped with high populations

o}
f t(; R ?mocitrate E4(4H) E4 E4(N2H2)
a-1954 ¢ < o
. (,b 8 538 ‘(1( Py Fe/S>F< N2 H2 /Fe/S?(Ff
3 s re/ 3 HW 3
" 000000 ' W ° 5 \ /H-\ / oa \\ NQ /
MoFe S N O C S3A a-442Hs Fe\SH+ Fe Fe\S/Fe

Figure 5 (a) Local structure around the active site (FeMo-cofactor) in V70l mutant Av Noase
(b) proposed mechanistic pathway of nitrogen binding at E, intermediate step
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Figure 6 The *’Fe PVDOS of AvN,ase MoFe protein (a) and of FeMo-co inside it (b) for JS (—) vs. RS (—).
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from the Azotobacter vinelandii (Av) strains. The resting state
(RS, Ey), the Janus intermediate (JS, E,) were prepared in H,O
and D,0 buffers, respectively.

Figure 6a compares the *'Fe PVDOS for the RS and JS V701
variant of N,ase in D,O. N,ase MoFe protein consists FeMo-
cofactor (FeMo-co, 7Fe) and P-cluster (8Fe). We are able to
obtain the PVDOS for FeMo-co by subtracting the PVDOS for
nifE (containing only P-cluster) from the PVDOS of the whole
MoFe protein. The FeMo-co PVDOS for RS and JS are shown
as in Figure 6b. The PVDOS for RS is dominated by a peak
near 188 cm™ with a resolved shoulder at 172 cm™ (Figure 6a,
b, —). This mode has been associated with the ‘breathing’
mode of the FeMo cofactor which involves expansion and
contraction of the [6Fe—Ci] core’**! The spectrum for JS
shows a diminished intensity at this peak (Figure 6a,b, —).

The above illustration (Figure 6) is indirect evidence for the
Fe-D bonding, which is consistent with our previous
observation on the CO bound Av N,ase PVDOS!"?, Preliminary

direct evidence for Fe-D and Fe-H interactions were also

observed and the corresponding DFT simulations are underway.

Summary

In the last long term proposal (2013B0103-2016A0103) at
SPring-8 BLO9XU, and in combination with some work from
BL19LXU, we have 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 H,ases.
Improvements of the SPring-8 synchrotron light source,
beamline monochromators, and detectors have allowed us to
measure these extremely weak features with NRVS. The results
for [FeFe] Hyase, [NiFe] H,ase, and N,ase will allow chemists
to better understand H interaction in these important enzymes.
Moving forward, we hope to be able to push the NRVS
observation to higher energy regions and to resolve the Fe-H/D
stretching modes for the appropriate enzymes. In addition, we
also hope to combine multiple experimental methods with
NRVS, e.g. photolysis NRVS and/or NRVS/IR simultaneous
measurements, which will be a great addition to our tool box to

analyze critical intermediates in the enzymatic catalysis.
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Abstract

Mononuclear and binuclear non-heme iron enzymes catalyze a broad range of reactions that are relevant in fields from health to

bioremediation. In many classes, O, intermediates have been trapped, and knowing the structure of these intermediates is essential
to understanding reactivity. We have developed a combined NRVS/DFT methodology for structural definition of these important

intermediates. We present an overview of our recent work at SPring-8 applying this NRVS/DFT methodology to mononuclear Fe™-

oxo and Fe™

-(hydro)peroxo intermediates, and to a binuclear Fe

-peroxy P~ intermediate. This has allowed us to define the structures

of these intermediates and has given new insight into their reactivities.

Introduction

Non-heme iron enzymes are a diverse class of biological
catalysts that drive reactions with molecular oxygen relevant in
bioremediation, hypoxia regulation, DNA repair, anticancer
activity, antibiotic and natural product biosynthesis. Broadly,
understanding the chemistry of these systems at a fundamental
level would provide great inspiration in numerous fields
including drug design and bio-inspired industrial catalysts.
These enzymes perform an extensive range of molecular
transformations including hydrogen atom abstraction (HAA),
hydroxylation, mono- and di-oxygenation, electrophilic
aromatic substitution (EAS), ring cleavage/closure/expansion
and halogenation reactions'"’. Mononuclear non-heme enzymes
(NHFe) are divided into classes based on the nature of the
substrate and whether a cofactor is required (Figure 1, left)?.
This article summarizes studies on enzymes from two of these
classes. One, the alpha-ketoglutarate (0-KG) dependent
enzymes, employ an organic cofactor with a ferrous center to
activate O, by a four-electron reduction, generating an Fe"-oxo
intermediate. Another class, the Rieske dioxygenases (RDOs),
use a non-heme ferrous center and a reduced 2Fe2S Rieske
center to reduce O, by two electrons, potentially yielding an
Fe"-(hydro)peroxy intermediate species. Binuclear non-heme
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iron enzymes (NH2Fe) can be classified based on whether they
activate O, by two electrons to generate biferric peroxy
intermediates, P/P”, or four electrons to generate a high-valent
species, Q/X (Figure 1, right). In this review, we summarize
our very recent study on Pvs P” peroxide activity by the NH2Fe
enzyme p-aminobenzoate N-oxygenase (AurF). Ultimately, to
understand the molecular mechanism the geometric and
electronic structure of these intermediates must be determined,
and nuclear resonance vibrational spectroscopy (NRVS) is an
ideal technique to accomplish this. NRVS is a synchrotron
technique that looks at vibrational sidebands of the *Fe
Mossbauer nuclear transition*”. All normal modes with Fe
displacement appear in the NRVS spectrum, with an intensity
proportional to the amount of displacement at the energy of the
vibrational mode, giving direct structural information on the

iron active site.

Methodology
Experimental details

NRVS data were collected at beamline BLO9XU in C-mode.
The resulting data files were analyzed with the Phoenix program
package from W. Stuhrhahn'®. Density functional theory (DFT)
calculations were performed with Gaussian and ORCA software



Intermediates in Non-Heme Iron Enzymes
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Mononuclear (left) and binuclear (right) non-heme Fe enzymes and their intermediates. Abbreviations:

aKG - alpha-ketoglutarate dependent dioxygenase, pterin - pterin dependent hydroxylase, BLM -
bleomycin, RDO - Rieske dioxygenase, EDO - extradiol dioxygenase, Non-Redox - non-redox
substrate enzymes, IDO - intradiol dioxygenase, AurF - p-aminobenzoate N-oxygenase, Cmll -
arylamine oxygenase of the chloramphenicol pathway, ToMO - toluene/o-xylene monooxygenase,
ADO - aldehyde-deformylating oxygenase, DOHH - deoxyhypusine hydrolyase, RNR - ribonuclutide
reductase, sSMMO - soluble methane monooxygenase.

packages using an in-house 1,000 core cluster, with basis set and
functional chosen based on model calibration (vide infra).
Computational model geometries were generated either from
crystal structures or EXAFS data, and modified to evaluate
specific structural candidates.

DFT model calibration

We have developed a NRVS/DFT approach for defining
unknown intermediate structures. This first involves collecting
NRVS data on related model complexes with known structural
parameters (for example, from a crystal structure or from
EXAFS data). DFT calculations with a variety of functionals
and basis sets are used to calculate the model complex and
simulate the NRVS data, and the functional/basis set
combination that best simulates the NRVS data, and any other
available data, including resonance Raman and Mossbauer
spectra, is then used to simulate the NRVS spectrum of the
related enzyme intermediate.

Influence of calculated NRVS spectra due to truncation of
models

Since quantum chemical calculation of a full enzyme is not
feasible and we are interested in building a representation of the
metal center that is contributing to the NRVS spectrum that can
be used to evaluate reactivity through reaction coordinate
calculations, it is also necessary to establish a truncation scheme
to model the iron active site, while still talking into
consideration the effects of the protein. We investigated a series

of calculations on a known model compound and the enzyme

methane monooxygenase (MMO) alongside several DFT
calculations of the full and truncated versions of these examples
(see Figure 2)"'. Model systems which have been truncated in
the 1% or 2™ ligand sphere show distinctive intensity and
frequency changes compared to the experimental spectra. A
reasonable agreement was reached for truncation at the Ca atoms,
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Figure2 NRVS spectra of (a) [Feg(u-OH)g(GMez-BPP)Q]2+
(structure depicted) obtained from experiment
(dashed gray line) and DFT computation (solid black
line), and the MMO maodels (b), (c), and (d). The solid
black and dashed gray line spectra in (b)-(d) are
simulated using constraints with a mass of 1 and 100,
respectively.
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Figure 3 Mechanism of O, activation by SyrB2®.

with replacing the two cut bonds with H atoms and neutralizing
the remaining charge by converting the Co. into a methyl group.
To avoid artifacts from the methyl vibration and mimic the
effects of the protein backbone, the mass of the protons is
increased by a factor of 100. This procedure ensures reliable
DFT calculations of reasonably-sized clusters, which reproduce
the experimentally observed NRVS features and enable reaction
coordinate evaluation.

Results
Fe""=0 intermediate in SyrB2

Syringomycin halogenase (SyrB2) is a mononuclear non-
heme iron enzyme which, upon reacting with dioxygen,
generates a high spin Fe(IV)=O intermediate capable of
substrate halogenation (Figure 3). This reactivity is interesting
considering that hydroxylation is the thermodynamically
preferred chemistry. A number of theoretical studies have
suggested mechanisms describing the halogenation of SyrB2;
howeyver, these studies are not consistent with experimental
data and substrate selectivity. To elucidate the factors governing
halo- vs. hydroxylation by SyrB2, our lab has utilized NRVS in
conjunction with variable temperature magnetic circular
dichroism (VT MCD) to develop an experimentally-calibrated
DFT study on reactivity of the iron oxo intermediate with
substrates. The geometry of the intermediate, defined with
NRVS, possesses a five-coordinate (5C) trigonal bipyramidal
structure with the Fe(IV)=0 vector axially positioned (Figure
4) and perpendicular to the C-H bond of the substrate®®, The
frontier molecular orbitals (FMOs) of this intermediate, which
are important for understanding reactivity, have been
investigated with VT MCD, revealing a n-FMO that is
anisotropic due to the halide equatorialligation that activates
this intermediate perpendicular to the Fe-O bond for H-atom
abstraction of the substrate C-H bond". This produces an HO-
Fe"-Cl species with the hydroxyl oriented away from the C that
is perpendicular to the HO-Fe-Cl plane. Marcus theory analysis
of the HO-Fe(ll)-Cl/C" complex revealed a dm*p. FMO
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intrinsically more reactive compared to the dn*, , FMO by
~4 kcal/mol (Figure 5)". This energetically favored dm*s.q
FMO is responsible for lowering the activation barrier of
halogenation to be in competition with the thermodynamically
favored hydroxylation, resulting in selective chlorination of the
native substrate. Halo- or hydroxylation of other substrates
depends on the positioning of the radical above the HO-Fe™-Cl
plane as shown in Figure 5.

Fe"-OOH intermediates

In contrast to the Fe™=0 intermediates discussed above,
some classes of mononuclear NHFe enzymes utilize Fe™-
OO(H) intermediates in their reactivity. These include the
anticancer glycopeptide drug bleomycin, which uses a low-
spin Fe"-OOH intermediate called activated bleomycin
(ABLM) to catalyze the double-strand cleavage of DNA. We
used NRVS to determine the structure of this intermediate!""!.

The NRVS spectrum of ABLM (Figure 6A) has a double-peak
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Figure 4 NRVS-derived geometry of the SyrB2 Fe(IV)=0
intermediate®®. A: NRVS spectrum of SyrB2 consists of
three unique regions of intensity. B: Simulating NRVS
data in A with DFT provides. C: The geometry of the
Fe(IV)=0 intermediate, which is found to be 5C trigonal
bipyramidal. Inset: drt* FMO of the intermediate.
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HO-Fe(lll)-Cl intermediate post H-atom abstraction of
the substrate. The —4 kcal/mol stabilization of the
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Figure 6 A: NRVS spectrum of ABLM (top) with DFT
simulations corresponding to Fe(lll)-O.H, (middle)
and Fe(lll)-O,H (bottom) structures. B: Schematic
depictions of the vibrations assigned to ABLM.

feature at 398 and 438 cm™. DFT simulations allowed us to
assign this as the pair of degenerate transaxial bends (Figure
6B), split by interaction of the in-plane component with the Fe-
OO bend. This splitting was only reproduced computationally
for a Fe™-OOH structure and not for the Fe™O,H, structure that
had been proposed based on calculations, allowing us to
experimentally define the geometric structure of this
intermediate. From this structure, we calculated the H-atom
abstraction reactivity of ABLM, finding that the mechanism
proceeded through direct H-atom abstraction by the
hydroperoxy rather than through an initial heterolytic cleavage
of the O-O bond to form an Fe"=0 and ligand radical as in

heme chemistry. Our NRVS study thus demonstrated that non-
heme Fe™OOH chemistry is fundamentally different from
heme chemistry.

Another class of NHFe enzymes that are proposed to use a
Fe"-OOH intermediate in their reactivity are the Rieske
dioxygenases (RDOs), which are important in bioremediation.
In the RDO benzoate 12-dioxygenase (BZDO), an Fe"-
OO(H) intermediate (BZDOp) has been trapped, but in contrast
to ABLM this is a high-spin ferric-peroxo species. The binding
mode and protonation state of this intermediate are unknown,
and defining its structure is essential to understanding the cis-
dihydroxylation reactivity of these enzymes. We thus expanded
our NRVS study of the low-spin Fe™-OOH ABLM to two

structurally well-characterized high-spin Fe™

-(hydro)peroxy
model complexes to obtain NRVS spectroscopic handles for
distinguishing between different high-spin Fe™OO(H)
structures: a side-on Fe™O,” and an end-on Fe"™-OOH
complex”. These data are shown in the top half of Figure 7.
The NRVS spectra were assigned using DFT simulations that
are consistent with the known structural parameters of these
complexes. Using DFT, we systematically correlated between
these structures, which defined four spectral handles, shown at
m

the bottom of Figure 7, to differentiate between side-on Fe
0,7, side-on Fe"™-OOH", and end-on Fe"-OOH" structures. We

PVDOS (cm)

T Y
400 600 800
Energy (cm™)

REIDFFED S ——

[ Il
o—o0 o oLo O(OH
A N
N% NZE R N
Energy + +
e e
S NS U SR MY
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Figure 7 Top: NRVS data for the side-on Fe"-O,> (blue) and
end-on Fe"-O0H (red). The four regions correspond
to the four types of vibrations at bottom. Bottom:
schematic depiction of the four spectral handles
distinguishing between a side-on peroxo and end-on

hydroperoxy.
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are now in the process of applying this methodology to analyze
NRVS data on BZDOp and to use the geometric and electronic
structure determined to evaluate the reaction coordinate of this

class of enzymes.

Intermediate P~ in AurF

The P” intermediate of 4-aminobenzoate N-oxygenase
(AurF) is relatively stable, but directly reacts with 4-
aminobenzoic acid to produce 4-nitrobenzoic acid. Thus P” in
AurF is a suitable target for defining the nature of a reactive
binuclear ferric peroxo intermediate by NRVS.

To determine the structure of P” in AurF, NRVS spectra
(Figure 8A) were obtained from samples prepared with 'O,
and ®0,". Spectra of these species are divided into three
distinct regions: region (1) at energies below 180 cm™, which is
almost featureless, region (2) between 180 cm™ and 375 cm™,
which displays a series of four peaks with decreasing intensity
toward higher energies and region (3) showing two oxygen-
isotope-sensitive peaks above 375 cm™.

In our previous study on p-1,2-peroxo-bridged Fe(Ill),
models, we identified several vibrations associated with the Fe,
core in these regions™. To evaluate the NRVS spectrum of P
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based on that study, 28 peroxo-bridged structures in different
binding modes and with an additional H" or H,O were
calculated. A more detailed assignment of the NRVS spectrum
will be presented elsewhere'™; here, we note that only one
model, with a p-1.2-hydroperoxyl bridge, reproduced the
experimental spectrum (see Figure 8B).

To examine the viability of this model, the potential energy
surface (PES) for the reaction was constructed; the reaction
initiates as the O-O bond cleaves and this step triggers oxidation
of substrate (Figure 9). This results in a transition state barrier
consistent with the reaction rate and a barrier that is ~8 kcal/mol
lower in energy than that for the non-protonated peroxo P.

Protonation increases the electron affinity and stabilizes the
high-valent product of O-O bond cleavage. This protonation-
enhanced electrophilicity of P” and its conversion to an
Fe(IV)Fe(lll) intermediate in AurF may be relevant to the
activation of P to form P~ for the conversion to intermediate X
in RNR, and the protonation activation of a peroxo bridged
intermediate may also be relevant to the electrophilic chemistry
of ToMO. These studies are underway.

H223

H139
e

0/ \ 101
/\::/r*a/ o

E136

Figure 8 NRVS data and DFT-assisted assignment of P” in AurF. A: (Top) The NRVS spectra of P” obtained
with "°0,. (Bottom) The DF T-predicted NRVS spectrum of -1,2-hydroperoxo-bridged h3, which is the
only structure that reproduces the NRVS data. B: The structure of h3 used to simulate the NRVS data.
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Figure 9 DFT calculations of reaction coordinate for N-oxygenation in AurF.
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Outlook

NRVS has proven to be an invaluable tool for defining the
structures of intermediates in non-heme Fe enzymes to
elucidate their reactivity. We are now well situated to expand
our NRVS studies to other intermediates, including but not
limited to BZDOp and Fe"=0 heme Compound I and 1I for
mononuclear Fe enzymes and high-valent Q and X
intermediates in the NH2Fe enzymes. This will both provide
insight into the specific reactivates of these important enzymes,
and also into the broader questions regarding the factors
governing NHFe versus NH2Fe chemistry, and how heme and
non-heme reactivity differ.
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NRVS of mononuclear and binuclear

3{%\5\

A non-heme iron enzyme intermediates and
related model complexes
FhaET#4 (W1)&) | Edward Solomon (Stanford University)

FIRR O MHER S |2017A0137
=AYV BL09XU
FAAER R 3
[BEIXVN]

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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Application & Development of Nuclear
Resonance  Vibrational ~ Spectroscopy
(NRVS) and Synchrotron Mossbauer
Spectroscopy of Iron-Hydrogen Interactions
in Hydrogenases, Nitrogenases, and Model
Complexes

3{%\5\

Y

SRS (TE) Stephen Cramer (University of California,

Davis)
FIRR O HHER S |2017A0141
=AYV BLO9XU
FAAER BIRT %
[EBEIXAVN]

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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— WE1 —
Application  Development of Nuclear
anng o Resonance Vibrational Spectroscopy (NRVS)
and Synchrotron Mossbauer Spectroscopy of
Multinuclear Iron Proteins
B (T7IE) Stephen Cramer (University of California,
Davis)
PRIURFIER > |2013B0103
E—ALT7A BLO9XU
I iy 7 + |2013B~2016A,99 > 7 +
(PSR

The principal investigator developed the technique of NRVS
(Nuclear Resonance Vibrational Spectroscopy) to study
vibrational modes of an iron atom in proteins. His group
focused on Fe-S proteins in this project. They worked on
intermediate states in enzymatic reactions of hydrogenase and
nitrogenase which play important roles in hydrogen catalysis

and nitrogen fixation, respectively. DFT models were used to

172 SPring-8/SACLA Information.”Vol.22 No.2 MAY 2017
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analyze the NRVS spectra to discuss the mechanisms of
enzymatic reactions. This is undoubtedly a leading-edge
biochemistry as shown by more than ten publications since
2013 in high-profile journals such as J. Am. Chem. Soc., Angew.
Chem. Int. Ed.,and Nature Comm.. Thus, the commiittee judges
that this project was completed successfully. There are some
unresolved technical issues in the experimental techniques,

which should be considered in the next Long-Term project.

[RRY AR
(FEFH Z i)
[1] SPring-8 publication ID = 27050
H. Wang et al: “A Practical Guide for Nuclear
Resonance Vibrational Spectroscopy (NRVS) of
and Model Compounds”
Methods in Molecular Biology 1122 (2014) 125-137.
[2] SPring-8 publication ID =27816

Biochemical Samples

L. Lars et al: “Nuclear Resonance Vibrational
Spectroscopy Reveals the FeS Cluster Composition and
Active Site Vibrational Properties of an O,-tolerant
NAD*reducing [NiFe] Hydrogenase”
Science 6 (2015) 1055-1060.

[3] SPring-8 publication ID = 28326
A. Scott et al: “Structural Characterization of CO-

Chemical

Inhibited Mo-Nitrogenase by Combined Application of
Nuclear Resonance Vibrational Spectroscopy, Extended
X-ray Absorption Fine Structure, and Density
Functional Theory: New Insights into the Effects of CO
Binding and the Role of the Interstitial Atom” Journal of
American Chemical Society 136 (2014) 15942-15954.
[4] SPring-8 publication ID = 32563
M. Maiuri et al.: “Low Frequency Dynamics of the
Nitrogenase MoFe Protein via Femtosecond Pump
Probe Spectroscopy — Observation of a Candidate
Vibration”  Journal

Promoting of Inorganic



Biochemistry 153 (2015) 128-135.

[5] SPring-8 publication ID = 32565
P. Serrano et al.: “Nitrosylation of Nitric-Oxide-Sensing
Regulatory Proteins Containing [4Fe-4S] Clusters Gives
Rise to Multiple
Angewandte Chemie International Edition 55 (2016)
14575-14579.

[6] SPring-8 publication ID = 32566
H. Ogata et al.: “Hydride Bridge in [NiFe]-hydrogenase

Iron—Nitrosyl ~ Complexes”

Observed by Nuclear Resonance Vibrational
Spectroscopy” Nature Cimmunications 6 (2015) 7890.

[7] SPring-8 publication ID =32619
L. Gee et al.. “Docking and Migration of Carbon
Monoxide in Nitrogenase: The Case for Gated Pockets
from IR Spectroscopy and Molecular Dynamics”
Biochemistry 54 (2015) 3314-3319.

[8] SPring-8 publication ID = 33468
L. Gee et al.. “Synchrotron-based Nickel Mossbauer
Spectroscopy” Inorganic chemistry 55 (2016) 6866-

6872.
— A2 —
NRVS of mononuclear and binuclear non-
A heme iron enzyme intermediates and related
model complexes
FERETE (E) | Edward Solomon (Stanford University)
PR ERS  |2013B0105
|V N BLO9XU
RN ot 7 b |2013B~2016A,135 + 7 b

[FHmHER ]

The Long-Term project aims at understanding the molecular
mechanism of non-heme iron (NHFe) enzyme intermediates
and related model complexes using nuclear resonance
vibrational spectroscopy (NRVS) and density functional theory
(DFT) calculations. In 2013B through 2016A oxygen-activated
intermediates have been investigated, which include the
selective halogenation of Fe(IV)=0 NHFe intermediate, the
low/high-spin chemistry of NHFe Fe"™-OOH intermediates, the
oxidative chemistry of extradiol dioxygenases, and the
geometric and electronic structures of peroxy intermediates and
high valent intermediates. The qualities of these results are high

because of its unique approach to the local structure around iron

ions in biologically relevant materials.

Besides for the results, the Long-Term project also has
contributed to the development of a new methodology for
investigating molecular systems with iron atoms, based on a
combination of NRVS experiment and DFT computation. The
series of studies have shown that the NRVS data are well
reproduced by experimentally-calibrated DFT calculations,
indicating that the methodology can provide reliable
information on the reaction coordinate for catalysis and other
molecular systems.

Therefore, the committee evaluates the Long-Term project
as a successful one, although their publications are delayed. The
results should be published in major journals as early as

possible.

[RRRU AR

(FEEFH Z i)

[1] SPring-8 publication ID = 32555
K. Sutherlin er al.: “Nuclear Resonance Vibrational
Spectroscopic Definition of Peroxy Intermediates in
Nonheme Iron Sites” Journal of American Chemical
Society 138 (2016) 14294-14302.

[2] SPring-8 publication ID =33479
E. Solomon et al.: “O, Activation by Non-Heme Iron
Enzymes” Biochemistry 55 (2016) 6363-6374.

[3] SPring-8 publication ID = 33480
K. Park and E. Solomon: “Modeling nuclear resonance
vibrational spectroscopic data of binuclear nonheme
iron enzymes using density functional theory” Canadian
Journal of Chemistry 92 (2014) 975-978.
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Technical Journal 1 1
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Technical Journal 1 1 1 3
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" Technical Journal 1 1 1 2 5
§ BL20B2 |Medical and Imaging | 1999.9 | 121 26 14 16 25 34 28 25 32 15 2| 338
% BL20XU  [Medical and Imaging Il 2001.9 54 24 24 36 28 20 40 44 37 28 5| 340
g BL25SU  [Soft X-ray Spectroscopy of Solid 1998.4 | 211 24 21 20 25 22 24 30 20 17 5] 419
T Technical Journal 2 2
BL27SU  [Soft X-ray Photochemistry 1998.5 | 200 36 15 22 31 18 40 33 22 34 5| 456
BL28B2 |White Beam X-ray Diffraction 1999.9 55 16 14 9 15 9 21 18 20 15 2 194
BL35XU [High Resolution Inelastic Scattering | 2001.9 41 19 5 9 12 8 13 13 15 12 4 151
BL37XU |Trace Element Analysis 2002.11 49 13 12 22 23 13 31 28 30 20 3| 244
Technical Journal 1 1
BL38B1 |Structural Biology Il 2000.10| 182 45 53 47 46 60 58 48 62 49 10| 660
BL39XU [Magnetic Materials 1997.10| 114 15 27 15 19 21 19 25 18 19 10| 302
BL40B2 |Structural Biology Il 1999.9 | 234 25 30 43 42 43 70 54 50 49 14| 654
Technical Journal 1 1 2
BL40XU |High Flux 2000. 4 56 9 13 11 13 18 36 19 29 30 5 239
BL41XU |[Structural Biology | 1997.10| 383 61 78 65 66 53 65 55 57 54 9| 946
BL43IR  |Infrared Materials Science 2000. 4 40 13 10 5 8 11 8 11 17 13 7 143
BL46XU  |Engineering Science Research lll 2000.11 46 19 13 20 22 15 36 27 52 40 6| 296
Technical Journal 1 1
BL47XU |HXPES - MCT 1997.10| 144 22 27 27 28 17 35 36 25 23 9 393
BLT1XU [QST Quantum Dynamics | 1999.3 9 4 13
BL14B1 [QST Quantum Dynamics Il 1998. 4 35 3 3 3 2 1 1 48
BL15XU |WEBRAM 2002.9 24 5 2 1 1 1 1 35
g [BLI7SU |G Sonerent Soft Xeray 20059 1| 4| 2| 1| 7| el 1| | s 2/ 1| s
E BL19LXU |RIKEN SR Physics 2002.9 5 1 1 1 8
% BL22XU |JAEA Actinide Science | 2004.9 4 1 1 6
§ BL23SU |JAEA Actinide Science Il 1998. 6 38 4 2 2 2 3 2 53
E BL26B1 |RIKEN Structural Genomics | 2009. 4 3 8 2 8 5 12 3 41
::> BL26B2 [RIKEN Structural Genomics Il 2009. 4 1 5 3 4 7 8 28
3 Technical Journal 1 1
& BL29XU |RIKEN Coherent X-ray Optics 2002.9 8 4 1 1 14
BL32XU [RIKEN Targeted Proteins 2010.10 5 5 8 9 13 5 1 46
BL44B2 |RIKEN Materials Science 1998.5 13 1 4 1 19
BL45XU  [RIKEN Structural Biology | 1997.10 61 4 11 8 9 6 7 9 12 18 3 148
Subtotal 3547 | 663| 657| 692| 800| 737| 986| 959| 966| 876| 195(11078
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Beamline Name Publc Use | _2007| 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | Total
BLO3XU |Advanced Softmaterials 2009.11 1 5 8 24 21 14 17 3 93
Technical Journal 35 42 39 36 33 185
BLO7LSU |G1e University-of Tokyo Outstation | 509,11 1| 5| 6| 10| 12| 11| 16| 6| 67
BLO8B2 |Hyogo Prefecture BM 2005.9 1 1 3 6 7 5 5 3 31
Technical Journal 7 1 18 7 4 37
BL11XU [QST Quantum Dynamics | 50 9 6 13 16 14 16 150
BL12B2 |NSRRC BM 2001.9 87 9 28 13 25 22 21 22 24 260
BL12XU |NSRRC ID 2003.2 18 8 5 15 10 14 11 16 17 14 128
BL14B1 [QST Quantum Dynamics Il 55 18 16 18 16 11 10 15 19 14 6 198
BL15XU |WEBRAM 2001 4 66 17 28 35 50 41 59 56 46 49 5 452
¢ |BL16B2  |Sunbeam BM 1999.9 28 3 6 6 5 3 3 6 3 9 1 73
% Technical Journal 2 18 17 14 11 10 3 75
é BL16XU |Sunbeam ID 1999.9 25 1 6 5 2 2 2 3 4 8 1 59
*g Technical Journal 21 21 18 18 9 2 89
‘g BL22XU [JAEA Actinide Science | 31 5 9 15 10 10 14 19 15 14 1 143
© [BL23SU |JAEA Actinide Science I 85 25 22 15 22 20 17 27 19 23 5| 280
BL24XU [Hyogo Prefecture ID 1998.10| 111 7 8 5 6 7 8 5 4 5 166
Technical Journal 11 3 10 3 1 28
BL28XU |RISING Il 2012. 4 3 9 5 5 22
BL31LEP |Laser-Electron Photon Il 2013.10 1 1
BL32B2 |Pharmaceutical Industry ~ (2002.9 - 2012. 3) 15 6 1 2 3 1 28
BL33LEP (Laser-Electron Photon 2000.10 24 3 5 8 2 3 4 3 2 1 55
BL33XU |Toyota 2009.5 2 5 2 8 4 10 2 33
Technical Journal 2 5 4 5 3 4 23
BL36xy | Satalytic Reaction Dynamics for 20131 11 7|1 s 1| 22
BL44XU [Macromolecular Assemblies 2000.2 | 122 22 30 20 48 57 58 46 54 41 12| 510
Subtotal 717 131| 150| 184| 206| 228| 270| 296| 259| 278 52| 2771
BL17SU  [Coherent Soft X-ray Spectroscopy 20 18 13 12 10 13 3 7 4 6 106
BL19LXU |SR Physics 50 5 11 7 8 11 12 13 9 2 1 129
9 |BL26B1 |Structural Genomics | 99 23 13 14 7 8 7 4 5 3 183
% BL26B2 |Structural Genomics Il 24 19 6 18 18 19 13 4 3 5 1 130
é BL29XU [Coherent X-ray Optics 105 14 9 15 8 16 14 9 10 10 210
ué BL32XU |Targeted Proteins 2 9 8 8 8 7 1 43
@ |BL43LXU |Quantum NanoDynamics 1 1 2
BL44B2 |Materials Science 165 15 10 9 12 11 13 12 17 14 278
BL45XU  [Structural Biology | 146 16 9 8 9 9 10 9 12 3 1 232
Subtotal 609| 110 71 83 74 96 80 66 69 51 4] 1313
SACLA
?g Beamline Name Puks)ili'(]:clere ~2007| 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | Total
BL2/BL3 |XFEL2/XFEL1 2012.3 1 13 26 37 44 4 125
Hardware / Software R & D | 355] 22| 34| 35| 35] 56| 65| 12| 34] 35| 3] ess|
NET Sum Total 4438| 798| 800| 871| 943| 923| 1172|1069 1105|1025| 213(13357
Technical Journal 2 2 90 84| 100 73 59 4 414

B DIRHRE | TrE D DR BB DO TOY—T ¢ Y EiEHRY. SPring-8/SACLA FIFZaRE
Technical Journal : JASRI Hh%887E U e b2EE DA FIRRSEE

NET Sum Total : SEBHICESRE N TWSHE (ARRICRRL TWVRWRDSNCRIT 23X E20)

BHE—LZ1Y BL) MSOBRNSARIHUIIENENDE—LTT Y THIY MU,
DT SRR KREEFT—IN—R (http;//user.spring8.orjp/?p=748&Iang=ja) I 2017 £ 3 A 31 HE TICEHFINIcT—FICEDWTRD, SHEEEINS
AREMED B D E T,
- SPring-8 &7zl SACLA TORRZEREICT BIEEIENT E—LT1 VAR LUTREES DR EAN TSI,
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— SPring-8/SACLA COMMUNICATIONS

ERFERBRFERIZSFE (2017 F 3 A 31 BIRE)

SPring-8
Beamline Name Pugilinchere Rs;g;ere;d Proceedings pugég%rons Total

BLO1B1 |XAFS 1997.10 878 66 84 1028
BLO2B1 [Single Crystal Structure Analysis 1997.10 325 14 31 370
BLO2B2 |Powder Diffraction 1999.9 985 40 82 1107
BLO4B1  |High Temperature and High Pressure| g7 1 284 7 48 339
BLO4B2 [High Energy X-ray Diffraction 1999.9 379 13 49 441
BLO8W  [High Energy Inelastic Scattering 1997.10 227 10 40 277
BLO9XU  [Nuclear Resonant Scattering 1997.10 194 15 33 242
BL10OXU [High Pressure Research 1997.10 448 22 59 529
BL13XU |[Surface and Interface Structure 2001.9 265 18 33 316
BL14B2 |Engineering Science Research Il 2007.9 330 10 32 372
BL19B2 |Engineering Science Research | 2001.11 488 45 85 618
é BL20B2 |Medical and Imaging | 1999.9 338 87 86 511
% BL20XU |Medical and Imaging I 2001.9 340 101 111 552
i;; BL25SU  [Soft X-ray Spectroscopy of Solid 1998. 4 421 16 60 497

>
QO |BL27SU |Soft X-ray Photochemistry 1998. 5 456 21 35 512
BL28B2 |White Beam X-ray Diffraction 1999.9 194 16 22 232
BL35XU |High Resolution Inelastic Scattering 2001.9 151 5 11 167
BL37XU [Trace Element Analysis 2002.11 245 24 43 312
BL38B1 |Structural Biology lll 2000.10 660 11 56 727
BL39XU [Magnetic Materials 1997.10 302 17 74 393
BL40B2 |Structural Biology I 1999.9 656 13 107 776
BL40XU |High Flux 2000. 4 239 20 68 327
BL41XU |[Structural Biology | 1997.10 946 4 96 1046
BL43IR  [Infrared Materials Science 2000. 4 143 14 53 210
BL46XU  |Engineering Science Research lll 2000.11 297 18 33 348
BL47XU |HXPES - MCT 1997.10 393 93 117 603
BL11XU [QST Quantum Dynamics | 1999.3 13 2 2 17
BL14B1 [QST Quantum Dynamics Il 1998. 4 48 1 11 60
BL15XU |WEBRAM 2002.9 35 19 7 61
g [BLI7SU B oanorent Soft X-ray 2005.9 51 1 29 81
?% BL19LXU |RIKEN SR Physics 2002.9 2 10
g BL22XU |JAEA Actinide Science | 2004.9 6
(g‘ BL23SU |JAEA Actinide Science Il 1998. 6 53 4 15 72
; BL26B1 |RIKEN Structural Genomics | 2009. 4 41 3 44
% BL26B2 [RIKEN Structural Genomics Il 2009. 4 29 34
e BL29XU |RIKEN Coherent X-ray Optics 2002.9 14 1 15
BL32XU [RIKEN Targeted Proteins 2010.10 46 3 49
BL44B2 |RIKEN Materials Science 1998.5 19 3 22
BL45XU  [RIKEN Structural Biology | 1997.10 148 5 18 171
Subtotal 11095 752 1647 13494
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Beamline Name Pugi"nccgse nggr:rid Proceedings Puéﬁ;?irons Total
BLO3XU [Advanced Softmaterials 2009.11 278 10 288
aLomsy [T VoI Ion a0 7 ; 74
BLO8B2 |Hyogo Prefecture BM 2005.9 68 68
BL11XU [QST Quantum Dynamics | 150 8 33 191
BL12B2 |NSRRC BM 2001.9 260 1 2 263
BL12XU |NSRRC ID 2003.2 128 7 138
BL14B1 [QST Quantum Dynamics Ii 198 11 62 271
BL15XU |WEBRAM 2001 4 452 11 38 501
é BL16B2 |Sunbeam BM 1999.9 148 12 61 221
r:% BL16XU |Sunbeam ID 1999.9 148 8 44 200
g BL22XU [JAEA Actinide Science | 143 1 37 181
E BL23SU [JAEA Actinide Science Il 280 102 426
BL24XU [Hyogo Prefecture ID 1998.10 194 19 58 271
BL28XU |RISING Il 2012. 4 22 22
BL31LEP |Laser-Electron Photon Il 2013.10 1 1
BL32B2 |Pharmaceutical Industry ~ (2002. 9 - 2012. 3) 28 31
BL33LEP (Laser-Electron Photon 2000.10 55 23 3 81
BL33XU |Toyota 2009.5 56 5 11 72
BL36XU Ejgdlggﬁ Reaction Dynamics for 2013. 1 22 22
BL44XU [Macromolecular Assemblies 2000. 2 510 39 549
Subtotal 3208 150 513 3871
BL17SU  [Coherent Soft X-ray Spectroscopy 106 4 13 123
BL19LXU |SR Physics 129 8 26 163
» |BL26B1 |Structural Genomics | 183 2 19 204
% BL26B2 |Structural Genomics I 130 1 13 144
% BL29XU [Coherent X-ray Optics 210 14 36 260
”E BL32XU |Targeted Proteins 43 3 46
= BL43LXU |Quantum NanoDynamics 2 2
BL44B2 |Materials Science 278 2 15 295
BL45XU [Structural Biology | 232 44 281
Subtotal 1313 36 169 1518
SACLA
§§ Beamline Name Pugilinccgse Rg;greerzd Proceedings Puk()%g;?cirons Total

BL2/BL3 ‘XFELZ/XFEU 2012.3 125 4 9 138

| Hardware / Software R & D ‘ 686 ‘ 505 ‘ 454 | 1645 |

| NET Sum Total ‘ 13771 ‘ 1292 ‘ 2147 | 17210 |

Refereed Papers : E5v8 D DEE#RY. BitE D D70V —T+ V7 eiEH5m%. SPring-8/SACLA FIFEZoAREE. ABIREE
Proceedings : EsvLOTOY—F 1 >

Other Publications : FFFFZAAMAR T, EEEOTDICUTIEESRWED (e BITA E. Zofthe UTERSINiZb)
NET Sum Total : FBRICESRI N TWSHR ARRICERRL TLVEWSERONCBIT 230 E &43)
BHE—LZ1Y BL) HMSOBRRENSARIFEHIENZTNOE—LTA YV THIV Ml
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&I SPring-8 © U < (& SACLA D SRR NTCERY X

NIRRT v 5 —
FIFHEMERR

SPring-8 & L < (& SACLA (&> T S N7 WIAMEE DA AR S 15513 JASRI ORGSR T — 4
R=ZTEGRL T 2 EITE>TED ., ZONFIZLITD URL (SPring-8 i {7 — 4% N— AWK R—) T
MRTEET,

http://www.spring8.or.jp/ja/science/publication_database/

DT =8 R—=AEMINTJFERLOWN, B 29 4F 1 H~3 HICERI N b 02 TN L T,
XOMWER (FFHH, B, FBITHE =, 4 V) KA, T—F XR—=ZADEREFS WRHEES) 2igdL
TWETOT, FHlIE REMERS— Y ORERIRE T IR 7272 SENTEE T, FRFEmMINIBEOHER
(FEES., E—Lb 74 v, FRETES) bBEL CwET, EES RO 4 X7 Tyeary . KD 1 LT
S Tterm | $AD 4 X5 Tproposal no.; %> TRETDT, ZOFEHISLLTD URL TAEL T3,
FAE O SESCH I (SPring-8 User Experiment Report) L T & W72 2 &3 TEET,

http:/Awww.spring8.or.jp/ja/news_publications/publications/user_exp_report/

SO FIHBEERICIIFMITHD 2 » Ao ARGGD T, B8 DI S - HsUE 2 EE L Tn 7
ETT, BB, T XR=2RFBHEHIN T ETOT, &FEHRIZ SPring-8 il 7T — ¥ R— AMER—L T
R I3V, B, HEMEMTHEDOFIZIE, BEBEPIAEREINF L SHPICERW 2 EET L) BHWAL
E

SPring-8 tARMRERT—F N—RIC 2017 F 1 A~3 AICBFRSNIRXHBE S Nic ETLMES & IBEERE

. & e =
BERMES g BEMES e
i ERpw 27 Applied Physics Letters 8
Physical Review B 26 Journal of Synchrotron Radiation 7
Scientific Reports 24 Journal of the American Chemical Physics 7
Journal of Applied Physics 13 Nature Communications 7
Japanese Journal of Applied Physics 11 Physica B 7
The Journal of Physical Chemistry C 10 L —Y—f% 7
Journal of the Physical Society of Japan 9 ftte 218 £, =t 481 R
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CFR) VI —7REE UTRESN TOWSEEERHC OWTL, Z0FHXHY I —FBBOHOERDOFEDHR THHHETH, REKEEEB->TWSEE
BEDHFRRUTWET, JIL—TBEEROE—LT1 Y DEBENEFNDIHE. REREENERDOE—LT1 U TEfS NI L SICRRSNTWED,

FREDERE L TEFRS =i
Physical Review B-1
MFRES FEE HESIER Esiie E=LF1Y EERETE Y148
2013A1005 | BLO2B1 kai)
Physical P i | Analysis of |
st |5 vemwn |27 [ anvetoos | somr | B st | T O e st
2014A1399 | BLO2B1 BE £ 2-6 by using Single
2014A3711 BL22XU i 3
Takeshi 94 (2016) ﬁ:ﬁ ﬁ%&\ Atomic Displacements and Lattice Distortion in the Magnetic-
s2rar Matsumura | 184425 201483711 BL22XU T ek Field-Induced Charge-Ordered State of SmRu,P
2015A3711 | BL22XU | TEE &85 9 T
Junichi 95 (2017) e Successive Spatial Symmetry Breaking under High Pressure in
1 BL10X R R . .
32750 Yamaura 020102(R) 2011A1184 XU Lo = the Spin-Orbit-Coupled Metal Cd-Re»0O;
89 (2014) 2007A1441 BL35XU | Reznik Dmitry Evidence for a Charge Collective Mode Associated with
32768 | S.R.Park 020506(R) - - Superconductivity in Copper Oxides from Neutron and X-ray
2009A1506 BL35XU Reznik Dmitry Scattering Measurements of Lag,SrCu,
200080152 | BLO1B1 =K R
30792 Takafumi 76 (2007) 2002A0138 | BL10XU Bk 52 | Atomic Distribution in In,Gas.N Single Quantum Wells Studied
Miyanaga 035314 2002A0139 | BL38B1 Bk =% | by Extended X-ray Absorption Fine Structure
2003A0372 | BL10XU =K R
- — - - n
30793 KeISL.Jke 70 (2004) 2003A0580 BLO2B1 =7 E Magnet!c Stn.Jcture of CoO Studied by Neutron and Synchrotron
Tomiyasu 184411 X-ray Diffraction
2001B2004 | BL10XU = St
ionin Y,Ca,Ti . ith the Insulator-
gy |MObmi 700y [Teooteoezs | BLioy | g s | SRR R e S R
Matsuhata | 134109 20000053 | BLO2B2 | fF& Xt | .. ' v
= Microscopy
2001A0174 | BL10XU FE X
71 (2005) - Structural, Transport, and Thermal Properties of the Single-
. BL02B2 2
32808 D. Huo 075113 2003A0247 O L X Crystalline Type-VIIl Clathrate BasGasSnso
2014A4136 | BL12B2 dH EA L )
Yamaoka | 165156 201484261 | BLIZXU | itk BA | oo SPOroSRR e ’
2014B4269 | BL12XU dH EA i
70 (2004) = — Isomer Shift Determination in Eu Compounds using
32888 Inge Serdons 014109 200180461 BLO9XU AR =88 Stroboscopic Detection of Synchrotron Radiation
77 (2008) Pressure-Induced Unconventional Superconductivity in the
32891 | S.Kawasaki 064506 2001A0004 | BL10XU =M Eff | Heavy-Fermion Antiferromagnet Celng: An "®In-NQR Study
under Pressure
] 2002A0469 | BL10XU FE g " .
30894 Ef:\nz:gon géﬁ?gS) 200280421 BL1OXU S Zreer“s]l'JAr: Effects on the Phase Transitions and Energy Gap in
2003A0248 | BL10XU FE X
.| 84(2011) Identifying Valence Band Structure of Transient Phase in VO,
32913 | Teruo Kanki 085107 2009B4904 | BL15XU B+ F1 Thin Films by Hard X-ray Photoermission
94 (2016) . Hybridization and Electron-Phonon Coupling in Ferroelectric
M
82976 | SaraFatale 195131 201587499 | BLO7LSU | Grioni Marco BaTiO; Probed by Resonant Inelastic X-ray Scattering
Yuki 95 (2017) S Origin of the Large Positive Magnetoresistance of Ge1.4Mny
33024 Wakabayashi | 014417 201583881 | BL23SU e Granular Thin Films
Takanori 95 (2017) Ce 4f Electronic States of CeOs..F,BiS, Studied by Soft X-ray
Bl .
33028 Wakita 085109 201381649 BL25SU B e Photoemission Spectroscopy
Jeongsoo 68 (2003) Resonant Photoemission Spectroscopy Study of Impurity-
33034 | ong 012410 200180028 | BL25SU | Kang Jeongsoo |y o i Metting in Cr- and Ru-Doped NdypAsoMnOs (A = Ca,Sn)
84 (2011) ) .| Intermediate Valence in Yb Compounds Probed by 4f
33039 Kurt Kummer 245114 2009A1029 BL25SU Vyalikh Denis Photoemission and Resonant Inelastic X-ray Scattering
... |90(2014) Ab initio Study of Electronic, Magnetic, and Spectroscopic
I i
33041 Hitoshi Fuji 014430 20121006 | BL25SU Bl & Properties in A- and B-Site-Ordered Perovskite CaCusFe»Sh,042
Shova 95 (2017) Origin of Robust Nanoscale Ferromagnetism in Fe-doped Ge
33042 4 2014B3881 | BL23SU B = Revealed by Angle-Resolved Photoemission Spectroscopy and
Sakamoto 075203 ) - )
First-Principles Calculation
95 (2017) Relationship between Element-Selective Electronic States and
33058 | Kanako Fuji 024116 2014B1849 | BL39XU AR B | Hydrogen Absorption Properties of Pd-M (M= Ru, Rh, Ag, and
Au) Alloy
33020 Shigeki 86 (2012) 2010B1317 | BLO2B1 BELL X | Weak Antiferromagnetism of Jet = 1/2 Band in Bilayer Iridate
Fujiyama 174414 TERFF BL19LXU Sr3lr,0
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Physical Review B-2

— SPring-8/SACLA COMMUNICATIONS

HFRES FEE HESIER Ersiie E=LF1Y ERETE Y148
Jonathan 95 (2017 2014A3502 | BL11XU aH &7 ) )
3348 | peliciari 115(152 ) 201483502 | BLIIXU |t ge | oo and Collective Magnetism EuFeaAs,
Scientific Reports-1
Wen-Ting 6(2016) Yin Hsien Structure and Function of Chicken Interleukin-1 Beta Mutants:
32738 Chen 27729 201384001 BL1282 Sheng Uncoupling of Receptor Binding and in vivo Biological Activity
Hidetaka 7 (2017) 20067009 BLO2B2 L2 %j:ﬁ\ Spatial Distribution of Electrons Near the Fermi Level in the
32829 Kasai 41375 200970084 BLO2B2 AR R Metallic LaBg through Accurate X-ray Charge Density Study
2015A0074 | BLO2B2 | #FE THT
201545110 BL16XU 'ﬂ% L An Artificial Photosynthesis Anode Electrode Composed of a
30806 | rosninko 1 6(2016) 201545410 | BL16B2 | WEE B |\ iciate Photocatalyst Fim in a Visble Light Responsive
Imanaka 35593 201585110 | BL16XU W B . :
— GaN-ZnO Solid Solution System
201585410 | BL16B2 W B
2015B4907 | BL15XU IV SERT
| 7(2017) 2016A4904 | BL15XU /] SR | Electronic Structure Evolution with Composition Alteration of
32917 Natalia Palina .
41264 201581245 | BL04B2 IRMA 15 | Rh,Cuy Alloy Nanoparticles
2016A1292 | BL0O4B2 RH &5
32935 Eg:/sie-r. gggée) 2016A1041 BL10XU Howie Ross | Formation of Xenon-Nitrogen Compounds at High Pressure
32937 | RyoManabe | 6 (2016) 38007 2016A1729 | BL14B2 BOIR & Surface Protonics Promotes Catalysis
) 5(2015 Reduced GeO, Nanoparticles: Electronic Structure of a Nominal
32947 | JaZheo 17(779 ) 20154141 BL1282 Mel.eod John GeO, Complex and Itg Stability under H Annealing
2012B1002 | BL37XU WA ¥
2006B1712 | BL37XU WA ¥
2007A1852 | BL37XU WH ¥
2008A1871 | BL37XU WH ¥
200881986 | BL37XU WA ¥
30008 Miyuki 6(2016) 2009A1881 | BL37XU VE %$ Diagnostic Copper Imaging of Menkes Disease by Synchrotron
Kinebuchi 33247 2009B1925 | BL37XU NE $¥ | Radiation-Generated X-ray Fluorescence Analysis
2010B1720 | BL37XU WH ¥
2013A1010 | BL37XU WA ¥
201581003 | BL37XU A ¥
2010A1341 | BL37XU WH ¥
2016B1003 | BL37XU WH ¥
2010A1233 | BL40XU B B
Hiroyuki 7 (2017) 201081267 BLAOXU EZ': %EZ The Earliest Molecular Response to Stretch of Insect Flight
3307 Iwamoto 42272 2011A1275 BLAOXU B4 e Muscle as Revealed by Fast X-ray Diffraction Recording
2012A1277 | BL40XU B B
2012B1250 | BL40XU B B
33052 Norimasa 4(2014) 201381913 | BL27SU %Al HM#h | Fracture-Induced Amorphization of Polycrystaliine SiO, _
Nishiyama 6558 2014A1224 | BL27SU Pl B1E | Stishovite: A Potential Platform for Toughening in Ceramics
Yuya 6(2016) Structl.JraI St.udiesl of the N-termingl Fragmgnts of the WW
33060 2015A1077 BL41XU I —H& Domain: Insights into Co-Translational Folding of a Beta-Sheet
Hanazono 34654 .
Protein
Akihisa 7 (2017) v~ —= | Polymorphism of Apyrimidinic DNA Structures in the
33067 | o akabe 41783 2015A1020 | BL41XU | #ABKR =& Nudeosome
2011B2014 | BL41XU Samatey Fadel
2013A1880 | BL41XU Samatey Fadel
33111 Young-Ho 6(2016) 2013A6845 | BL44XU Samatey Fadel | Structural Insights into Bacterial Flagellar Hooks Similarities and
Yoon 35552 2011A1466 | BL41XU Samatey Fadel | Specificities
2010A6534 | BL44XU Samatey Fadel
2009B2106 | BL41XU Samatey Fadel
7(2017) Structural Basis for Fragmenting the Exopolysacchark.:le gf
33137 I-Ming Lee 49711 2015A4003 BL12B2 Huang Kai Fa | Acinetobacter baumanniiby Bacteriophage ®AB6 Tailspike
Protein
Charlene S. |6 (2016 ) Quantification of Heterogeneity in Lung Disease with Image-
33156 Stahr 295438 ) 201181182 BL20B2 SiuKaren Based Pulmonary Funcion TZsting ° °
2012B1332 | BL41XU T —&
Kiyofumi 7(2017) 200981300 BLA1XU HE ik Distribution of Valence Electrons of the Flavin Cofactor in NADH-
33175 Takaba 43162 2011A1353 | BL41XU T —1g& Cytochrome b, Reductase
2012A1264 | BL41XU T —&
2014A1488 | BL38B1 T —&
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Scientific Reports-2
HRHEES FEE HESIER FEES  |E—LTTYy| EREEE Y148
2014B1357 BL41XU ES=aE
Atsushi 5(2015) f:# B Structure of Slitrk2-PTPS Complex Reveals Mechanisms for
33193 Yamagata 9686 2014A1294 | BL41XU At [t Splicing-Dependent trans-Synaptic Adhesion
9 2013B1252 | BLAIXU | A s | Do oo ynap
2014B1330 | BL32XU T Bt
Jianxing 7(2017) 2015A1102 | BL41XU T Et .
194 S | f 10, f the Ex t C I
3319: Chen 40909 2016A2563 | BLAIXU ST Crystal Structure of Sec10, a Subunit of the Exocyst Complex
2014A1303 | BL41XU T Bt
33195 | Sakurako lto 7 (2017) 2014B1484 | BL41XU B BHE | Structural Basis of the Interaction between Topoisomerase 113
42123 2015A1105 BL41XU Tt B and the TDRD3 Auxiliary Factor
Ae Kyung 6(2016) Structure and Catalytic Mechanism of Monodehydroascorbate
33197 Park 33903 2015A6560 BLaaxU & ik Reductase, MDHAR, from Oryza sativa L. japonica
7(2017) - Significant Improvement in Mn,O; Transition Metal Oxide
33214 Fang Hong 44078 2014B1254 BL10XU Yue Binbin Electrical Condudivity via High Pressure
Shigeyuki 7 (2017) . Formation of Novel Transmission Metal Hydride Complexes with
33296 Takagi 44253 201483602 BL14B1 e F2 Ninefold Hydrogen Coordination
6(2016) Structural Analysis of Glycine Sarcosine N-methyltransferase
33369 | Yi-Rulee 28071 2013B4006 BL12B2 ChanNeili | from Methanohalophilus portucalensis Reveals Mechanistic
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