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Fig. 1 (Color online) Structure of copper-containing nitrite reductase (CuNIR) and proposed reaction mechanisms of
CuNIR. A) Trimeric structure of CuNIR. Each monomer contains one type-1 copper (T1Cu) site and one type-2
copper (T2Cu) site. T1Cu receives an electron required for the chemical reaction. The electron is transferred to
catalytic T2Cu where the nitrite reduction reaction occurs. B) A mechanism proposed from X-ray crystal struc-
tures (upper) and a mechanism suggested by the results of quantum chemical calculations (lower).
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Fig. 2 (Color online) How to prepare large crystals of CuNIR. First, very small crystals are obtained by a microseeding
method (left) and they are used for a macroseeding method (right). While small crystals are grown by a hanging
drop vapor diffusion method (drop volume: 1-2 uL), macroseeding is performed with a sitting drop vapor diffu-
sion method to setup larger crystallization drops (drop volume: several hundred uL). Vapor diffusion of sitting
drops should be progressed to some extent prior to transferring small crystals into them. Several methods are
known to prepare large sitting drops. We often use a snap cap of a 14 mL polypropylene round-bottom tube,
which we usually use for E. coli cultivation. This cap has an inner dent and an outer moat and can be sealed by a
22 mm X 0.22 mm circle cover slide. The inner dent is half-filled with fluorinert to prevent grown crystals from
sticking to the bottom. Because CuNIR crystals can be easily damaged at the deuterium content rates of 20-75%,
each step should take more than one day to wait until the crystals are stabilized in new solutions. Cryo-protectants
are introduced at the same time as the deuteration process, but non-deuterated cryo-protectants are used up to the
deuterium content rate of 75% because the deuterated reagent is expensive.
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Fig. 3 (Color online) IBARAKI Biological Crystal Diffractometer
(iBIX). About 30 detectors are arranged in a spherical shape
around the goniometer where the sample is placed. They are
two-dimensional scintillation detectors that can perform
time-resolved data collection.
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Fig. 4 (Color online) Structure of the catalytic site of CuNIR.
Left) Electron density and neutron scattering length density
around the catalytic copper center. The electron densities of
water molecules (2mF,~DF, 1.5 ¢) are shown by blue mesh-
es and the neutron scattering length densities of catalytic
residues and water molecules (2mF,~DF. 1.0 ¢) are shown
by gray meshes. While the electron densities of water molec-
ules are spherical, the neutron scattering length density map
shows shapes reflecting the presence of deuterium atoms.
Right) The neutron scattering length density omit map
(+£3g) for hydrogen and deuterium atoms. The electron
densities and the neutron scattering length densities are the
same as the left figure. Negative (purple) and positive
(green) difference densities are observed at the hydrogen and
deuterium positions, respectively. Wat0 shows only one posi-
tive peak around it, indicating that it is in the state of
hydroxide, OH~ (more precisely OD~). Hydrogen and deu-
terium atoms are illustrated by white and cyan, respectively.
Hydrogen bonds and coordination bonds are shown by red
and black dotted lines, respectively.
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Fig. 5 (Color online) Pathway of intramolecular electron transfer
(ET). Upper) Structures of T1Cu and T2Cu. Hydrogen
bonds and coordination bonds are shown by yellow and
black dotted lines, respectively. A quantum chemical calcu-
lation suggests that the main ET pathway from T1Cu to
T2Cu contains a hydrogen bond formed between the car-
bonyl O atom of Cys135 and the N atom of His134. Lower)
Differences of the neutron scattering length density maps of
three histidine residues that coordinate to T2Cu. The maps
show that the deuterium exchange rate on the N¢ atom of
His134 is significantly lower than those of other histidine
residues.
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Neutron crystallography reveals the reaction

mechanism
tase

of copper-containing nitrite reduc-

Yohta FUKUDA
Yu HIRANO
Katsuhiro KUSAKA
Tsuyoshi INOUE
Taro TAMADA

Graduate School of Pharmaceutical Science, Osaka University, 1-6 Yamadaoka,
Suita, Osaka 565-0871, Japan

Institute for Quantum Life Science, National Institutes for Quantum Science and
Technology, 2-4 Shirakata, Tokai, Ibaraki 319-1106, Japan

Frontier Research Center for Applied Atomic Sciences, Ibaraki University, 162-1
Shirakata, Tokai, Ibaraki 319-1106, Japan

Graduate School of Pharmaceutical Science, Osaka University, 1-6 Yamadaoka,
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Abstract Copper-containing nitrite reductase (CuNIR) catalyzes the one-electron reduction reaction from
nitrite to nitric oxide, which is a key step in the denitrification process. The conflicting reaction
mechanisms of CuNIR have been proposed by X-ray crystal structures and quantum chemical cal-
culations. We have performed neutron crystal structure determination of CuNIR to understand the
precise reaction mechanism by observing hydrogen atoms. The high-resolution neutron crystal
structure reveals that a hydroxide ion is bound to the Cu ion consisting of the catalytic center. The
result from the neutron crystal structure agrees with the reaction mechanism proposed by the
quantum chemical calculation. In addition, the analysis of hydrogen-deuterium exchange indicat-
ed that a hydrogen bond, which is an expected electron pathway between two Cu ions, forms a
rigid interaction.
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