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Serial femtosecond crystallography (SFX) has enabled
the damage-free structural determination of metalloen-
zymes and filled the gaps of our knowledge between
crystallographic and spectroscopic data.
Crystallographers, however, scarcely know whether the
rising technique provides truly new structural insights
into mechanisms of metalloenzymes partly because of
limited resolutions. Copper nitrite reductase (CulNiR),
which converts nitrite to nitric oxide in denitrification,
has been extensively studied by synchrotron radiation
crystallography (SRX). Although catalytic Cu (Type 2
copper (T2Cu)) of CuNiR had been suspected to tolerate
X-ray photoreduction, we here showed that T2Cu in the
form free of nitrite is reduced and changes its

coordination structure in SRX. Moreover, we deter-
mined the completely oxidized CuNiR structure at
1.43 A resolution with SFX. Comparison between the
high-resolution SFX and SRX data revealed the subtle
structural change of a catalytic His residue by X-ray
photoreduction. This finding, which SRX has failed to
uncover, provides new insight into the reaction mechan-
ism of CuNiR.

Keywords: copper/electron transfer/enzyme/serial
femtosecond crystallography/X-ray free-electron laser.

Abbreviations: CuNiR, copper nitrite reductase; ET,
electron transfer; GtNiR, Geobacillus thermodenitrifi-
cans copper nitrite reductase; PCET, proton-coupled
electron transfer; RT, room temperature; SFX, serial
femtosecond crystallography; SRX, synchrotron ra-
diation crystallography; T1Cu, Type 1 copper; T2Cu,
Type 2 copper; XFEL, X-ray free-clectron laser.

Since the invention of the Haber—Bosch process, the
amount of nitrogen oxides fixed in soils and waters has
been increasing and the global nitrogen cycle has grad-
ually changed (/, 2). In the cycle, nitrogen fixed in the
form of ammonium salts are converted to nitrogen
oxides and then reduced to a dinitrogen gas in a step-
wise manner (NO3;~ — NO,” — NO — N,O — N»)
(3). This reduction process, denitrification, is the main
path for fixed nitrogen to be removed and hence has
major agronomic and environmental impacts.
Chemical reactions in denitrification are performed
by microorganisms and coupled with their anaerobic
respiratory systems in which metalloenzymes are uti-
lized (3, 4). Nitrite reduction to nitric oxide (NO,  +
e~ + 2H" — NO + H,0) is an important step in
denitrification where the ion is changed to the toxic
and highly reactive gas. Two types of dissimilatory ni-
trite reductase (NiR) have been identified to date (3, 4).
One of them is cdj-type heme nitrite reductase
(cd\NiR), which functions as a homodimer (5). The
other one is copper nitrite reductase (CulNiR): a homo-
trimeric copper-containing enzyme. CulNiR can also
reduce dioxygen to hydrogen peroxide (6, 7) and cat-
alyse the dismutation of superoxide (8). Each mono-
mer of typical CulNiR contains two copper sites: Type
I Cu (T1Cu) with a Cys—Met—His, ligand set and
Type 2 Cu (T2Cu) with a His; ligand set (9—/3). The
T1Cu site accepts an electron from c-type cytochromes
(14, 15) or blue copper proteins (6, 16, 17), when
CuNiR and the donor protein form a transient elec-
tron transfer (ET) complex. The received electrons are
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transferred to the T2Cu site, the catalytic centre,
through a Cys—His pathway. The Asp—His pair
(Asp®™ and His®"), which is conserved above the
T2Cu site and connected via a water molecule (brid-
ging water), is essential to the enzymatic activity (/8,
19), though the exact role has been ambiguous.

In conventional synchrotron radiation crystallog-
raphy (SRX), strong X-ray beams induce photoreduc-
tion of metal centres and destroy their natural
structures (20—23). Spectroscopic analysis revealed
that T1Cu in CuNiR is rapidly reduced by synchrotron
X-ray (24). T2Cu is more resistant, than T1Cu, to X-
ray damage in the absence of NO, . When the sub-
strate binds to T2Cu, X-ray photoreduction of T1Cu is
followed by ET from T1Cu to T2Cu, which results in
reduction of NO,™ in crystallo (24). This gated ET is
explained by the concept of proton-coupled ET (25,
26), although the detailed mechanism remains to be
elucidated. Because the presence of NO,  accelerates
intramolecular ET also in solution (25—27), it is obvi-
ous that ET from TICu to T2Cu is gated to some
extent. However, kinetic studies demonstrated the
random sequential mechanism of nitrite reduction;
i.e. intramolecular ET can occur both with and with-
out the binding of the substrate (28, 29). Especially,
intramolecular ET before substrate binding is domin-
ant at low pH (<6.5) (28). Moreover, we have recently
shown that substrate-free T2Cu in a CuNiR crystal
crystallized at pH 4.5 may be reduced by synchrotron
X-rays and that an unknown chemical reaction occurs
on T2Cu during data collection (30).

To investigate the nitrite reduction mechanism in
CuNiR, detailed structural comparison between its
oxidized and reduced state is necessary. Here, we clo-
sely examined X-ray-induced structural changes and
chemical reactions at the T2Cu site using a helical
scan method combined with microfocus X-ray beams
(31). Furthermore, we determined the first completely
oxidized CuNiR structure using serial femtosecond
crystallography (SFX) with X-ray free-electron laser
(XFEL) (32), which has enabled damage-free struc-
tural determination of metalloenzymes even at room
temperature (RT) (33—37). Because the Bragg spacings
of previously determined SFX structures of metalloen-
zymes were longer than typical covalent bond lengths
found in macromolecules (~1.5 A), it has been difficult
to obtain, at the chemical level, new structural insights
into the reaction mechanisms of metalloenzymes.
CuNiR crystals used in this study have been known
to diffract X-rays well; therefore, we could determine
its high-resolution SFX structure. We here would like
to report our results in detail.

Materials and Methods

Sample preparation of CuNiR from Geobacillus
thermodenitrificans (GtNiR)

Geobacillus thermodenitrificans copper nitrite reductase (GtNiR) was
expressed and purified as described previously (30). We used chlor-
ide-free buffers for all the steps of purification and crystallization.
Microcrystals for SEX were obtained by a rotational crystallization
technique using nanoseeds of the protein as follows. Macrocrystals
were transferred to a 1.5ml tube (Eppendorf, Hamburg, Germany)
containing 1 ml of solution composed of 100 mM sodium acetate
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buffer (pH 4.5), 5.5% (w/v) polyethylene glycol 4,000 and 75 mM
CuSO,. After sonicating the crystals on ice with a UD-211 ultraso-
nicator (Tomy Seiko Co., Tokyo, Japan), the solution was centri-
fuged and the supernatant was collected as a nanoseed solution. In a
15ml centrifuge tube (AS ONE Co., Osaka, Japan), 4ml of the
20 mg/ml protein solution was mixed with 4ml of the precipitant
solution, which was composed of 100mM sodium acetate buffer
(pH 4.5), 15% (w/v) polyethylene glycol 4,000, 75mM CuSO, and
then 160 pl of the nanoseed solution was added. The centrifuge tube
had been rotated on a RT-50 culture rotator (TITEC, Saitama,
Japan) at ~30rpm for 1 week at RT. The microcrystal solution
was filtered through a 30 um CellTrics filter (Chiyoda Sci. Co.,
Tokyo, Japan) and adjusted to a number density of ~4.4 x 10® crys-
tals/ml by adding 4 ml of the precipitant solution.

Synchrotron data collection

Cryogenic SRX datasets were collected using microfocus beamline
BL32XU at SPring-8 (38). A large single crystal of GrNiR
(915 x 620 x 230 um*) was flash-cooled by immersion in liquid nitro-
gen and mounted on a conventional goniometer with the longest axis
roughly directed towards the horizontal rotation axis. Along the
longest edge of the crystal, 120 irradiation points were chosen. The
regular intervals between the irradiation points were 7.6 um, which is
sufficient to separate the radiation damage at each irradiation point.
The beam at a wavelength of 0.7500 A was focused to 15 pm (height,
H)x 1.0 um (width, W) with a photon flux of 8 x10'" photons/s.
Using the helical scan method, a total of seven datasets
(SR1I-SR7) were repeatedly collected in order from the same
points of the same crystal except for absorbed X-ray dose per
frame. The exposure time for each image was ls. For datasets
SR1, SR3, SR5 and SR7, each image was collected with an absorbed
dose of 0.064 MGy/frame with a 92.3% attenuated beam, while for
datasets SR2, SR4 and SR6, the dose corresponded to 8.252 MGy/
frame without attenuation. The X-ray doses were calculated with
RADDOSE (39). The parameters and statistics are summarized in
Table I.

RT data collection was performed at BL38B1 of SPring-8 (40), as
described previously (4/). The dataset was collected from one pos-
ition of a single crystal using an ADSC Quantum 315 charge-
coupled device (CCD) detector (Area Detector Systems Co., CA,
USA). The beam size was 50 pm (H) x 88 pm (W). The oscillation
angle and exposure time per image were set to 1° and 1.5s,
respectively. A total of 120 diffraction images were collected from
the single crystal. The parameters and statistics are summarized in
Table II.

Structure determination of the SRX structures

All of the datasets were indexed and integrated using HKL2000 (42).
The phases were determined by the molecular replacement method
using MOLREP (43) with a G{NiR monomer (Protein Data Bank
(PDB) code 4ZKS8) as a search model. Manual model building was
performed using WinCoot 0.7 (44). The program REFMACS (45)
from the CCP4 suite (ver. 6.5.0) (46) was used for structural refine-
ment. Anisotropic displacement parameters were introduced after
water molecules were built in the models. The final models were
checked for stereochemical quality using MolProbity (47).

Single-shot XFEL data collection

The experiment was performed at BL3 of SPring-8 Angstrom
Compact Free-Electron Laser (SACLA) in Hyogo, Japan (48).
Using 2—10 fs XFEL pulses, we collected diffraction patterns from
greenish-blue  (aerobically  oxidized) GiNiR  microcrystals
(Supplementary Fig. Sla). The pulse duration shorter than 10 fs is
quite important to obtain intact metalloprotein structures, because
ultrabright XFEL beams damage electronic structures of heavy
atoms in a few tens of femtoseconds (49) and can destroy the natural
structures of metal centres (50). A liquid injector (nozzle aperture
diameter: 200 um) with a sample circulation system was used (57).
Microcrystal sample (5.5 ml) was placed in a reservoir. The flow rate
was set to 5.3 ml/min (70 cm/s). The injector was installed in a helium
ambiance, diffraction chamber enclosure: Diverse Application
Platform for Hard X-ray Diffraction in SACLA (DAPHNIS) (52).
The liquid—stream width was nearly the same as the aperture size.
The sample chamber was maintained at a temperature of 300 K with
a humidity of 85-99%. The diffraction patterns were collected using
a short-working-distance octal multiport CCD detector (53) with
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SFX revealed redox-coupled structural changes in CuNiR

Table 1. Data collection and refinement statistics for the cryogenic SRX structures

Name/PDB ID SR1/4YSO SR2/4YSP SR3/4YSQ SR4/4YSR SR5/4YSS SR6/4YST SR7/4YSU
Data collection at BL32XU of SPring-8 (Wavelength 0.7500 A)
X-ray dose (MGy) 0.064 8.316 8.380 16.632 16.696 24.948 25.012
Space group R3 R3 R3 R3 R3 R3 R3
Unit cella = b, ¢ (A) 114.8, 84.10 114.9, 84.23 115.0, 84.23 115.0, 84.34 115.1, 84.31 115.2, 84.38 115.2, 84.39
Resolution (A) 50.0—1.50 50.0-1.34 50.0—1.50 50.0-1.34 50.0—1.50 50.0—1.34 50.0—1.50
(1.55—1.50) (1.39-1.34) (1.55—1.50) (1.39-1.34) (1.55—1.50) (1.39-1.34) (1.55—1.50)
Ryym (%) 10.9 (53.3) 9.8 (31.2) 10.7 (55.0) 10.1 (30.5) 11.7 (64.4) 12.2 (36.9) 13.9 (78.7)
Rpim (%) 7.4 (35.1) 6.7 (17.5) 7.4 (36.7) 7.1 (21.0) 8.0 (43.4) 8.3 (25.4) 9.5 (55.0)
CCypn (0.530) (0.895) (0.576) (0.871) (0.465) (0.810) (0.277)
Completeness (%) 96.9 (98.5) 93.6 (98.2) 96.6 (98.6) 92.8 (98.0) 96.4 (98.6) 93.1 (98.1) 96.1 (97.4)
Unique reflections 63,495 (6,470) 87,908 (9,204) 64,868 (6,624) 87,653 (9,255) 64,668 (6,623) 88,348 (9,311) 64,638 (6,537)
<lIlo (D)> 12.2 (2.77) 11.8 (6.03) 11.2 (2.01) 11.3 (4.66) 10.0 (1.60) 8.77 (3.53) 8.05 (1.34)
Redundancy 3.0 (3.0) 3.1 (3.0) 2.9 (3.0) 3.0 (3.0) 2.9 (3.0) 3.0 (2.9) 2.8 (2.8)
Refinement
Resolution (A) 38.73—1.50 20.08—1.34 34.35-1.50 50.00—1.34 33.23—1.50 20.12—-1.34 42.94-1.50
(1.54—1.50) (1.37-1.34) (1.53—1.50) (1.37-1.34) (1.54—1.50) (1.37-1.34) (1.54—1.50)
Ryork/ Reree (%) 12.9/17.7 12.6/15.0 14.0/18.7 14.3/17.4 14.8/19.1 15.5/18.5 16.3/20.8
No. of
protein atoms 2,375 2,383 2,344 2,352 2,371 2,355 2,359
ligand/ions 20 20 28 20 28 19 18
water i 371 294 331 302 311 294 273
Average B (A?)
All 13.9 13.8 19.0 14.7 16.3 17.1 16.2
Protein atoms 11.7 12.3 17.1 12.8 14.7 15.5 14.7
Water atoms 26.8 24.5 315 28.2 27.5 29.2 26.1
T1Cu, T2Cu 8.6, 8.7 9.6, 8.7 14.0, 13.3 9.83,9.13 11.4, 10.7 12.2, 11.7 10.8, 10.6
Other atoms 29.6 31.2 32.8 32.6 33.5 359 38.6
Ramachandran
Favoured (%) 98.0 97.7 98.3 98.0 98.0 97.3 97.3
Allowed (%) 2.0 2.3 1.7 2.0 2.0 2.7 2.7
Outliers (%) 0 0 0 0 0 0 0

Table II. Data collection and refinement statistics for the RT SRX

structure

Data collection at BL38B1 of SPring-8 (Wavelength 0.9000 A)
R3

Space group

Unit cell a = b, ¢ (A) 116.2, 85.55
Resolution range (A) 50.0—1.35 (1.55—1.35)
Ryym (%) 9.6 (36.2)
Completeness (%) 99.8 (100)

Unique reflections 94,321 (4,709)

<llo (> 24.4 (2.4)
Redundancy 4.2 (3.6)

Refinement

Resolution (A)

26.5—1.35 (1.39—1.35)

Rwork (0/0)/Rfree (0/0) 97/120
No. of protein atoms 2,574
No. of ligand atoms and ions 17
No. of water, molecules 219
Average B (A )
All 18.9
Protein atoms 17.6
Water 34.1
T1Cu atom 11.6
T2Cu atom 10.5
Other atoms 26.8
Ramachandran plot (%)

Favoured 97.3

Allowed 2.7

Outliers . 0
Coordinate error (A) 0.020
PDB code 4YSD

XFEL radiation. The microcrystals were exposed to single X-ray
pulses at a photon energy of 11.0keV. The pulses consisted of
5% 10" photons/pulse were focused to 2.5pum (H)x 2.0 um (W) at
the interaction point using Kirkpatrick—Baez mirrors (54). The
repetition rate was 30Hz, and the typical pulse energy at the
sample was 90 pJ/pulse. The parameters and statistics are summar-
ized in Table III.

Structural determination of the SFX structure

A total of 180,942 images were collected, of which 139,391 diffrac-
tion images were identified and 37,186 images were indexed and
merged using CrystFEL (55). The data was indexed as space
group R3 and processed as space group H3. Indexing ambiguity in
SFX was solved by an algorithm that clusters snapshots (56). The
phase was determined by molecular replacement using MOLREP
with the G¢{NiR monomeric unit (PDB code 4ZK8) as a search
model. Manual model building was performed using WinCoot 0.7.
The program REFMACS from the CCP4 suite (ver. 6.5.0) was used
for structure refinement. The microcrystals diffracted X-rays beyond
1.4 A resolution (Supplementary Fig. S1b) but the statistics of high-
resolution shells, such as CC, > and Ry, were poor (Supplementary
Fig. S2). We therefore performed paired refinement to determine the
‘nominal resolution’, based on the idea that proper use of weaker
and noisier but higher-resolution data can provide better models (57,
58). Actually, inclusion of noisy high-resolution data enables the
better analysis of SFX data (59). The result of paired refinement
showed that including higher-resolution data provided a better
model than rejecting it (Supplementary Fig. S3a). The student’s #-
test P value calculated from CC)), in the highest resolution shell cut
at 1.43 A resolution (0.0417, n = 7,859) was 0.000214, which is less
than the significance level o = 0.001 (Supplementary Fig. S3b).
Conversely, the P value calculated from CC)), in the highest reso-
lution shell cut at 1.42 A resolution (0.0246, n = 8,164) was 0.0261,
which is greater than « (Supplementary Fig. S3b). Based on these
things, we chose to use data up to 1.43 A resolution, and performed
further refinement. The final model was checked for stereochemical
quality using MolProbity.

Results

Radiation damages to GtNiR in SRX

The structures for SR1, SR3, SR5 and SR7 data were
refined against data to 1 50 A resolution, whereas those
for SR2, SR4 and SR6 data were refined to 1.34A
resolution (Table ). Root-mean-square deviations
(RMSDs) for C* atoms between seven structures
were at most 0.1 A.
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Table III. Data collection and refinement statistics for the SFX
structure

Data collection

Beamline . SACLA BL3
Wavelength (A) 1.129
Space group R3

Unit cell a = b, ¢ (A) 116.2, 85.55
Resolution range (A) 34.8—1.43 (1.47—1.43)
Rqpiie (%) 17.70 (113.8)
Completeness (%) 100 (99.97)

Unique reflections 79,590 (7,859)

CCyp 0.970 (0.0417)
<l/o (I)> 3.38 (0.99)
Redundancy 245.3 (207.0)
Refinement .
Resolution range (A) 34.80—1.43 (1.47—-1.43)
Rwork (%)/Rfree (%) 137/149
No. of protein atoms 2,414
No. of heterogen atoms 9
No. of water molecules 134
Average B (A%
All 24.0
Protein atoms 23.3
Water 36.6
TICu 20.4
T2Cu 17.9
Other atoms 31.7
Ramachandran plot (%)
Favoured 96.4
Allowed 3.6
Outliers 0
PDB code 4YSA

Changes in ligand—T1Cu distance fell within the
range of coordinate errors (Table 1V), indicating that
the T1Cu site did not show significant structural
changes that can be detected at resolutions of our pre-
sent structures. Conversely, the T2Cu site showed ob-
vious structural changes induced by X-ray irradiation:
two water ligands (WatC and WatD) were present on
T2Cu in the SR1 structure, while the electron density
of WatD was not observed in other SR data (Fig. 1a).
Furthermore, with increasing X-ray dose, the T2Cu
atom gradually sank towards a ‘ligand plane’
composed of three N°? atoms of His ligands (Fig. 1b
and c).

Completely oxidized GtNiR structure determined by
SFX

The SFX structure was refined to 1.43 A resolution
(Table III, see Materials and Methods). The final
Ryork and Rpe. values were 13.7 and 14.9%, respect-
ively, showing that the model has a good agreement
with the experimental data. RMSDs of C* atoms be-
tween the SFX structure and cryogenic SRX structures
were <0.2A. Anomalous peaks of T1Cu and T2Cu
were clearly observed (Fig. 2a). The ligand—T1Cu dis-
tances in the SFX structure were the same as those in
the SRX structures within the range of coordinate
errors (Table 1V). T2Cu in the SFX structure was
coordinated by three histidine residues, WatC and
WatD (Fig. 2b). The distance from T2Cu to the
ligand plane was longer than those of the SRX struc-
tures (Fig. 1¢), although it is almost the same as that in

4

the SR1 structure within the range of coordinate
eITors.

An unidentified electron density was observed in the
vicinity of T2Cu—ligand water molecules in the SFX
data (Fig. 2b). We tentatively assigned this to a 40%
occupancy sodium ion (Na™) from the crystallization
buffer for the following reasons. The peak assigned to
Na" was close to WatB, WatC, WatD and Asp98
(Asp™") as shown in Fig. 2c. The distances from the
assigned Na™ to water molecules or Asp98 were
shorter than typical hydrogen bonds but longer than
typical covalent bonds in protein crystal structures. We
could rule out a disordered water model because all
water molecules in Fig. 2c showed full occupancy. It
is, therefore, reasonable to speculate that the atom at
the peak is a metal ion and forms coordination bonds
with water and Asp®'. The peak did not show an
anomalous peak, meaning that it is not Cu. Na ™ was
the only metal ion, other than Cu, in the crystallization
solution. Furthermore, Asp® can easily form a coord-
ination bond with a cation because it is deprotonated
in the resting state (60).

Presumably because of the high concentration of
CuSOy in the crystallization buffer, there existed an
anomalous peak of 20% occupancy Cu bound to
His244 (His*') in the SFX data (Fig. 2a,
Supplementary Fig. S5). Because the Cu atom was
very close to bridging water (1.44 A, Supplementary
Fig. S5), we regarded the Cu atom and bridging
water were alternative structures. The occupancy of
bridging water was 80%. This anomalous peak of Cu
was also observed in a previously determined cryogenic
SRX structure (PDB code 3X1E, Supplementary Fig.
S6). CuNiR has evolutionary and structural relation-
ship with some multicopper oxidases (MCOs) (6 /—64),
and His®" in CuNiR is superimposed to one of the His
ligands to a trinuclear copper centre in the MCOs (63,
64). Therefore, the binding of extra Cu to His**" is not
a surprising phenomenon.

RT SRX structure of GtNiR

Cryo-manipulations of protein crystals in SRX can
change the population of amino acid side chains (65,
66). Due to its thermostability, GfNiR macrocrystals
can be used in SRX without cryo-cooling (47); there-
fore, we determined an RT SRX structure of G/NiR to
judge whether the observed structural differences be-
tween cryogenic SRX and SFX structures were derived
from X-ray photoreduction and not from the differ-
ence of measurement temperatures. The RT SRX
structure was refined to 1.35A resolution (Table II).
The final Ry and Ry values were 9.7 and 12.0%,
respectively. RMSDs of C* atoms between the RT
SRX and cryogenic SRX structures were <0.2 A. The
RMSD of C* atoms between the RT SRX and SFX
structure was 0.08 A.

The T2Cu in the RT SRX structure was coordinated
by three His ligands and two water molecules
(Supplementary Fig. S7). The distance from T2Cu to
the ligand plane was shorter than that of the SR1
structure and longer than those of other SRX struc-
tures (Fig. Ic), albeit within the range of errors.
However, it is obvious that the distance was shorter
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Table IV. Coordination geometries of the copper sites

SFX revealed redox-coupled structural changes in CuNiR

SFX SR1 SR2 SR3 SR4 SR5 SR6 SR7
Coordinate error (A) . 0.012 0.042 0.021 0.048 0.025 0.052 0.029 0.062
I. TICu—Ligand Distances (A)
Cu-H95N?! 2.03 2.02 2.04 2.01 2.03 2.03 2.06 2.05
Cu-C1358" 2.27 2.21 2.23 2.25 2.25 2.25 2.22 2.22
Cu-H143N%! 1.91 1.97 2.05 2.02 2.02 2.04 2.03 2.03
Cu-M148S° 2.66 2.70 2.64 2.67 2.64 2.67 2.61 2.67
II. TICu—Ligand Angles (°)
H95-Cu-C135 1353 136.6 134.3 1334 133.1 132.9 133.2 134.2
H95-Cu-H143 104.5 102.6 104.2 106.0 105.2 105.1 105.4 104.0
His95-Cu-M148 81.1 82.1 81.5 82.1 82.1 84.1 80.8 82.1
C135-Cu-H143 105.8 105.1 106.8 106.9 106.7 105.7 105.5 106.1
C135-Cu-M 148 110.2 109.8 112.1 111.8 111.6 112.0 112.9 113.6
H143-Cu-M 148 120.2 121.8 116.9 115.2 117.3 116.4 118.7 115.9
III. T2Cu—Ligand Distances (A)
Cu-H100N*> 2.07 2.07 2.04 2.09 2.07 2.02 2.04 2.03
Cu-H134N*> 2.12 1.99 2.01 2.03 1.98 2.01 1.97 2.01
Cu-H294N*? 2.02 2.06 1.99 2.01 1.99 2.04 2.01 2.01
IV. T2Cu—Ligand Angles (°)
H100-Cu-H134 106.0 106.0 113.6 115.2 116.1 116.1 115.3 114.2
H100-Cu-H29%4 97.24 97.72 99.9 102.7 100.7 102.6 101.3 104.3
H134-Cu-H29%4 106.3 108.2 111.0 110.5 112.4 111.7 111.9 111.9
V. Distances from T2Cu to the ligand planes (A)

0.881 0.845 0.703 0.678 0.657 0.648 0.663 0.642

@ His100

His294

(c)

Distance (A)

0.95
0.85
0.75
0.65
0.55
0.45

N S D A 0 0 A
FFEFLFLLLLS

X

&

Fig. 1 Structural changes in SRX. (a) Changes in the hydration structures at the T2Cu site. The 2F,—F, maps contoured at 1.0 o are shown as
cyan meshes. Carbon, oxygen, nitrogen and copper atoms are yellow, red, blue and brown, respectively. (b) The ligand plane composed of three
N2 atoms of His residues at the T2Cu site (yellow-dashed lines). Carbon, nitrogen and copper atoms are coloured in bright red, blue and brown,
respectively. (¢) Distances from T2Cu to the ligand plane. The error bars represent twice the values of the coordinate errors estimated by the

maximum likelihood method. (A colour version of this figure is available online at: http://jb.oxfordjournals.org)
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WatB'

Fig. 2 SFX structure of GtNiR. Carbon, oxygen, nitrogen, sulfur and copper atoms are bright red, red, blue, yellow and brown, respectively. (a)
Copper binding sites in the SFX structure. The anomalous Fourier maps are contoured at 4.0 (magenta) and 12 o (dark blue). (b) Hydration
structure of the T2Cu site in the SFX structure. The 2F,—F, maps contoured at 1.0 o are shown as cyan meshes. Na™ and water molecules are
shown as a purple sphere. (¢c) Penta-coordinated Na ™ above the T2Cu site. Distances are shown in A. (A colour version of this figure is available

online at: http://jb.oxfordjournals.org)

than that in the SFX structure. The electron density
map of the RT SRX data has a strong positive peak
around WatC with full occupancy (Supplementary
Fig. S4c). We also observed an unidentified positive
electron density peak (Supplementary Fig. S4c) at the
corresponding position of the putative Na™ site in
the SFX structure (Supplementary Fig. S4b), though
the signal was too weak to place any atomic model
there. The observation that both RT SRX and SFX
data show this electron density means, at least, that it
is not the result of photoreduction.

The electron density map of the RT SRX data
showed a strong electron density peak near His®™'.
When water is assigned there, the modelled molecule
was too close to His®! (<2.0 A). Therefore, it was likely

6

to be a Cu ion coordinated by His®' (Supplementary

Fig. S7) as was observed in the SFX structure and the
3X1E structure.

Redox-coupled conformational change in His®**

Compared with the SFX structure, cryogenic and RT
SRX structures revealed that the imidazole ring and
the CP atom of His® rotated ~10° and moved 0.3 A,
respectively (Flg 3a and b, Supplementary Fig. S8). To
confirm that it is not the result of cutting the SFX data
at 1.43A resolution, we_ refined the SFX structure
against the data to 1. 65A resolution, where CCjp, ~
0.5 and Ry < 100 (Supplementary Fig. S2), and the
conformation of His*" did not change (Supplementary
Fig. S9). The N°®' atom of His® forms a bifurcated
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SFX revealed redox-coupled structural changes in CuNiR
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Fig. 3 Redox-coupled rotation of His*. (a) Electron density maps (contoured at 4.0 ) around His*" in the SFX (red) and SR1 (yellow)
structures. (b) Comparison of His*' of the SFX (red), SR1 (yellow), SR7 (teal blue) and RT SRX (white) structures. (¢) Changes in the angle of
the bifurcated hydrogen bond. The upper and lower series show 01 and 02, respectively. Trends are shown by dashed lines. (A colour version of

this figure is available online at: http://jb.oxfordjournals.org)

hydrogen bond with the hydroxyl oxygen atom of
Thr268 and the backbone carbonyl oxygen atom of
GIn267 (Fig. 3b). The His®"' rotation changes the
states of the bifurcated hydrogen bond. To qualita-
tively evaluate this subtle change, we modelled hydro-
gen atoms of His®' at the ideal positions without
refinement. Figure 3c shows that with increasing of
X-ray dose, the 01 (N°'—“H—Og,) angle and the 62
(Nbl—H—OThr) angle decreased and increased,
respectively.

Discussion

Geometrical changes at Cu sites

We recently demonstrated that TICu in a GfNiR crys-
tal is reduced by at least an X-ray dose of 0.041 Mgy
(30). Because even the X-ray dose for SR1 was higher
than this value (Table I), T1Cu in the present SRX

structures must be, more or less, reduced. However,
the geometries around T1Cu did not show significant
differences between the SRX structures and the com-
pletely oxidized SFX structure (Table IV). It is not
surprising because spectroscopic studies have revealed
that the typical changes in ligand—T1Cu distance in
reduction are <0.1 A so as to minimize the reorganiza-
tion energy in ET (67).

We revealed that X-ray irradiation made the T2Cu
atom gradually move towards to the ligand plane
(Fig. Ic). Sunken T2Cu atoms have been observed in
the reduced forms of other CuNiRs (68—70).
Therefore, contrary to the previous report (24), our
result indicates that T2Cu free of NO,™ can be reduced
in SRX. This conclusion is reasonable because our
crystal was crystallized at a pH low enough (pH 4.5)
for intramolecular ET without NO, binding to occur
dominantly (28). Although the T2Cu sites in CuNiR

7
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Fig. 4 Conserved hydrogen bond network. (a) Redox sensor loop in G/NiR. The hydrogen bond network is shown by dotted lines. (b) Amino acid
sequences of CuNiRs. His", Gln/Glu and Thr/Ser are indicated by filled circle, triangle and diamond, respectively. Ax, Ac, Rs, Rp, Ph and Hd
means Achromobacter xylosoxidans, Achromobacter cycloclastes, Rhodobacter sphaeroides, Ralstonia pickettii, Pseudoalteromonas haloplanktis
and Hyphomicrobium denitrificans, respectively. (A colour version of this figure is available online at: http://jb.oxfordjournals.org)

crystals lose ligand water when it is harshly reduced by
artificial reductants (68—70), it is just one of the
reduced states of T2Cu, called inactive reduced state,
and a normal reduced state retains water ligand (29) as
was observed in our structures (Fig. 1a).

Conformational change of His®*

The structural change of His®' cannot be caused by
coordination of Cu or the presence of Na™ above the
T2Cu site, because the former was found also in the
cryogenic and RT SR structures (Supplementary Fig.
S6 and S7) and the latter was found also in the RT SR
structure (Supplementary Fig. S4c). The difference of
measurement temperature is not a major cause of the
structural change (Fig. 3b). Thus, the conformational
difference in His®"' between the SFX and SRX struc-
tures is most likely to result from photoreduction of
the Cu sites. Indeed, the observed conformational
change was small and is probably due to the rigid cata-
Iytic site of thermostable GtNiR (71).

Interestingly, there is a hydrogen bond between
T2Cu ligand Hisl00 and the side chain of GIn267,

8

and Hisl100 is located at the end of a sensor loop
(Fig. 4a), which is thought to transmit information
about T1Cu’s redox state to T2Cu (8, 72). Although
the Thr—Gln pair (or Thr—Glu in some CuNiRs) com-
posing the bifurcated hydrogen bond has been ignored
for long, they are conserved in CulNiRs except for a
few CuNiRs, which have Ser at the position of Thr
(Fig. 4b). The nitrite reduction activity of Ser-contain-
ing CulNiR is lower than the activity of Thr-containing
CuNiR (70, 73). The crystal structures of Ser-contain-
ing CuNiRs show that the Ser residue does not always
form a hydrogen bond with His®' (70, 73). These facts
imply the enzymatic importance of the hydrogen bond
between His*' and Thr.

The rotation of the imidazole ring changes the 0
angles of the bifurcated hydrogen bond (Fig. 3c).
Generally, the 0 angle is used as an indicator of hydro-
gen bond strength. Strong, moderate and weak hydro-
gen bonds tend to show 170—180°, 150—180°, 90—150°
0 angles, respectively (74). Therefore, the His*" rota-
tion strengthens the hydrogen bond between His**" and
Thr and weakens the hydrogen bond between His®™
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and GlIn/Glu. Because the hydroxyl oxygen atom is less
negatively polarized than the carbonyl oxygen atom,
this structural change may destabilize the positive
charge on His®, which may facilitate transfer of a
proton to the bridging water between Asp®™' and
His®" (Fig. 4a). His®" has been suggested to directly
provide a proton to NO, (19, 75); however, our re-
sults indicate another possibility. His*" may function
as a switch for proton relay.

Supplementary Data

Supplementary Data are available at JB Online.
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