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1. Supplementary Discussion

1.1. Number of observed residues in the SRX and SFX structures. The amino acid
sequence of the wild-type AfNiR protein we used here is as follows:
MATAAEIAALPRQKVELVDPPFVHAHSQVAEGGPKVVEFTMVIEEKKIVIDDAGTEV
HAMAFNGTVPGPLMVVHQDDYLELTLINPETNTLMHNIDFHAATGALGGGGLTEINP
GEKTILRFKATKPGVFVYHCAPPGMVPWHVVSGMNGAIMVLPREGLHDGKGKALT
YDKIYYVGEQDFYVPRDENGKYKKYEAPGDAYEDTVKVMRTLTPTHVVFNGAVGA
LTGDKAMTAAVGEKVLIVHSQANRDTRPHLIGGHGDYVWATGKFNTPPDVDQETW
FIPGGAAGAAFYTFQQPGIYAYVNHNLIEAFELGAAAHFKVTGEWNDDLMTSVLAPS
GTLVPR/GSILEHHHHHH (the slash represents a thrombin cleavage site). The second Ala
corresponds to the forth residue in the native Af/NiR sequence (1); therefore, we refer to this
residue as Ala4. The C-terminus of the native AfNiR sequence is Thr340 (underlined).
Because we cut the C-terminal His tag using thrombin, the resulted C-terminus of our protein
is Arg344 (before the slash). Table S10, which describes the observed regions of each
structure, shows that more residues tended to be observed at higher resolution. The 1.30 A
resolution SRX NC structure was the only SRX structure showing the electron density of the
C-terminal residue (Arg344) in a monomer (molecule B). The 1.60 A resolution SFX NC
structure also showed the clear electron density around the C-terminal region in a monomer
(molecule B) (Fig. S19). Although the resolutions of the SRX RT structures were similar to
that of the SFX NC structure, they did not show the electron density around the C-terminal
region. Even the SRX RS structure, which was determined at the highest resolution in this
study, did not. It is known that N- and C- terminal residues are often disordered and thus they
are not observed. Probably because molecules in a microcrystal used for SFX were more
ordered than molecules in a large crystal used for SRX, we could observe the C-terminal
residue even at 1.60 A resolution. Although C-terminal Arg344 was close to the T1Cu site (~
10 A, Fig. S19), it has no physiological functions because the native C-terminus is Thr340 far
from the T1Cu site.

1.2. NO; in the SRX NCR" structure. The SRX NC®" data showed clear electron density
above T2Cu (Fig. S9) and the best occupancy for modeled NO,” was 100% in each monomer
(see Complete Materials and Methods). Given that chemical reactions including the
photoreduction of Cu and nitrite reduction are significantly faster at RT than at cryogenic
temperature, it is expected that NO,™ in the SRX NCX" structure is rapidly converted to NO
and water, because the reduction of NO,™ occurs even at cryogenic temperature (2) and the our
SRX NC structure also indicated NO;  reduction in crystallo. However, we do not have
experimental evidence to abandon the full occupancy NO, model, even if other models (e.g.

mixture of substrate and product) can be assigned, too. We therefore assumed that during data
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collection (~ 170 sec), new NO, molecules were supplied to T2Cu after original NO,
molecules were reduced and the product was subsequently released from the catalytic site.
This assumption is consistent with that the NO,” binding mode in the SRX NC*" structure was
closer to the vertical mode and hence showed a less reduced state than that in the SRX NC
structure (Fig. S9, Table S5). Furthermore, the concentration of NO,™ supplied to the crystal
was high enough (60 mM) to replace the product at the catalytic site.

1.3. Dynamics of water molecules in a putative proton channel. Because aligned water
molecules have been found in the substrate pocket of CuNiR crystal structures, they are
thought to be involved in the formation of a channel for protons required by nitrite reduction
(Fig. S1) (3, 4). These water molecules were also observed in the cryogenic structures in this
study. Some of them were however disordered in the SRX and SFX structures determined at
RT, while another channel connecting the molecular surface and the T2Cu site retained water
molecules at RT (Fig. S20). Fukuda & Inoue (5) also reported that some water molecules in
the putative proton channel of thermophilic G/NiR are disordered at 320 K, which is a
physiological temperature for the bacterium, although more water molecules in the channel
are fixed and hence observed at cryogenic temperature. Therefore, this water dynamics in the
proton channel at physiological temperatures may be a universal phenomenon in CuNiRs and

play an important role in efficient proton supply to the T2Cu site.

2. Complete Materials and Methods

2.1. Expression and purification of CuNiR from Alcaligenes faecalis strain S-6 (AfNiR).
A plasmid pET28-b containing a start codon, an A/NiR gene (Ala® to Thr’*), a thrombin
cleavage site sequence (L**'VPR**¥/G***SILE**), and a C-terminal 6xHis-tag sequence was
transformed into Escherichia coli BL21(DE3) strain, which were then grown to an optical
density at 600 nm of 0.6—-0.8. Expression of the protein was induced with 1 mM
isopropylthio-B-D-galactoside at 20 °C for 20 h. The cells were isolated by centrifugation and
lysed by sonication in basal buffer A (40 mM Tris-HCIL, pH 8.0 and 300 mM NaCl) for the
SRX RS“" and SFX RS sample or buffer B (40 mM HEPES-NaOH, pH 7.5) for other
samples. The lysate was clarified by centrifugation and passed over a HisTrap HP 5 ml nickel
affinity column (GE Healthcare, NJ, USA). After thorough washing with the basal buffer
supplemented with 20 mM imidazole, the protein was eluted in the basal buffer supplemented
with 250 mM imidazole. Thrombin was added to the eluent containing the target protein for
the duration of 12 h dialysis against the basal buffer. The solution was passed through an
additional nickel affinity column to remove any undigested A/NiR. The solution collected in
the initial flow-through was collected and dialyzed against the basal buffers containing 50
mM sodium chloride (for the SRX RS“" and SFX RS sample) or ammonium sulfate (for other
4



samples), and then loaded onto a HiTrap Q 5 ml ion exchange column (GE Healthcare). The
protein was eluted by a linear gradient of sodium chloride or ammonium sulfate from 50 to
1000 mM. The peak fractions were collected, desalted, and concentrated. The final
concentration of the AfNiR sample was estimated to be 50 mg/ml using the absorption

coefficient at 280 nm.

2.2. Expression and purification of the T280V and T280S mutants. The reason for
choosing T280V mutant over T280A mutant, is because Ala mutant could possibly allow
freer rotation of His255, whereas a Val mutant can provide a similar degree of steric
environment as the Thr residue. On the other hand, the reason we chose T280S mutant was
because it could donate a hydroxyl O atom to His255 like Thr. The plasmid pET28-b
containing the wild-type 4/NiR gene and the 6xHis-tag sequence (described above) was
mutated by a polymerase chain reaction method. The forward and reverse primers for the
T280V mutation were 5'-GTGGATCAGGAAGTATGGTTTATTCCGGGCGGC-3" and
5'-GCCGCCCGGAATAAACCATACTTCCTGATCCAC-3', respectively; whereas the
forward and reverse primers for the T280S mutation were
5'-GATCAGGAAAGCTGGTTTATTCCGGG-3' and
5'-CCCGGAATAAACCAGCTTTCCTGATC-3', respectively (the codons for the mutations
are indicated by underlines). The sequences of the mutant plasmids were confirmed by DNA
sequencing before transformation into E. coli strain BL21 (DE3). The mutant enzymes were
overexpressed and purified following the protocol for the wild-type protein, with the use of
buffer B (40 mM HEPES-NaOH, pH 7.5) as the major purification buffer. The final
concentrations of the samples were estimated to be 50 mg/ml using the absorption coefficient
at 280 nm.

2.3. Nitrite reductase activity assay. Nitrite reductase activity was measured at 25 °C as
described by Lawton ef al (6) with several modifications. The solutions for the assay were
prepared inside a glove box (oxygen concentration: < 30 ppm). The starting solution in a
screw top cuvette (1 cm cell) contained 2.5 mM NaNO,, 0.5 mM methyl viologen, 0.6 mM
dithionite, and 20 mM phosphate buffer (pH 6.3). The cuvette was sealed with a threaded lid
containing a rubber septum and inverted several times to ensure an even mixed solution.
When the background rate became almost zero, wide-type or mutant CuNiR (100 nM) was
added into the cuvette with a glass syringe to initiate the reaction such that the final
concentration of AfNiR was 1 nM. The oxidation of methyl viologen was monitored at 730
nm (¢ = 2,143 M cm") using a Cray 50 UV-VIS spectrophotometer (Agilent Technologies,
CA, USA). The turnover rate was calculated using the slope in the linear initial rate region.
The rates of nitrite reduction for wild-type, T280V, and T280S were 6237 + 801, 1275 + 144,
1797 + 23 s™', respectively. These data represent an average of three (wild-type and T280V) or
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two (T280S) replicates. The rate of nitrite reduction by wild-type 4/NiR which we reported
was one order higher than the value reported by MacPherson et al. (7). This is probably
because MacPherson et al. used 100 mM MES-HEPES buffer (pH 7.0) and A/NiR shows
lower activity at pH 7.0 than at pH 6.3 (8). Furthermore, as an electron donor, they used a
blue copper protein, pseudoazurin, which is a much weaker reductant [Ey = 295 mV at pH 6
(8)] than methyl viologen (Em ~ - 450 mV versus NHE). Therefore, a simple comparison
between the previous data and our present data is difficult. However, it is obvious that mutant
AfNIR proteins showed lower activity than the activity of wild-type AfNiR in the same

condition.

2.4. Crystallization of AfNiR. Macrocrystals used for cryogenic synchrotron X-ray
diffraction experiments were prepared by the hanging-drop vapor-diffusion method. Crystals
were grown at 20 °C with a 1:1 mixture of the purified protein solution (50 mg/ml) and a
reservoir solution composed of 100 mM sodium acetate (pH 4.1) and 7% PEG 4000. Crystals
appeared in a few days and reached their maximum size of 1.0 x 0.3 x 0.2 mm in a week.
Nanoseed solution was prepared by sonicating the macrocrystals with a UD-211
ultrasonicator (Tomy Seiko Co., Tokyo, Japan) in buffer containing 100 mM sodium acetate
(pH 4.0) and 10% PEG 4000. The resulting solution was slightly centrifuged and the upper
solution was collected and used as seeds. Microcrystals then were prepared by the rotational
seeding crystallization technique. In a 15 ml centrifuge tube, 500 pl of the protein solution (50
mg/ml) was mixed with 10 ml of precipitant solution containing 100 mM sodium acetate (pH
4.0) and 12% PEG 4000, and 20 pl of the nanoseed solution was added. The centrifuge tube
was placed on the RT-50 rotator (TITEC, Saitama, Japan) at a speed of 30 rpm for 4 days at
room temperature (ca. 293 K) to obtain microcrystals with enough size and amount. The
microcrystal solution was filtered through a 30 um CellTrics filter (Chiyoda Sci. Co., Tokyo,
Japan). Sizes of the microcrystals were distributed between 10 and 80 pum, as was observed in
a digital microscope KH-8700 (Hirox Co., Tokyo, Japan) (Fig. S5a).

2.5. Synchrotron data collection at cryogenic temperature. Cryogenic SRX datasets for
SRX RS and SRX NC were collected at beamline BL26B1 (9) at SPring-8 (Hyogo, Japan).
For the preparation of 4/NiR-NO;" complex (SRX NC), a crystal was soaked in the reservoir
solution to which glycerol was gradually added to the final concentration of 30% (v/v), and
then in the same buffer supplemented with 60 mM sodium nitrite (Wako, Japan) for 15 min.
The crystals were frozen in liquid nitrogen and stored until diffraction measurement.
Diffraction images were collected at 100 K using a Saturn A200 CCD detector (Rigaku,
Tokyo, Japan). The circle beam size was 150 and 100 pm in diameter for the RS and NC
samples, respectively. The oscillation angle per image was set to 0.5 °. The exposure time per
image was set to 3.8 and 2.0 sec for the RS and NC samples, respectively. A total of 360 and
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540 diffraction images were collected for the single RS and NC A4fNiR crystal, respectively.
The parameters and statistics are summarized in Table S1 (SRX RS) and S4 (SRX NC).

The cryogenic SRX dataset for SRX RS“" was collected at beamline BL44XU at SPring-8.
The crystal was frozen in liquid nitrogen and stored until diffraction measurement. Diffraction
images were collected at 100 K using an MX-300 HE CCD detector (Rayonix, IL, USA). The
beam size was 100 um (Height) x 100 um (Width). The oscillation angle per image was set to
1.0 °. The exposure time per image was set to 1.0 sec. A total of 720 diffraction images were

collected. The parameters and statistics are summarized in Table S8.

2.6. Synchrotron data collection at room temperature (RT). The RT SRX datasets for
SRX RS®" and SRX NC®" were collected at beamline BL26B2 at SPring-8. For the
preparation of 4A/NiR-NO, complex, a crystal was soaked in the reservoir solution
supplemented with 60 mM sodium nitrite for 15 min. MicroLoop and MicroRT X-ray
capillary (MiTeGen LLC, NY, USA) were used to mount the crystals on the goniometer.
Temperature around the mounted crystal was maintained at 293 K with a N, gas stream
generator. After setting the crystals on the apparatus, diffraction images were collected using
an MX-225 CCD detector (Rayonix, IL, USA). The circle beam size was 100 um in diameter.
The oscillation angle per image was set to 1.0 °. The exposure time per image was set to 1.0
sec. A total of 120 and 170 images were collected for SRX RS®" and SRX NCR", respectively.
For each data collection, a single crystal was used and the exposure position was not changed
during data collection. The parameters and statistics are summarized in Table S1 (SRX RS®")
and S4 (SRX NC*),

2.7. Structure determination of the SRX RS and RS®" structures. The datasets were
indexed and integrated using HKL2000. The phases were determined by the molecular
replacement method using Phaser with an AfNiR trimer (PDB code ID 1SJM) as a search
model. Manual model building was performed using WinCoot 0.7. The program Refmac5
from the CCP4 suite (ver. 6.5.0) was used for structural refinement. For the high resolution
SRX RS structure, anisotropic displacement parameters were introduced after water
molecules were built in the models. The final models were checked for stereochemical quality
using MolProbity. The Cu geometries of the SRX RS and SRX RS®" structures are shown in
Table S3. The Cu geometries of the SRX RS structures are shown in Table S9.

2.8. Structure determination of the SRX RS®" structure. The datasets were indexed and
integrated using HKL2000. The phases were determined by the molecular replacement
method using Phaser with an AfNiR trimer (PDB code ID 1SJM) as a search model. Manual
model building was performed using WinCoot 0.7. The program Refmac5 from the CCP4
suite (ver. 6.5.0) was used for structural refinement. Anisotropic displacement parameters
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were introduced only to Cu atoms after water molecules were built in the models. The final
model was checked for stereochemical quality using MolProbity. The Cu geometries are
shown in Table S3.

2.9. Structure determination of the SRX NC structure. The dataset was indexed and
integrated using HKL2000. The structure was determined by the molecular replacement
method using Phaser in the CCP4 suite (ver. 6.5.0) with an AfNiR trimer (PDB code ID
1SIM) as a search model. Manual model building was performed using WinCoot 0.7. The
program Refmac5 from the CCP4 suite was used for structural refinement. Anisotropic
displacement parameters were introduced after water molecules were built in the models.
Electron densities on the T2Cu sites clearly showed that T2Cu is coordinated by nitrite
molecules, however, full occupancy nitrite models showed negative peaks around it in the
sigma-A-weighted F,-F. map. Therefore, we changed the occupancy of nitrite and found that
95 (molecule A) and 50% (molecule B and C) are the best occupancies. Because there
remained positive electron density peaks around the O1 atom of nitrite in molecule B and C,
we modeled water molecules with 50% occupancy and residual electron densities were no
longer observed. The final model was checked for stereochemical quality using MolProbity.
The Cu geometries of the SRX NC structure are shown in Table S5.

2.10. Structure determination of the SRX NC®" structure. The dataset was indexed and
integrated using HKL2000. The structure was determined by the molecular replacement
method using Phaser in the CCP4 suite (ver. 6.5.0) with an AfNiR trimer (PDB code ID
1SIM) as a search model. Manual model building was performed using WinCoot 0.7. The
program Refmac5 from the CCP4 suite was used for structural refinement. Anisotropic
displacement parameters were introduced only to Cu atoms after water molecules were built
in the models. Electron densities on the T2Cu sites clearly showed that T2Cu is coordinated
by nitrite molecules and we could model full occupancy nitrite on each T2Cu site. There were
no positive and negative peaks around the nitrite models in the sigma-A-weighted F,-F. map
at 3.1 o, although the full occupancy nitrite model is strange because the rates of chemical
reactions such as radiation damages, the photoreduction of Cu, nitrite reduction, are
significantly higher at RT than at cryogenic temperature. We discuss this phenomenon in
supplementary discussion (vide supra). The final model was checked for stereochemical
quality using MolProbity. The Cu geometries of the SRX NC*' structure are shown in Table
SS.

2.11. Single-shot XFEL data collection for the SFX RS structure. The microcrystals of
aerobically oxidized 4/NiR were mixed with a grease matrix, Synthetc grease Super Lube

(#21030, Synco Chemical Co.), and packed in an injector syringe (nozzle aperture diameter:
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160 pm) before data collection, as described previously (10). The injector was installed in a
helium ambiance, diffraction chamber enclosure: Diverse Application Platform for Hard
X-ray Diffraction in SACLA (DAPHNIS) (11). The flow rate was set to 1.08 pl/min (896
pum/s) and the liquid-stream width was nearly the same as the aperture size. The sample
chamber was maintained at a temperature of 293 K with a humidity of 85-99%. The
diffraction patterns were collected using a short-working-distance octal multiport CCD
detector (12) with XFEL radiation at BL3 (EH4) of SACLA (Hyogo, Japan). The
microcrystals were exposed to single X-ray pulses at a photon energy of 7.0 keV. The pulses
were of 2—10 fs duration and consisted of 3 x 10'® photons/pulse focused to 2.0 um (H) x 2.0
um (W) at the interaction point using Kirkpatrick—Baez mirrors (13). The repetition rate was
30 Hz, and the typical pulse energy at the sample was 32 pJ/pulse. The pulse duration shorter
than 10 fs, we used, is necessary to obtain a “damage-free” metalloprotein structure, because
ultrabright XFEL beams damage electronic structures of heavy atoms in a few tens of

femtoseconds (14) and can destroy the natural structures of metal centers in metalloproteins

(15).

2.12. Single-shot XFEL data collection for the SFX NC structure. The XFEL diffraction
patterns were collected at the BL3 (EH4) of SACLA as above. To prepare A/NiR NC, 1.2 M
sodium nitrite in the precipitant solution was added to the microcrystal sample in a 1.5 ml
tube to give a final concentration of 60 mM. After incubation for 5 min, the sample was
mixed with the grease matrix and packed in an injector syringe before data collection. To
avoid the self-dismutation of NO,” (3NO," + 2H" — 2NO + NO;™ + H,0), which may occur
during the long room-temperature measurement common in SFX, the totaled 18 samples of
AfNiR-NO, microcrystals were prepared at time of use and data collection for each sample
was completed within 50 min after addition of sodium nitrite. The crystal-to-detector distance
and the flow rate were set to 49 mm and 1.08 pl/min (896 um/s), respectively. The
sample-stream width from the injector was nearly the same as its nozzle aperture diameter:
160 um. The sample chamber was maintained at 293 K with a humidity of 30-50%. The
microcrystals were exposed to single X-ray pulses at a photon energy of 10.8 keV. The pulses
were of 2—10 fs duration and consisted of 1.2 x 10'! photons/pulse focused to 1.3 um (H) x
1.8 um (W) at the interaction point using Kirkpatrick—Baez mirrors. The repetition rate was

30 Hz, and the typical pulse energy at the sample was 210 pJ/pulse.

2.13. Structure determination of the SFX RS structure. A total of 83,594 diffraction
images were collected. With Cheetah (16) adapted for SACLA API (17), these images were
filtered to reject those with less than 20 spots. 42,265 hit images were then processed with
CrystFEL (pre-release version of 0.6.0) using a detector geometry optimized by geoptimiser.

Integration and background mask parameter (--int-radius option in indexamajig) was “3,4,7”.
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No saturation cutoff was applied. Detector background was estimated by averaging dark
images and subtracted from diffraction patterns. Indexing was performed by Dir4x. 21,009
images were indexed in space group P2,2,2; with unit cell parameters a = 63.1, b = 103.8,
and ¢ = 147.8 A. The indexed diffraction images were integrated and merged using CrystFEL.
The resolution of the SFX RS structure (2.03 A) was determined by consulting the Ry and
CCyp, values (Fig. S21a). The phase was determined by the molecular replacement method
using Phaser with the A/NiR trimer (PDB code ID 1SJM) as a search model. Manual model
building was carried out using WinCoot 0.7. The program Refmac5 from the CCP4 suite (ver.
6.5.0) was used for structural refinement. When the structure was refined, the electron density
on T2Cu was first assigned to fully occupied water. However, the B-factor of the resulting
water molecule was unusually smaller than those of other surrounding atoms and positive
electron density remained at the position in the sigma-A-weighted F;—F. map. Therefore,
chloride was assigned because Tris-HCI buffer was used in purification of the SFX RS sample
and T2Cu in CuNiR is often bound by chloride (18). This finding made us change purification
conditions for the sample of the NC state (see the purification section described above),
because chloride may be able to inhibit the binding of nitrite. The final model was checked
for stereochemical quality using MolProbity. The parameters and statistics are summarized in

Table S4. The Cu geometries are shown in Table S3.

2.14. Structure determination of the SFX NC structure. A total of 578,412 diffraction
images were collected. These images were retrieved through SACLA API and filtered by
Cheetah to reject images with less than 20 spots. Resulting 194,372 images were then
processed with CrystFEL as described above. 155,588 images were indexed in space group
P2,2,2, with unit cell parameters a = 63.0, b =103.0, and c = 147.4 A. The indexed
diffraction images were merged using CrystFEL. The Ry and the CC)/, values were plotted

against resolutions in Fig. S21b.

The phase was determined by the SAD method using Cu as a phasing element. The protocol
was same as recent S-SAD phasing at SACLA described elsewhere (19). First, intensities
merged by CrystFEL were converted to XDS_ASCII format (20) and processed by SHELXC.
Substructure determination was performed by SHELXD using reflections up to 2.1 A. All of
the six copper atoms in the asymmetric unit were located. There was a clear drop in the
occupancy between the sixth (correct) site and the seventh (false) site. Phase calculation was
carried out with SHELXE using reflections up to 1.6 A by iteration of density modification
and automatic chain tracing (Fig. S6). 838 residues out of 1026 residues were automatically
traced as polyalanines. Compared to S-SAD phasing, this Cu-SAD was easier and insensitive
to parameters; the substructure was solved in less than 100 SHELXD trials, while S-SAD
required more than 320,000 trials. SHELXE solved the structure regardless of the solvent
content specified to the program (-s parameter ranging from 42% to 56 %) when reflections
10



better than 2.0 A were used. In contrast, many SHELXE runs with different combinations of
parameters had to be tested for successful S-SAD phasing. This is possibly due to larger
anomalous difference in this Cu-SAD [about 1.65 % according to the formula by Hendrickson
& Teeter (21)] than previous S-SAD (1.58 %).

The maximum resolution of the SFX NC structure was determined by consulting the results of
“paired refinement” (Fig. S22) based on the idea that proper use of weaker and noisier but
higher-resolution data can provide better models (22-24). Inclusion of higher resolution data
up to 1.45 A resolution led to the improvement of the model. However, the overall Ry,ox and
overall Rge values gradually increased with resolution. We here chose to use data up to 1.60
A resolution, and performed further refinement. CC), and the estimated true CC (CC¥*) in the
highest resolution shell cut at 1.60 A resolution were 0.251 and 0.633, respectively. Manual
model building was carried out using WinCoot 0.7. The program Refmac5 from the CCP4
suite (ver. 6.5.0) was used for structural refinement. Anisotropic displacement parameters
were introduced only to Cu atoms after water molecules were built in the models. For
comparison, the dataset was also phased by molecular replacement with Phaser using 4fNiR
trimer (PDB code ID 1SJM) as a search model. Because the models determined by Cu-SAD
and molecular replacement did not show any significant difference, we adopted the former
model, as it is free from a model bias. The final model was checked for stereochemical quality
using MolProbity. The parameters and statistics are summarized in Table S7. The Cu

geometries of the SFX NC structure are shown in Table S5.

11



3. SI Figures
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Fig. S1. Structural overview of the two Cu sites in CuNiR (PDB code ID 1AS7) (29). T2Cu is
located at the interface between two monomers. Water molecules aligned from the molecular
surface to the catalytic site are thought to be a proton channel (3, 4). Each CuNiR monomer
was shown by different colors (magenta, cyan, and green). The inset shows a close-up view of
the Cu sites. Carbon atoms in one monomer and the other one are colored magenta and cyan,
respectively. Nitrogen, oxygen and Cu atoms are colored blue, red and brown. Water
molecules and Cu atoms are shown as spheres. Dashed yellow and black lines show hydrogen

bonds and coordination bonds, respectively.
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Fig. S2. Unusual electron density (black arrow) around His287 in RAsNiR. The
sigma-A-weighted 2F,—F, map (1.0 o) and F,—F, map (4.0 o) are shown as blue and green
meshes, respectively. (a) The resting state structure determined (1.74 A resolution, PDB ID:
1ZV2) (30). (b) The nitrite complex structure determined (1.85 A resolution, PDB ID: 2WDS)
(31). (c) Unusually close contact between His287 and His338 in 2WDS. The NO, model does
not fit the electron density. We only used the deposited files in PDB and did not refine these
structures to draw these figures.
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His306 His308

His100
His306

@
5

“His135,

Fig. S3. Comparison between the SRX RS and SFX RS structures. (a) Coordinate structure of
the T2Cu site in the SRX RS structure. The sigma-A-weighted 2F,—F; map (1.5 ¢) is shown
as gray meshes. (b) Coordinate structure of the T2Cu site in the SRX RS®" structure. The
sigma-A-weighted 2F,—F, map (1.0 o) is shown as gray meshes. While two different water
molecules (Wat 0 and Wat 0") with full occupancy were modeled on T2Cu in the SRX RS

structure, the ligand water molecule on T2Cu in the SRX RS®" structure shows a dual
conformation with partial occupancy (70 and 30%). (c) Coordinate structure of the T2Cu site

in the SFX RS structure. The sigma-A-weighted 2F,—F, map (1.5 o) is shown as gray meshes.
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a Molecule B Molecule C

Bridging Bridging
Water His255

Nitrite

b Nitrite

Fig. S4. Nitrite binding in the NC structures. (a) The T2Cu site in the SRX NC structure. The
sigma-A-weighted 2F—F, (1.5 ¢) and omit F—F; (6.5 o) maps are shown as the gray and red
mesh, respectively. Carbon, nitrogen, oxygen and Cu atoms are colored cyan, blue, red and
brown. (b) Comparison of directions of nitrite. Cyan: the current SRX NC structure. Magenta:
the SFX NC structure. Orange: A/NiR (PDB code 1SJM) (27). White: CuNiR from
Achromobacter cycloclastes (2BWI) (4). Yellow green: CuNiR from Neisseria gnorrhoeae
(1KBYV) (28). Pink: CuNiR from Geobacillus thermodenitrificans (3X1N) (5).

15



100 pm
L 7 ST ol

Fig. SS. Serial femtosecond crystallography (SFX). (a) Microcrystals of A/NiR. (b) One of the
diffraction images from the 4/NiR NC microcrystals. One of the diffraction spots visible to
the naked eye and around 1.6 A resolution is shown by a black arrow. The spots circled in
black were used for indexing, and the red circles show the expected positions of the
diffraction spots.
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Fig. S6. SAD phasing for the SFX NC data. (a) The anomalous peaks of Cu sites. The
anomalous maps are shown by red meshes (contoured at 10 o). Autotraced poly-alanine
chains in an asymmetric unit are colored and molecules generated by symmetric operations
are shown by white chains. Inset displays the final refined model. (b) The sigma-A-weighted
2F—F. map (blue mesh, contoured at 1.0 o) after density modification and chain tracing. The

anomalous Cu peaks are shown by red meshes (contoured at 10 o).
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Fig. S7. Electron density above the T2Cu atom in the SFX NC structure in which two water
molecules with full occupancy are modeled. The sigma-A-weighted 2F,—F. map (1.3 o) is
shown as the blue mesh. The positive electron density peak in the sigma-A-weighted Fo—F,
map (4.0 o) is shown as the green mesh. This figure shows that the electron density above the

T2Cu atom should accommodate a bent triatomic molecule.
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Molecule A Molecule B Molecule C

NO2-

Water x 2

NO2- + Water

NO2- + NO

Fig. S8. Residual electron density in several models of the SFX NC structure. The
sigma-A-weighted 2F—F. (1.3 ¢) and F,—F, (3.0 o) positive and negative maps are shown as
the blue, green, and red mesh, respectively. When NO,™ and NO (or water) are modeled at the
same time as alternative molecules with 0.5 occupancies, the NO (or water) molecule is
deviated from the T2Cu atom.
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a

SFX  SRXRT

SRX Cryo

Fig. S9. NO, binding in the SRX NC"" structure. (a) T2Cu site in the SRX NC*" structure
(molecule A). The sigma-A-weighted 2F—F, (1.5 ¢) and omit F,—F (6.5 o) maps are shown
as gray and red meshes, respectively. H-bonds (yellow) and coordination bonds (black) are
represented by dashed lines. Carbon, nitrogen, oxygen and Cu atoms are colored gray, blue,
red and brown. (b) Comparison between the SFX NC (magenta) , SRX NC (cyan), and SRX
NC?' (gray) structures (molecule A).
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AfNiR RD[TIRPEILI G WAT[EKFNTPPDVDQE TJWE[I PlGQARGAAFYTF
AxNiR NRD|TRPEILIG WET[EKFANPPQRDLE TWF|I RGGSAGAALY|TF
AcNiR N RD/TRPREILIG WAT[EKFRNPPDLDQE TWLI PGGTIAGAAFY|TF
RsNiR [YRD[SRPEILIG WET[EKFHENAPERDLE TWF|I RGGSAGAALYKFE
GtNiR PEVISISFEIVIVG Y|LD[ENP . NNHLQGMQTIVML PASGGAVVEFTV
RpNiR PILV|SSFEIVIIG RYE[EG . . TNVQKNVIQT|T LT PIAJGAAVVKETA
PhNiR PLVISISFEIVIIG YIVE[EG . . SLKNHNV|QT|T LI PIAIGGAA I VE[FKV
HANiR FT[SISFEIVIIG Y|SLESVVSPPLIGVQTIVSVPPGGATIVDFKI
NeNiR NEL|S[SLIIP A Y[PS[ENP . KNVQYALQSYLIGAGDRAATLDLIS
NgNIR RLVISSFEVIIG YIVE[€G . . KLINENV|QS|T I|VPAGGSA I VEEKV

Fig. S10. Amino-acid-sequence alignment of CuNiRs. The position of His255 in A/NiR is
indicated by an open triangle. The position of the conserved pair of Glu (or GIn) and Thr (or
Ser) is indicated by a filled triangle. Ax, Ac, Rs, Gt, Rp, Ph, Hd, Ne, and Ng means
Achromobacter xylosoxidans, Achromobacter cycloclastes, Rhodobacter sphaeroides,
Geobacillus thermodenitrificans, Ralstonia pickettii, Pseudoalteromonas haloplanktis,
Hyphomicrobium denitrificans, Nitrosomonas europaea, and Neisseria gonorrhoeae,
respectively. Sequence alignment was performed with ClustalW (25) and the figure was
generated by ESPript3 (http://espript.ibep.fr) (26).
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His255 Glu279

Thr280

Molecule B

Glu279

Thr280

Molecule C

Fig. S11. Structural comparison of His255 in molecules B and C of the SFX RS (hot pink)
and SRX RS (yellow) structures.
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His255

(L)

Molecule A

Thr280
- Glu279

Molecule B

Molecule C

Fig. S12. Structural comparison of His255 of the SFX RS (hot pink), SRX RS (yellow), and
SRX RS® (black) structures.
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His255
Molecule A Thr280 Glu279

Molecule B

Molecule C K\

Fig. S13. Structural comparison of His255 of the SFEX NC (magenta) and SRX NC®" (gray)

structures.
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Glu279

His255

His100

His306

Fig. S14. The T2Cu site in the SRX RS" structure. (a) Coordinate structure of the T2Cu site.
The sigma-A-weighted 2F,-F; map (1.5 o) is shown as a gray mesh. (b) Comparison of the
conformation of His255. The SRX RS“" and SRX RS and SFX RS structures are shown by
orange, yellow, hot pink, respectively. The sigma-A-weighted 2F,-F, map (2.0 o) is shown as
a gray mesh. (c) Shift of the ligand chloride ion. The SRX RS“" and SFX RS structures are
shown by orange and hot pink, respectively. Chloride in the SRX RS structure and that in
the SFX RS structure is shown as a purple and green sphere, respectively.
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Sensor Loop (H95-D98-H100)
Bridging Water

ce
ggggg

H95

H306

H145

Fig. S15. Residues composing and connecting the T1Cu site and the T2Cu site. Dashed

yellow and black lines show H-bonds and coordination bonds.
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His306 b His306 . :':l
326' o°°339 365‘ LI 364

3%5 342 3.6203.62
o ©399 °° °.,365,a
His100 H|s100
His135 His135

Fig. S16. Interaction between His255 and His100 (molecule A). Dashed green lines show the
distance (A) from the imidazole atoms of His100 to the C*' atom of His255.
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His100
\\\.

Bridging Water

%255
\,_ =

Fig. S17. Dual conformation of Asp98 in the SRX RS structure (molecule A). Values shown
by red are the occupancies of each conformer. The sigma-A-weighted 2F,—F; map (1.2 o) is

shown as gray meshes.
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Fig. S18. The other possible reaction course predicted by computational chemistry (32). The
rotation of His255 can trigger PT to NO,'.
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C terminus

R

Fig. S19. The C-terminal residues of molecule B in the SFX NC structure. The
sigma-A-weighted 2F,—F. (1.0 ¢) map is shown as a gray mesh.
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Fig. S20. Water molecules in the substrate pockets. (a) A putative proton substrate channel
connecting the T2Cu site and the molecular surface (3, 4). (b), (c), and (d) describe the
distribution of water molecules observed around each T2Cu site in an A/NiR trimer. Water
molecules observed in the SRX RS, SRX RS®T, and SFX RS structures are illustrated as small

yellow, magenta, and black spheres, respectively.
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Fig. S21. CC\; and Ry of the data of SFX RS (a) and the data of SFX NC (b).
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Fig. S22. Paired refinement for determination of resolution of the SFX NC structure. Rx (y)
means that R values calculated at x A resolution with the model refined at y A resolution were
compared with those using the model refined at x A resolution. Blue and red columns show

Ryork and Ry, respectively.
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4. SI Tables

Table S1 | Data collection and refinement statistics for the SRX RS structures

SRX RS

SRX RS*T

Data collection
Beamline

X-ray dose (MGy)*
Temperature (K)
Wavelength (A)
Space group

Unit cell a, b, ¢ (A)
Resolution range (A)

SPring-8 BL26B1
1.21
100
0.9500
P2,2,2,
61.9,101.1, 146.2
50.0-1.20 (1.24-1.20)

SPring-8 BL26B2
0.14
293
0.9500
P2,2,2,
62.8,103.5, 147.2
50.0-1.56 (1.62-1.56)

Ryerge (%) 7.30 (76.3) 7.10 (72.6)
Ryim. (%) 3.0 (33.5) 3.6 (37.5)
Completeness (%) 98.2 (96.6) 99.6 (96.1)
Unique reflections 281,187 (27,375) 136,155 (13,020)
<l/e (I)> 22.9(2.2) 242 (2.2)
CCi (0.831) (0.745)
Redundancy 6.4 (5.8) 4944
Refinement

Resolution (A)
Ryork (%0)/ Riree (%0)
No. of protein atoms
No. of ligand atoms and ions
No. of water molecules
Average B (A%
All
Protein atoms
Water atoms
Other atoms
Ramachandran plot (%)
Favored
Allowed
Outliers

PDB code

49.7-1.20 (1.23-1.20)
12.9/16.8
8,217
86
1,094

17.8
16.4
27.4
30.8

99.5
0.5
0
4YSE

48.8-1.56 (1.60-1.56)
14.9/17.7
7,789
6
453

259
25.5
32.7
19.0

99.21
0.79
0
S5F7B

* Average dose (exposed region) for a crystal was estimated with RADDOSE-3D (33).
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Table S2 | Data collection and refinement statistics for the SFX RS structure

Data collection

XFEL beamline

SACLA BL3 (EH4)

X-ray dose (MGYy) 1.8-9.1
Temperature (K) 293 K
Wavelength (A) 1.771
Space group P2,2,2,
Unit cell a,b, c (A) 63.1,103.8, 147.8
Resolution range (A) 73.9-2.03
Rpiic (%) 11.24 (45.34)
Completeness (%) 100 (100)
Unique reflections 59,560 (5,853)
<I/e (I)> 6.97 (2.17)
CCyp, 0.980 (0.472)
Redundancy 147 (57.6)
Refinement

Resolution range (A)
Ryork (%0)/ Riree (%0)
No. of protein atoms
No. of heterogen atoms
No. of water molecules
Average B (A%
All
Protein atoms
Water atoms
Other atoms
Ramachandran plot (%)
Favored
Allowed

Outliers

PDB code

73.9-2.03 (2.08-2.03)
16.4/20.3
7,676
9
246

36.9
36.8
38.3
34.9

98.5
1.5

4YSC
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Table S3 | Geometries at the Cu sites in the RS structures (Molecule A, B, C)

parameter SRX RS SRX RS®T SFX RS
I. Type 1 Cu-Ligand Distances (A)
T1Cu-H95N®! 2.06, 2.02, 2.06 2.05,2.02, 1.98 2.22,2.10,2.03
T1Cu-C136S’ 2.21,2.23,2.20 2.12,2.19,2.15 2.18,2.13,2.20
T1Cu-H145N® 2.03,1.98, 1.99 1.98, 1.99, 2.03 2.00, 2.02, 2.00
T1Cu-M150S° 2.49,2.50,2.46 2.53,2.55,2.53 2.52,2.63,2.53
II. Type 2 Cu-Ligand Distances (A)
T2Cu-H100N® 1.97, 2.00, 2.02 1.93,2.03,2.01 2.06,2.11, 1.98
T2Cu-H135N% 2.01,2.02, 1.98 2.05, 2.05, 2.00 2.14,2.17,2.04
T2Cu-H306N* 2.03,1.99, 2.02 2.00,2.02,2.01 2.00, 2.04, 2.02
T2Cu-Wat0 2.32,2.33,2.32 2.20,2.18,2.28 % n/a
T2Cu-Wat0’ 2.28,2.34,2.24 2.15,1.99, 1.96 * n/a
T2Cu-Cl n/a n/a 2.21,2.22,2.22

a) Distances between T2Cu and water with 70% occupancy

b) Distances between T2Cu and water with 30% occupancy
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Table S4 | Data collection and refinement statistics for the SRX NC structures

SRX NC

SRX NCRT

Data collection
Beamline

X-ray dose (MGYy)
Temperature (K)
Wavelength (A)
Space group

Unit cell 4, b, ¢ (&)
Resolution range (A)

SPring-8 BL26B1
0.95
100
0.9500
P2,2,2,
61.4,102.2, 145.8
50.0-1.30 (1.35-1.30)

SPring-8 BL26B2
0.21
293
0.9500
P2,2,2,
62.9,103.7, 147.0
50.0-1.54 (1.60-1.54)

Ryerge (%) 7.0 (91.5) 9.2 (> 100)
Ryim. (%) 23314 4.0 (48.2)
Completeness (%) 99.9 (100) 100 (100)
Unique reflections 224,672 (2,236) 142,491 (14,098)
<l/e (I)> 32.6 (2.9) 23.2(1.8)
CCip (0.846) (0.683)
Redundancy 9.8(9.4) 7.0 (7.0)
Refinement

Resolution (A)
Rwork (%)/ Rfree (%)

No. of protein atoms

No. of ligand atoms and ions

No. of water molecules

Average B (A%
All

Protein atoms
Water atoms

Other atoms

Ramachandran plot (%)

Favored
Allowed
Outliers

PDB code

49.5-1.30 (1.33-1.30)
12.3/16.5
7,933
173
901

18.8
17.4
29.0
28.4

99.22
0.78

5D4H

48.9-1.54 (1.58-1.54)
15.1/18.0
7,789
15
432

24.9
24.5
31.7
22.8

99.01
0.89

0.1 (Gly229 Chain A)
SF7A
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Table S5 | Geometries at the Cu sites in the NC structures (Molecule A, B, C)

parameter SRX NC SRX NC*' SFX NC

I. Type 1 Cu-Ligand Distances (A)

T1Cu-H95N*! 2.05,2.02,2.03 2.02,2.01, 2.00 2.04,2.00, 1.98
T1Cu-C136SY 2.20,2.21,2.19 2.13,2.19,2.16 2.21,2.15,2.16
T1Cu-H145N% 2.07,2.04,1.98 1.92,1.93, 1.98 1.91,2.01, 1.96
T1Cu-M1508° 2.46,2.49,2.47 2.53,2.60, 2.54 2.56,2.58,2.53

II. Type 2 Cu-Ligand Distances (A)

T2Cu-H100N* 2.02,1.98,2.02 1.97,2.00, 1.98 2.00, 2.03, 1.98
T2Cu-H135N* 2.02,2.04,2.02 2.05,2.07,2.03 2.06,2.13,2.05
T2Cu-H306N* 2.04, 2.03,2.02 2.03, 2.00, 2.03 1.98, 2.00, 2.00
T2Cu-ligand Wat n/a, 2.14,2.15 n/a n/a

T2Cu-Nyitrite 2.10,2.17,2.21 2.24,2.31,2.27 2.27,2.27,2.30
T2Cu-O1 pirite 2.16,2.21,2.18 2.09, 2.01, 2.09 2.14,2.18,2.09
T2Cu-02irite 2.01,2.09,2.11 2.15,2.10,2.12 1.93,2.02, 2.06

I11. Other Distances (A) and angles (°)

D980%-02iire 2.44,2.44,2.35 2.65,2.73,2.68 2.67,2.70,2.56
O1-N-O2 angle 117.8,117.1, 115.5 116.1,116.8,114.4 125.1, 123.5,123.3
Inclination of nitrite* 69.2,70.4, 66.5 55.0,33.1,50.4 9.48,39.1, 22.6

* Inclination of nitrite is the angle formed by the Cu-O1-02 plane and the O1-N-O2 plane.
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Table S6 | Geometries of nitrite in high resolution CuNiR structures (A)

PDB code 1SIM? (ref. 27) 2BWI (ref. 4) 1KBV® (ref. 28) 3XIN (ref. 5) 1AS6° (ref. 29)
Resolution 1.40 1.10 1.95 1.55 1.80
T2Cu-Nuinic 233 (2.31-2.36)° 2.15 233 (2.30-2.43) 221 2.43 (2.35-2.49)
T2Cu-O1linic 232 (2.29-2.38) 2.19 2.57 (2.44-2.68) 2.52 228 (2.18-2.40)
T2Cu-02,init 2.06 (2.04-2.08) 1.98 2.03 (1.89-2.09) 2.13 220 (2.15-2.29)
Inclination of nitrite® 63.6 (58.8-68.7) 67.4 59.9 (34.7-74.1) 81.1 33.8 (6.22-64.62)

* Average of parameters of three monomers in the asymmetric unit. ° Average of parameters of six monomers in the asymmetric unit. © Average
of parameters of three monomers in the asymmetric unit. ¢ Values in parentheses are minimum and maximum values. © Inclination of nitrite is

the angle (degree) formed by the Cu-O1-O2 plane and the O1-N-O2 plane.
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Table S7 | Data collection and refinement statistics for the SFX NC structure

Data collection
XFEL beamline
X-ray dose (MGYy)
Temperature (K)
Wavelength (A)
Space group

Unit cell a,b, c (A)
Resolution range (A)
Ripiic (%)

SACLA BL3 (EH4)
5.5-27.3
293 K
1.149
P2,2:2,
63.0,103.0, 147.4
28.97-1.60 (1.66-1.60)
5.01 (156.79)

Completeness (%) 100 (100)
Unique reflections 120,357 (11,892)
<l/e (I)> 11.87 (1.00)
CCyp, 0.996 (0.251)
CCano 0.0289 (-0.00109)
Redundancy 1079.0 (1021.6)
Refinement

Resolution range (A)
Ryork (%0)/ Riree (%0)
No. of protein atoms
No. of heterogen atoms
No. of water molecules
Average B (A%
All
Protein atoms
Water atoms
Other atoms
Ramachandran plot (%)
Favored
Allowed

Outliers

PDB code

28.97-1.60 (1.63-1.60)
16.5/19.6
7,915
15
330

37.0
36.9
38.7
36.5

98.7
1.3

5DA4l1
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Table S8 | Data collection and refinement statistics for the SRX RS" structure

Data collection
Synchrotron beamline
X-ray dose (MGYy)
Temperature (K)
Wavelength (A)

Space group

Unit cell @, b, ¢ (A)
Resolution range (A)

SPring-8 BL44XU
0.08
100
1.7500
P2,2,2,
61.4,102.2, 144.5
50.0-2.00 (2.07-2.00)

Runerge (%0) 15.0 (> 100)
Rpim. (%) 3.9 (39.5)
Completeness (%) 100 (100)
Unique reflections 62,159 (6,125)
<Ille (I)> 19.2 (1.80)
CCip (0.769)
Redundancy 24.2 (24.0)
Refinement

Resolution (A)
Ryork (%0)/ Riree (%0)
No. of protein atoms
No. of ligand atoms and ions
No. of water molecules
Average B (A%
All
Protein atoms
Water atoms
Other atoms
Ramachandran plot (%) (Az)
Favored
Allowed
Outliers

PDB code

24.8-2.00 (2.05-2.00)
18.2/23.2
7,683
81
385

33.1
32.8
36.2
46.7

98.2
1.8

5D4)
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Table S9 | Geometries at the Cu sites in the SRX RS" structure (Molecule A, B, C)

parameter SRX RS“"
I. Type 1 Cu-Ligand Distances (A)
T1Cu-H95N" 2.33,2.12,1.98

T1Cu-C136S’
T1Cu-H145N%
T1Cu-M1508°

T2Cu-H100N*
T2Cu-H135N*
T2Cu-H306N*
T2Cu-ClI

2.12,2.13,2.28
1.98, 2.05, 2.08
2.44,2.43,2.53

II. Type 2 Cu-Ligand Distances (A)

2.10, 1.99, 2.04
2.06,2.12,2.11
2.05,2.09,2.06
2.27,2.34,2.17

Table S10 | Observed residues in the present structures.

SRXRS SRXRS®' SRXRS®® SRXNC SRXNC® SFXRS SFX NC
Resolution (A) 1.20 1.56 2.00 1.30 1.54 2.03 1.60
Beamline BL26B1 BL26B2  BL44XU  BL26BI BL26B2 BL3 BL3
Molecule A A4—-T340 A4-G339 A6-T340 A4-T340 A4-G339 A4-G339 A6-G339
Molecule B A4-T340 A4-T340 A4-G339 A4-R344 A4-T340 A4-G339 A4—R344
Molecule C ~ A4-T340 A4-G339 A4-G339 A4-V342 A4-G339 A4-S338 A6-G339
Total amino
1011 aa 1009 aa 1007 aa 1017 aa 1009 aa 1007 aa 1009 aa

acids
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