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Abstract

Many bacteria can switch from oxygen to nitrogen oxides, such as nitrate or nitrite, as terminal electron
acceptors in their respiratory chain. This process is called “denitrification” and enables biofilm formation of the
opportunistic human pathogen Pseudomonas aeruginosa, making it more resilient to antibiotics and highly
adaptable to different habitats. The reduction of nitrite to nitric oxide is a crucial step during denitrification. It is
catalyzed by the homodimeric cytochrome cd; nitrite reductase (NirS), which utilizes the unique
isobacteriochlorin heme d; as its reaction center. Although the reaction mechanism of nitrite reduction is
well understood, far less is known about the biosynthesis of heme d,. The last step of its biosynthesis
introduces a double bond in a propionate group of the tetrapyrrole to form an acrylate group. This conversion is
catalyzed by the dehydrogenase NirN via a unique reaction mechanism. To get a more detailed insight into
this reaction, the crystal structures of NirN with and without bound substrate have been determined. Similar to
the homodimeric NirS, the monomeric NirN consists of an eight-bladed heme d;-binding B-propeller and a
cytochrome ¢ domain, but their relative orientation differs with respect to NirS. His147 coordinates heme d; at
the proximal side, whereas His323, which belongs to a flexible loop, binds at the distal position. Tyr461 and
His417 are located next to the hydrogen atoms removed during dehydrogenation, suggesting an important
role in catalysis. Activity assays with NirN variants revealed the essentiality of His147, His323 and Tyr461, but
not of His417.

© 2019 Elsevier Ltd. All rights reserved.

d;. These cofactors are located in two distinct
domains that together build the three-dimensional
structure of NirS. Heme cis attached to the N-terminal
cytochrome ¢ domain via the cysteine residues of the

Introduction

Cytochrome cdj nitrite reductase (NirS) is essential
for many denitrifying bacteria such as the opportunis-

tic human pathogen Pseudomonas aeruginosa [1,2].
During denitrification, nitrite reductase NirS catalyzes
the reduction of nitrite (NO2) to nitric oxide (NO) [3,4].
The homodimeric, periplasmic enzyme carries two
different tetrapyrrole cofactors, namely, a covalently
attached heme ¢ and a non-covalently bound heme

0022-2836/© 2019 Elsevier Ltd. All rights reserved.

characteristic CxxCH motif. The isobacteriochlorin
heme d; (Fig. 1) is a unique tetrapyrrole that is
bound within a large eight-bladed B-propeller at the
C-terminus [5,6]. For nitrite reduction, heme c acts as
the entry point for the required electron, which is
provided by an external electron donor such as the
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Fig. 1. Structures of dihydro-heme d; and heme d; and the NirN reaction. (a) NirN catalyzes the dehydrogenation of the
ring D propionate side chain of dihydro-heme d, yielding the acrylate side chain of heme d;. The numbering of the carbon
atoms and the pyrrole rings is indicated for dihydro-heme d;. The site of dehydrogenation is highlighted in red. (b) In the
in vitro enzyme activity assay, the two-electron oxidation of the propionate side chain goes along with the reduction of

the heme c cofactor and the reaction product heme d;.

small cytochrome css¢ [4,7,8]. The electron is then
further transferred to heme dj, at which the reduction
of nitrite takes place [9,10]. The produced NO is
released upon re-reduction of the heme d; [11]. The
low affinity of NO to ferrous heme d, is attributed to the
unusual chemical structure of heme dj, which is unlike
that of any other heme [12]. Due to the combination of
methyl and acetate groups at positions C-2 and C-7
and the two unique carbonyl groups at positions C-3
and C-8 of pyrrole rings A and B, heme d, possesses
the structure of an isobacteriochlorin instead of a
porphyrin as found in other hemes. Moreover, heme
d; carries an acrylate side chain at position C-17 of
pyrrole ring D [13]. This acrylate originates from a
propionate moiety that is converted into the acrylate
group via a dehydrogenation reaction, leading to
double-bond formation (Fig. 1). This reaction repre-
sents the last step of the heme d; biosynthesis
pathway, taking place in the periplasm and being
catalyzed by the enzyme dihydro-heme d; dehydro-
genase (NirN) [14]. Recombinant NirN was first
purified from the periplasmic protein fraction of P.
aeruginosa and was shown to be a monomeric c-type
cytochrome in accordance with its conserved CxxCH
motif. However, unlike NirM and NirC, NirN does not
act as an electron acceptor for NirS [15]. Interestingly,
the amino acid sequence of NirN exhibits 24% identity
to NirS, including significant homology in the heme d,
binding site. Accordingly, it was demonstrated that

NirN from Paracoccus pantotrophus binds heme d,
in vitro, utilizing His141 as interaction partner, but is
unable to function as a nitrite reductase [16]. At this
point, it was still believed that NirN is not involved in
heme d, biosynthesis, because AnirN strains from
P. pantotrophus and P. aeruginosa both showed no
major growth defect under denitrifying conditions
[15,16]. Subsequently, it was shown that NirS from
the P. aeruginosa AnirN strain has an altered UV/Vis
absorption spectrum, providing a first hint for NirN
playing a role in heme d,; biosynthesis [17]. The
physiological role of NirN as the last enzyme of heme
d, biosynthesis was finally revealed by the isolation of
NirS carrying dihydro-heme d; from the P. aeruginosa
AnirN strain and by an in vitro enzyme activity assay
showing that purified NirN acts as a dehydrogenase
on dihydro-heme d; [14]. NirN is an unusual dehydro-
genase that, unlike other dehydrogenases, does not
employ redox cofactors such as FAD or NAD* to
introduce a double bond in its substrate [14]. Instead,
NirN uses the covalently attached heme c as the only
cofactor required for the conversion of dihydro-heme
d, into heme d, [14]. The in vitroenzyme activity assay
with purified, oxidized (ferric heme ¢) NirN and ferric
dihydro-heme d; demonstrated that one electron of
the two-electron oxidation reaction is transferred to the
heme c cofactor of NirN, yielding ferrous heme ¢ [14].
The second electron remains on the reaction product,
which consequently is ferrous heme d; [14] (Fig. 1).
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For another round of catalysis, the reaction product
must be released and heme ¢ has to be re-oxidized to
the ferric state. The physiological electron acceptor for
this regeneration step is currently not known. It is also
not known whether the NirN-bound heme d; is
transferred directly to NirS or if the incorporation of
the cofactor into its target enzyme requires other
proteins in vivo. It was shown that NirN and NirS
interact with each other in vivo[17], and the transfer of
heme d; from NirN to NirS was possible in vitro [16].
However, many open questions remain. For example,
the active-site amino acid residues required for
substrate binding and turnover are not known.
Therefore, the objectives of this study were (i) to
obtain a three-dimensional structure of NirN with and
without bound substrate or product in order to identify
the active site of the enzyme and (ii) to investigate the
function of conserved amino acid residues within the
active site.

Results and Discussion

Crystallization of NirN and structure determination

Purified, recombinant NirN from P. aeruginosa PAO1
carrying an N-terminal Strepll-tag [14] was crystallized
by the sitting drop vapor diffusion method in various
polyethylene glycol-containing conditions with poly(L-
glutamic acid) as a necessary additive. The red NirN
crystals diffracted x-rays to a resolution of 1.94 A. Initial
phases were obtained by molecular replacement using
the BALBES pipeline [18], which identified the coordi-
nates of NirS (P. aeruginosa, PDB ID: 1NIR) [5] as a
suitable search model. Two polypeptide chains were
placed into the asymmetric unit, corresponding to two
independent N|rN monomers with an average surface
area of 19.4 kA2 as determined by PISA [19]. The
monomeric state of NirN found in the crystal is in
accordance with the monomeric behavior of NirN in
solution that has been described previously [15]. The
electron density was sufficient to trace both polypeptide
chains and to place one covalently attached heme cper
chain as well as one molecule of the cryoprotectant
(R,R)-2,3-butandiole at a crystallographic interface.
Both chains are nearly identical as judged by the low
rmsd of 0.613 A between C, positions. Since chain B
exhibits a lower overall temperature factor (35.5 =
16.4 A?)than chain A (47.5 + 22.0 A?), the discussion
focuses on chain B except stated otherwise. Data
collection and refinement statistics are listed in
Supplementary Table 1. Representative electron
density maps can be found in Supplementary Fig. 1a.

Overall structure

The overall structure of NirN is composed of two
distinct domains that are connected by a long linker

segment (Fig. 2 and Supplementary Fig. 2). The
N-terminal domain (residues 3-75) harboring the
heme c cofactor (cyt-c domain) possesses an a-helical
cytochrome c¢ class | fold [20] with axial histidine/
methionine coordination of the heme cironion [20,21].
The cyt-c domain sits on top of the larger C-terminal
domain (residues 114—-468), which exhibits an
eight-bladed B-propeller fold and resembles the
heme d;-binding domain of NirS [5,6]. Therefore, we
name the C-terminal domain of NirN the “d; domain.”
The linker segment (residues 76—113) connecting the
cyt-c with the d; domain exhibits two loop regions
separated by a short a-helix. Overall, the structure of
NirN strongly resembles the structure of a NirS subunit
with similar domain setup and linker position, as is also
confirmed by a search for homologous protein
structures within the Protein Data Bank using the
DALI server [22]. This search revealed NirS as
the closest structural homolog with rmsd values of

2.4-38 A and Zscores in the range of 46.7-36.4
depending on the respective NirS structure. However,
the relative position of the cyt-c domain toward the d,
domain is unique in NirN and differs from that observed
in NirS structures (Fig. 3a). The superposition of the
NirN structure with the structure of wild-type (wt) NirS
from P. aeruginosa (PDB ID: 1NIR) [5] created by
aligning the respective d; domains shows that the cyt-c
domain of NirN is rotated by approx. 60° around an axis
parallel to the pseudo-8-fold axis of the B-propeller.
A similar rotation of the cytochrome cdomain relative to
the B-propeller was observed in the structures of the
NirS variants H327A (PDB ID: 1HZU; Fig. 3a) and
H369A (PDB ID: 1HZV) [23] from P. aeruginosa as well
as in structures of NirS from P. pantotrophus crystal-
lized under reducing conditions (PDB ID: 1H9X) [24]. In
addition to the 60° rotation, the cyt-c domain of NirN is
also tilted by about 90° when compared to wt NirS.
Overall, the described orientation of the cyt-cdomain in
NirN results in a different interaction interface with the
d; domain than that observed in NirS (discussed in
more detail below).

Cytochrome ¢ domain

The cyt-c domain of NirN adopts a cytochrome ¢
class | fold with four a-helices and one 3i5-helix
(Fig. 2 and Supplementary Figs. 2 and 3). Heme cis
covalently attached to the protein via thioether
linkages with cysteine residues Cys13 and Cys16,
and its central iron ion is coordinated by His17 and
Met55 (Fig. 3b). The coordination by histidine
and methionine was already proposed for NirN
from P. pantotrophus based on amino acid se-
quence analysis [16]. The heme ¢ binding pocket of
NirN is mostly hydrophobic (Pro27, Leu29, Leu34,
Leud7, lle46, Phe58, Leu62, Leu70, Leu74) and
similar to that of NirS. The propionate side chain of
pyrrole ring D of the heme c¢ in NirN is involved in
polar interactions with residues Arg50, Tyr144 and
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Fig. 2. Crystal structure of NirN from P. aeruginosa. Cartoon representation of chain B viewed from the side (a) and from
the top (b). The cyt-c domain (residues 3-75) is colored in dark red, the linker section (residues 76—113) in deep-blue and
the d1 domain (residues 114—468) in dark-green. Heme c is shown as ball-and-stick model, and the amino acid residues
Cys13, Cys16, His17 and Met55 are depicted as sticks. The protein surface is indicated in light gray.

Arg164, the latter two originating from the d, bridging water molecule. These polar interactions
domain (Fig. 3b). The propionate carboxylate of the heme c¢ propionate groups are unique for
group of ring C is in contact with His124 via a NirN, since the location and orientation of its cyt-c

NirS-H327A

Fig. 3. Domain interface analysis. (a) Top view of NirN, NirS (PDB ID:1NIR) and NirS H327A (PDB ID:1HZU [23]) in
cartoon representation depicted from the same point of view after superposition of the d; domains. Note the different
domain orientations. Domains of NirN and NirS are colored according to Fig. 2. Heme ¢ in pink and heme d; in cyan are
presented as ball and sticks. (b) Detailed view of the N-terminal cyt-c domain of NirN. Heme cis covalently attached to the
protein via residues Cys13 and Cys16. The axial ligands of the central iron ion are His17 and Met55. The propionate side
chains of heme c are coordinated by residues Arg50, Arg164, Tyr144, His124 (via water) and several water molecules.
Metal-ligand bonds are shown as gray solid lines. (c) Detailed view of domain interface of NirN. Interacting amino acids
depicted as sticks, water molecules as small red spheres and hydrogen bonds indicated as yellow dashed lines.
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domain relative to the d; domain are different from
the situation in NirS.

d; domain

The d; domain of NirN adopts a B-propeller fold with a
secondary structure topology strikingly similar to that of
the heme d;-binding domain of NirS (Fig. 2 and
Supplementary Figs. 2 and 3). It consists of eight
four-stranded, twisted and antiparallel (3-sheets ar-
ranged in a circular shape that finishes with a short a-
helix at the C-terminus, which partially closes the
bottom of the propeller. Except for the first B-sheet,
each sheet starts with the N-terminal strand within the
propeller and ends with the C-terminal strand at the
outer edge. In the case of the first sheet, the innermost
strand ($32) belongs to the C-terminus of the protein
and the second strand (1) represents the N-terminus
of the d; domain. This sheet is the closing point of the
propeller and enables the C-terminal a-helix (a6) to
partially close the propeller from the bottom. Interest-
ingly, the refined B-factors of the d; domain indicate that
the second half of the B-propeller is more flexible than
the other (Supplementary Fig. 4a). Although this is
more significant in chain A, it is present in both chains
and may therefore be an inherent property of NirN
required for its activity. The long linker segment
(residues 76—113) connecting the cyt-c with the d,
domain wraps around the propeller, covering the outer
edge of B-sheet 2 and finally merging into strand 1 of
the first propeller-sheet (Fig. 2 and Supplementary
Figs. 2 and 3). Overall, the topology, location and
conformation of the linker segment of NirN are almost
identical to those of NirS.

Domain interface

As described above and illustrated in Fig. 2, the
cyt-c domain sits on top of the d; domain where it
covers 3-sheets 1 and 2 at the upper side of the
B-propeller. The propionate side chains of heme ¢
point toward the d; domain and their carboxylate
groups are involved in inter-domain contacts with
Tyr144 and Arg164 for the ring D propionate
and with His124 (via water) for the ring C propionate
(see above). As depicted in Fig. 3c, several amino
acid residues mainly residing on the loops at the top
of B-sheets 1, 2 and 3 of the d; domain (Arg164,
Asp165, Arg183, Leu186 Asn187) establish direct
polar contacts or contacts bridged by water with
residues on the loop connecting a-helices 2 and 3 of
the cyt-c domain (Leu22, Thr28, Glu32 and Ser33).
In addition, residues Leu22 and Leu30 of the cyt-c
domain as well as Leu186 and Leu206 of the d,
domain together with Pro82 located within the linker
segment create a hydrophobic region involving both
domains and the linker. The specific hydrophilic and
hydrophobic inter-domain interactions stabilize the
location and orientation of the cyt-c domain relative

to the d; domain. Most of the amino acid residues
participating in inter-domain interactions are at least
functionally conserved in NirN proteins from different
organisms with exception of Thr28 and Tyr144,
the latter being more commonly a phenylalanine
(Supplementary Fig. 3). Arg164 and Arg183 are
strictly conserved in NirN, highlighting their impor-
tance for the domain interaction. More thorough
analysis utilizing models without the connecting linker
revealed that the heme d; and cytochrome ¢ domains
in NirN would not form a stable complex according to
calculations with PISA [19]. Similar predictions were
obtained for NirS. Therefore, it is obvious that the
linker is responsible for positioning the cytochrome ¢
domain on top of the d; domain and for enabling inter-
domain flexibility. In case of NirS, this flexibility is
considered as part of the reaction cycle [11]. For NirN,
only a single domain orientation was observed here;
however, other orientations might also be possible.

NirN crystal derivatization

A major aim of this work was to obtain a NirN
structure in complex with its substrate or product in
order to gather new insights into the active-site
architecture and the identity of amino acid residues
involved in catalysis. Toward this, NirN crystals were
soaked in reservoir solution containing either dihydro-
heme d; (substrate) or heme d; (product). During this
procedure, the color of the crystals changed from red to
green/brown, indicating the binding of the tetrapyrrole.
However, for the soaking with heme d; the red color
was not completely abolished (Supplementary Fig. 5).
Subsequently, we found a new electron density located
inside the ring of the d; domain. For maps derived from
crystals soaked with dihydro-heme d;, the electron
density was clear enough to place a d;-type heme
(DHE) in the model (Fig. 4a and Supplementary Fig. 6).
In case of the heme dj-soaked crystals, the resulting
electron density was insufficient to describe the
tetrapyrrole completely, probably due to low occupancy
of the ligand. Therefore, we chose to only interpret the
structure obtained from dihydro-heme d;-soaked crys-
tals, which could be refined to an R, of 0.192 and an
Rrree 0f 0.235 at a resolution of 2.36 A. Data collection
and refinement statistics are listed in Supplementary
Table 1, and representative electron density maps can
be found in Supplementary Fig. 1b. The B-factors of the
DHE molecule, which are similar to residues of the less
flexible side of the d{-domain, indicate that the binding
site is fully occupied (Supplementary Fig. 4b). This was
also corroborated by refining DHE at different occu-
pancies. Here, remaining positive | Fo — Fc| density at
occupancy values lower than 0.8 also hinted at a high
degree of loading (not shown). Since many enzymes
remain active in the crystalline state and NirN crystals
were soaked with the substrate dihydro-heme d;, the
bound tetrapyrrole might be either the substrate or the
reaction product of NirN, which differ only in the
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Fig. 4. Crystal structure of the NirN/DHE complex. (a) Overview of NirN with bound DHE depicted as light blue ball and
stick model. The blue mesh indicates the F, soaked — Fo,unsoaked Map calculated utilizing the phases of the NirN structure
without bound DHE at a a-level of 2.5. (b—e) Depiction of amino acid residues coordinating DHE. The positions of residues
of the superposed NirN structure without DHE are depicted as black lines. Parts of the backbone have been excluded for

better visibility of the binding side.

absence or presence of a double bond in the
propionate side chain at pyrrole ring D. Due to the
moderate resolution, it is not possible to clearly
distinguish between these two possibilities, and even
a mixture of substrate and product might be present.
Therefore, we will refer to the bound tetrapyrrole as
DHE (for DHE) in the following discussion. Despite the
unknown reaction state of the NirN/DHE complex, the
structural data unequivocally reveal the localization
and orientation of the DHE molecule within the active
site of NirN and allow the identification of DHE-
coordinating amino acid residues.

Structure of NirN in complex with DHE

The DHE molecule binds to the dy domain of NirN,
where it vertically dives into the upper half of the central,
formerly empty cavity of the B-propeller (Fig. 4a). The
propionate side chains of pyrrole rings C and D point
toward the bottom of the d; domain, while the carbonyl
of ring A and the acetate group of ring B are oriented
upward. The iron-to-iron and edge-to-edge distances
between DHE and heme c¢ are 23.0 and 10.2 A,
respectively. DHE binds to NirN without changing the
overall structure or inducing larger conformational
rearrangements except for the loop connecting the
propeller sheets 5 and 6 (residues 317-327), further
referred to as the binding loop (B-loop) here.

Movement of the B-loop

In the structure of NirN without DHE, the central
part of the B-loop forms a 31o-helix stabilized from one
side through interactions with residues of the loop
connecting B-strands 21 and 22 of sheet 6

(Supplementary Fig. 7a). In addition, Ser326 is
engaged in a hydrogen bond with the backbone
carbonyl of Phe369, which is part of the loop
connecting sheets 6 and 7. From the other side,
the B-loop is stabilized by an interaction between the
side chain of Asp282 and the backbone amides of
His323 and Leu324.

At least two different conformations of the B-loop
can be discerned in the NirN/DHE complex. While
the first conformation resembles the NirN structure
without DHE (Supplementary Fig. 7c), the second
leads to the formation of a specific ligand recognition
motif. In this conformation, Phe369 is pushed
toward the protein and consequently loses its
contact to Ser326 (Supplementary Fig. 7b). The
reorientation of Tyr240 toward DHE leads to
rearrangement of the hydrophobic interface be-
tween B-sheets 4 and 5 (Supplementary Fig. 7d)
and forces Asp282 to release the B-loop. Together,
these local rearrangements lead to a movement of the
B-loop that enables His323 to coordinate the central
iron ion of DHE and allows Ser326 to form a water-
mediated contact to the carboxylate of pyrrole ring D
(Supplementary Fig. 7b). Notably, both conformations
of the B-loop refine to very high but similar B-factors
(>120 A?) and to comparable occupancy values
(chain A, conformation 1/conformation 2: 0.56/0.44;
chain B: 0.39/0.61). The high B-factors reflect
that this loop is part of the more flexible half of the
d; domain (Supplemental Fig. 4). Remaining
unexplained electron density indicates that the two
conformations are not sufficient to model the
flexibility of the B-loop fully (Supplemental Fig. 7e).
It is unclear why the B-loop adopts these different
conformations despite the fact that the ligand
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binding site is fully occupied by DHE (see above).
Potential explanations include the presence of
substrate and product in different oxidation states
of the iron cation, which may steer the B-loop toward
coordinating the ligand or not.

DHE binding site

The DHE molecule binds to the active site via
numerous interactions with the surrounding amino
acid residues. The central iron ion of DHE is
coordinated by the highly conserved His147, which
acts as an axial ligand on one side of the tetrapyrrole.
For this, the side chain of His147 swings into the active
site by a ~90° movement compared to its orientation
in the NirN structure without DHE (Fig. 4c). This
histidine has previously been implicated in heme d,
binding by exchange of the corresponding residue in
P. pantotrophus NirN (His141) against alanine [16].
The second axial iron ligand is His323 described
above. The hydrophobic side of the northern half of
DHE (methyl groups of pyrrole rings A and B) is
surrounded by a hydrophobic patch composed of
amino acid residues 11e343, Phe369, Phe370,
Phe385, Leu386 and Trp432, of which Phe369,
Phe385 and Leu386 move upon substrate binding in
order to accommodate the tetrapyrrole (Fig. 4b). The
hydrophobic character of this binding patch is
conserved in NirN and NirS (Supplementary Fig. 3).
The polar carboxyl and carbonyl moieties of rings A
and B are coordinated by three highly conserved
arginine residues and thus experience a positively
charged environment (Fig. 4c). Arg164, which forms a
hydrogen bond with one of the heme ¢ carboxylates in
the absence of DHE, makes a similar 90° tilting
movement toward the ligand as His147 upon sub-
strate binding. In its new position, Arg164 forms
hydrogen bonds to the carboxylate groups of pyrrole
rings A and B of DHE. For Arg36, which is part of the
cytochrome ¢ domain, two alternative conformations
can be distinguished in the electron density, both
different from the one observed in NirN without DHE.
In one of these conformations, the guanidinium group
stacks with that of Arg164 and in the other it contacts
the carbonyl and carboxyl groups of ring A of DHE.
Finally, the carbonyl oxygen of ring B in DHE accepts
a hydrogen bond from Arg189.

The southern half of DHE perfectly fits into the active
site of NirN with almost no adjustments of the
interacting residues. The carboxylate group of the
ring C propionate moiety is held in position by
hydrogen bonds with the side chains of Lys151 and
Asn190 as well as with the backbone amide of Gly149
(Fig. 4d). Interestingly, Gly148 undergoes a peptide
flip upon substrate binding, locating the backbone
amide of Gly149 between the carboxyl group of ring C
of DHE and the C-17" atom, from which a hydrogen
needs to be abstracted during catalysis. This might
enable the amide to work as a relay for the carboxyl

group to remove a proton from this position. These
residues are all strictly conserved in NirN. Tyr240,
already mentioned above, completes the environment
of the ring C propionate (Fig. 4e). The propionate
group of pyrrole ring D, which is the site of the
dehydrogenation, has a similar binding pocket pro-
vided by Tyr461, Lys466 and His417 (compared to
Tyr240, Lys151 and Asn190, respectively), although
the amino group of Lys466 is slightly more distant from
the propionate carboxylate of ring D (4.0 A from N( to
the nearest carboxylate oxygen) than its counterpart
of ring C (2.8 A) (Fig. 4d and e). This is compensated
by Arg372, which also participates in the coordination
of the ring D propionate at a distance of about 3 A to
one of the carboxylate oxygen atoms (Fig. 4e). The
side-chain nitrogen atoms of His417 (Ng) and Asn190
have the same relative position toward the carboxyl-
ate of their respective propionate group with a
distance to the nearest oxygen of 2.9 A. As the
dehydrogenation reaction is only performed at the
propionate side chain of ring D of DHE [14], His417
may directly be involved in catalysis. In addition,
together with Lys466 and Arg372, it provides a
positively charged environment for the accommoda-
tion of the ring D carboxylate group. Finally, the
phenolate oxygen atom of Tyr461 is located at a
distance of 3.3 A from the propionate carbon C-172
and at 3.4 A from C-17" (Fig. 4d). Thus, Tyr461 might
be required for catalysis by abstracting either a proton
or a hydrogen atom during the dehydrogenation
reaction. All of the described amino acid residues
surrounding the ring D propionate are highly con-
served in NirN proteins, indicating their importance for
substrate binding and/or catalysis.

Comparison of DHE binding in NirN with heme
d, binding in NirS

The position and orientation of DHE in the NirN/DHE
complex are very similar to the position of heme d; in
structures of NirS. Several amino acid residues
involved in tetrapyrrole binding are either identical or
functionally conserved. As the overall setup of both
enzymes is identical, differences in the heme d;
binding site might highlight residues important for NirN
function. In the following, the comparison of the
binding sites is limited to residues interacting with
heme d, at the central iron, the propionate side chain
of ring D and the oxo-groups of rings A and B
(Supplementary Figs. 8a, 8b and 3). In NirS, the only
axial heme d; iron ligand is His182 (P. aeruginosa
numbering), whereas His369 and His327 are involved
in nitrite binding on the opposing side. In NirN, in
contrast, two axial ligands (His147, His323) are
present, emphasizing that no additional substrates
are used in the heme d, binding site of this enzyme.
The oxo-groups of DHE are coordinated by Arg36
and Arg189in NirN. In NirS, only the carbonyl of ring B
is ligated by Tyr245. The biggest differences
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between NirN and NirS are found next to the site
of propionate dehydrogenation at the D-ring. In
NirN, Tyr4d61 and His417 are close to the
hydrogens that are removed during catalysis,
whereas the corresponding residues in NirS are
the non-reactive Phe533 and GIn483, respective-
ly. In addition, as outlined above, the backbone
atoms of Gly148 and Gly149 might be important
for NirN function, since these residues reside
between both propionates of DHE. In NirS, the
backbone of the corresponding residue 1le183 is
pushed away from the acrylate as its side chain is
oriented toward heme d;.

Potential electron tunneling pathway

Due to the different orientations of the cytochrome ¢
domains relative to the d; domains in NirN and NirS,
there are also significant differences in the position of
DHE/heme d, relative to the respective heme ¢
cofactor, yet this results in almost no impact on the
heme-to-heme distances (Supplementary Table 2).
However, due to the unique domain orientation in
NirN, an intriguing connection between the DHE iron
ion and the propionate side chains of the heme cis
established via four amino acid residues, namely,
from His147 to Tyr144. Indeed, calculations done with
the PATHWAYS tool [25,26] predict this heme-
connecting loop as a likely electron tunneling pathway
between the two hemes (Supplemental Fig. 8c). The
predicted electron jump between Tyr144 and the
propionate of heme ¢ does not consider the hydroxyl
group of tyrosine as part of the pathway, which may
explain why the tyrosine is often replaced by a
phenylalanine in NirN from other species. The same
calculations for NirS from P. aeruginosa predict a
different electron migration route between heme cand
heme d;, connecting them via a water molecule and
Gly49 and Cys50 of the cytochrome-c domain
(Supplementary Fig. 8d), in line with the different
inter-domain orientation in NirS. An identical pathway
in NirS was predicted by Wherland et al. [27], who
utilized a similar calculation method.

Redox potentials of dihydro-heme d; and heme d,

Formal potentials (E®) of isolated dihydro-heme d,
and heme d;, derived from the oxidation and reduction
peak potentials in cyclic voltammetry (CV), were
obtained at pH 7.2 using pyrolytlc graphite edge-
plane (PGE) electrodes, giving values of E°
+141 mV and E® = +175 mV versus standard hy-
drogen electrode (SHE) for dihydro-heme d; and
heme d;, respectively (Supplementary Fig. 9, Sup-
plementary Table 3). The more positive redox
potential of heme d; (AE = 34 mV) implies that the
ferrous iron is thermodynamically more stable (lower
energy) in heme d; than in the precursor molecule,
dihydro-heme d;.

Redox potentials of NirN and NirN-bound heme d,;

CV data for purified NirN were obtained at different
pH values (see all raw and analyzed data in
Supplementary Fig. 10 and Supplementary Table 4).
The voltammograms show that NirN (pH 7.2) exhibits
two distinct redox peak pairs, one at E° = =106 mV
and the second centered at E° = + 141 mV. Whereas
the signal at higher potential (+141 mV) is attributed
to the Met/His-coordinated heme c¢ of NirN, the
low potential signal (-106 mV) might represent a
so-called “Met-loss” conformation. During “Met-loss,”
the Met-ligand is removed from the iron ion of heme c,
as previously described for other class | cytochromes
¢ and specifically occurs when these proteins are
attached to PGE electrodes [28]. In line with the
literature, the potential of the NirN “Met-loss” state is
sensitive to pH changes, as determined within a range
of pH 6.0 (-47 mV) to pH 8.2 (-123 mV), while the
potential of the Met/His-ligated heme ¢ is much less
pH-dependent (+156 mV at pH 6.0 and + 139 mV at
pH 8.2). Redox potentials were also determined
after incubating NirN with dihydro-heme d; or heme
d; at pH 7.2. The presence of either tetrapyrrole had
no influence on the occurrence of the Met-loss
conformation. In the higher potential region, only a
single voltammetric wave can be observed at
approx. +168 mV for both NirN in the presence
of dihydro-heme d; or heme d; (Supplementary
Table 4). In this region, the potentials of heme ¢ and
substrate or product are too close to be voltamme-
trically dlsentangled However, in both cases, the
observed E° is very close to that of heme d;,
suggesting that dihydro-heme d; was converted to
heme d; in the course of the measurement. This is
supported by the E® determined for NirN variant
Y461F, which is catalytically inactive (see below).
In this case, the high potential signal is detected at
about +136 mV both in the presence and absence
of dihydro-heme dj, and this value matches that of
heme c and that of dihydro-heme d;. Taken together,
the formal potential of the normal Met/His-ligated
heme c equals that of the substrate dihydro-heme d ,
allowing the electron transfer from the substrate to the
cofactor. In contrast, the formal potential of heme d is
more positive, which is in line with our observation that
the reaction product remains in the ferrous state.

Characterization of amino acid residues involved
in substrate binding and catalysis

The crystal structure of the NirN/DHE complex
revealed the location of the active site and identified
amino acid residues involved in DHE coordination. In
order to study the importance of selected active-site
residues in more detail, several single-residue NirN
variants were generated. The structural integrity of
these variants was confirmed by determination of
their melting temperature (Supplementary Table
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5,) and they were then analyzed for their ability to
bind the substrate dihydro-heme d; and to
catalyze the dehydrogenation reaction. For this
purpose, the proteins were mixed with the sub-
strate, and binding and reaction progress were
followed under aerobic conditions by UV/Vis
absorption spectroscopy (Figs. 5 and 6). At the
outset of these assays, the heme c cofactor was in
the oxidized (ferric) state as indicated by a broad
absorption band around 528 nm. The unbound
dihydro-heme d;, also in the ferric state, displays
a broad absorption band around 671 nm. Upon
mixing of wt NirN with the substrate, a new
absorption maximum at 610 nm appeared imme-
diately, indicating the binding of dihydro-heme d,
to the enzyme (Fig. 5a). Mixing also starts the
reaction, which is evidenced by the immediate
emergence of absorption peaks at 522 and
551 nm, representing the reduced (ferrous)
heme ¢, and a shoulder around 636 nm, indicative
of the formation of ferrous enzyme-bound heme d.
The traces shown in Fig. 5a indicate that wt NirN
completes the reaction within 1 min, but that heme ¢
re-oxidizes under the chosen assay conditions
(decrease of the peaks at 522 and 551 nm), while
heme d; remains in the enzyme-bound ferrous state.
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Tyrosine 461 is essential for catalysis

The NirN/DHE complex structure revealed that the
side chain of Tyr4d61 may be required for hydrogen
atom abstraction during the dehydrogenation of
dihydro-heme d; (Fig. 4d). In order to test this
hypothesis, Tyr461 was exchanged with phenylala-
nine. As shown in Fig. 5b, the NirN variant Y461F was
still able to bind the substrate as judged by the
appearance of an absorption band at 610 nm. Despite
this, the Y461F variant was completely inactive, since
no reduction of the heme ¢ and no product formation
occurred, indicating that Tyr461 is indeed directly
involved in catalysis. The retained ability of NirN
Y461F to bind the substrate is in line with the fact that
NirS proteins carry a phenylalanine at the correspond-
ing position, where it contributes to the coordination of
the acrylate side chain of heme d;.

Histidine 417 is required for substrate positioning

In addition to Tyr461, His417 is also located in close
proximity to the site of dehydrogenation, implicating a
role in catalysis and/or substrate binding. Therefore,
His417 was exchanged against alanine or glutamine,
but in contrast to Tyr461, this had a less drastic
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Fig. 5. NirN enzyme activity. (a—d) UV/Vis absorption spectra recorded during NirN activity assays employing wt NirN
(a) and the NirN variants Y461F (b), H417A (c) and H417Q (d). Spectra of the enzyme and the substrate were recorded
before mixing (dashed lines), and the progress of the reaction (light gray to black lines) was followed by recording spectra
every 20 s for 5 min. Characteristic absorption peaks are labeled.
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Fig. 6. NirN enzyme activity. (a—d) UV/Vis absorption spectra recorded during NirN activity assays employing the NirN
variants H147A (a), H147Q (b), H323A (c) and H323Q (d). Spectra of the enzyme and the substrate were recorded before
mixing (dashed lines), and the progress of the reaction (light gray to black lines) was followed by recording spectra every

20 s for 5 min. Characteristic absorption peaks are labeled.

effect on enzyme activity (Fig. 5¢ and d). For the
variant H417A, both substrate binding and turnover
were slower than for the wt enzyme. In addition,
the absorption maximum of the reaction product was
observed at 626 nm instead of 636 nm. We sus-
pected that the new absorption band at 626 nm might
represent either ferrous heme d; released from the
enzyme or ferric heme d; still bound to NirN [14].
In order to distinguish between these possibilities, the
reaction mixture was filtered to separate the enzyme
from unbound tetrapyrrole, which revealed that the
reaction product was still bound to NirN H417A and
not released into solution. Furthermore, extraction of
the reaction product from the enzyme and spectro-
scopic characterization showed that the product was
indeed heme d; (Supplementary Fig. 12). In order to
test whether the enzyme-bound heme d; was in the
ferric state, the reducing agent dithionite was added.
This, however, did not lead to a significant change in
the absorption spectrum, indicating that the reaction
product formed by NirN H417A was indeed ferrous
heme d;. A potential reason for the altered absorption
spectrum might be changes in the heme d; binding
mode caused by the amino acid exchange.

Similar effects were observed for the NirN variant
H417Q, although not as pronounced as for H417A. In

contrast to H417A, the variant H417Q bound
the substrate with a similar rate as wt NirN, but
the reaction progress was again slower than for
the wt enzyme. Furthermore, the reaction product of
H417Q displayed an absorption maximum at 631 nm,
which is between that observed for H417A and the wt
enzyme. Taken together, these results suggest that
His417 is required for accurate positioning of the
substrate and product, whereas it is not essential for
the dehydrogenation reaction.

Histidine 147 is essential for substrate binding

In the NirN/DHE complex, His147 acts as an axial
ligand for the central iron ion of DHE. Replacement
with alanine or glutamine completely abolished sub-
strate binding, and consequently, both variants were
catalytically inactive (Fig. 6a and b). Thus, His147 is
essential for substrate binding.

Histidine 323 is involved in substrate binding and
positioning

As described above, His323 is located in the flexible
B-loop, which can move His323 close to the iron
cation of DHE upon binding, such that this residue
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then may act as the second axial ligand of the
substrate. When the respective alanine or glutamine
variants were incubated with substrate, the absorption
band representing unbound dihydro-heme d; at
671 nm disappeared, indicating substrate binding.
However, instead of the characteristic absorption
band at 610 nm representing the enzyme-bound
substrate, we observed a very broad and weak
absorption feature around 600 nm and both variants
were catalytically inactive (Fig. 6¢ and d). Together,
this suggests that His323 indeed acts as an axial iron
ligand that might be required for the correct positioning
of the substrate within the active site of NirN.

Implications for NirN catalysis

NirN catalyzes the dehydrogenation of a C-C
single bond to the corresponding double bond.
Usually, such reactions are catalyzed by dehydro-
genases that use either a flavin or a nicotinamide as
cofactor or cosubstrate acting as electron acceptors.
In NirN, however, one of the two electrons lost by the
substrate is transferred to the covalently bound
heme c¢ and the second remains on the central iron
ion of the product heme d;. At present, it is not clear
in which form the two hydrogen atoms are removed
from the substrate, although a hydride (H™) transfer
seems unlikely due to the lack of a suitable hydride-
accepting cofactor. Alternative scenarios involve the
abstraction of two protons (2 H*) or of a single proton
(H*) and a hydrogen atom (H-). The latter alternative
would require a radical mechanism.

The structural and functional data presented
here reveal that Tyr461 is essential for catalysis,
most probably by playing a role in hydrogen
removal. It is close enough to both hydrogens to
acton them either as a base or as a radical. Catalytic
mechanisms involving tyrosyl radicals are well known
(e.g., cyclooxygenases [29] or coproheme decarbox-
ylase HemQ [30]}, but it is difficult to envision how
such a tyrosyl radical is generated in NirN and how it
would be maintained, given that Tyrd61 occupies a
relatively exposed position. Alternatively, Tyr461
could act as a base to remove at least one of the
two protons. Mechanisms involving tyrosinate bases
are rare, but known from, for example, alanine
racemase [31] or uronic acid-containing polysaccha-
ride lyases [32]. However, similar to the radical
mechanism, it is not obvious how the tyrosinate
would be generated. Moreover, the pK, values of the
substrate C17" or C172 positions are probably much
too high for proton abstraction.

Because the experiments reported here demon-
strate that His417 is not essential for catalysis, only
Gly149 remains as another amino acid to play a
possible role in the dehydrogenation. The NirN/DHE
complex structure suggests that its backbone amide
group may function as a proton relay between the
propionate side chain of ring C and the proton at

positon C-17" of the substrate. However, we are
unaware of previous instances in which a non-terminal
backbone amide has been implicated in enzyme
catalysis. Therefore, although Tyrd61 was clearly
identified as an essential amino acid residue in NirN
and Gly149 has an intriguingly interesting position in
the NirN/DHE complex, their precise role during
catalysis remains to be established in future
experiments.

Materials and Methods

Chemicals

All chemicals, media ingredients and other re-
agents were purchased from Sigma-Aldrich and
Carl Roth GmbH & Co. KG unless stated otherwise.
Oligonucleotide primers for site-directed mutagen-
esis of the nirN gene were obtained from Seqlab
Laboratories Géttingen GmbH and are listed in
Supplementary Table 6.

Bacterial strains, plasmids and growth conditions

The Escherichia coli strains BL21(DES3) [33] and
C43(DES3) [34] were used as hosts for recombinant
protein production. For plasmid amplification, E. coli
Stellar™ (Takara), Top10 or XL1-blue were used.
P. aeruginosa PAO1 was used for the production
of native NirSwrt carrying heme d; and the
P. aeruginosa PAO1 mutant strain RM361 (nirN::
tet) [35] was used for the production of native NirSxy
containing dihydro-heme d;. E. coli strains BL21
(DE3) and C43(DE3) were transformed with the
plasmids pEC86 [36] providing the genes for
cytochrome ¢ maturation and pET-22b(+)StreplinirN
[14] or variations thereof carrying the nirN gene (WT
or variants) from P. aeruginosa PAO1. E. coli BL21
(DES) and C43(DES3) carrying both plasmids, pEC86
and pET-22b(+)StreplinirN, were grown in LB-
medium supplemented with 100 pg/ml ampicillin
and 34 pg/ml chloramphenicol. To support heme ¢
production, the medium was further supplemented
with 200 yM ammonium ferric citrate or 200 yM Fe(ll)
SO, and 200 pM 5-aminolevulinic acid (Carbolution
Chemicals or Alfa Aesar). The cells were grown at
37 °Cand 170r.p.m. to an optical density at 600 nm of
0.6. At this point, recombinant protein production was
started by addition of 1 mM IPTG to the medium.
The temperature and the revolutions of the shaker
were reduced to 20 °C and 120 r.p.m., respectively.
The cells were harvested by centrifugation after 24 h.
P. aeruginosa PAO1 and the P. aeruginosa PAO1
mutant strain RM361 were grown under anaerobic
conditions in auto-inducer bioassay medium
(according to Heydorn et al[37]. and further described
in Adamczack et al. [14]) in sealed bottles with a
rubber septum at 37 °C and 140 r.p.m. for 26 h. To
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support the cofactor synthesis for NirSyt or NirSun,
the medium was supplemented with 200 pM
ammonium ferric citrate or 200 uM Fe(l)SO4 and
200 pM 5-aminolevulinic acid. In all cases, the cells
were harvested at 4 °C and the cell pellets were
stored at —80 °C.

Mutagenesis of nirN

For the generation of derivatives of plasmid pET-22b
(+)StreplinirN encoding NirN variants with single amino
acid exchanges, the In-Fusion® HD Cloning Kit
(Takara) was used according to the manufacturer's
instructions. The correct sequence of the nirN gene and
its variants was verified by DNA sequencing (SegLab).

Protein purification

Recombinant NirN carrying an N-terminal Strepll-
tag was purified using Strep-Tactin Superflow HC
resin (IBA GmbH) in gravity flow columns according
to the manufacturer's instructions and with 50 mM
Tris—HCI (pH 7.5) and 150 mM NaCl as the buffer.
For protein stability measurements, crystallization
experiments and protein film voltammetry, NirN
was further purified by size exclusion chromatogra-
phy using a Superdex 75 10/300 GL column
(GE Healthcare) at a flow rate of 0.5 ml/min or a
Superdex 75 16/600 column with a flow rate of 1 ml/min
and with 50 mM Tris—HCI (pH 7.5) and 150 mM NaCl
as the buffer. Native NirSy and NirSyy were purified
as described previously [14]. Purified proteins were
concentrated using VIVA SPIN TURBO filter units
(Sartorius AG) and stored at —80 °C until further use.

Extraction of heme d; and dihydro-heme d; and
determination of extinction coefficients

Heme d; and dihydro-heme d; were extracted from
purified NirSywr and NirSpy, respectively, as previously
described [14]. The dried tetrapyrroles were stored
at —80 °C until further use. For the determination of
extinction coefficients, the dried tetrapyrroles were
dissolved in buffer [50 mM Tris—HCI (pH 7.5),
150 mM NaCl] and UV/Vis absorption spectra were
recorded (Shimadzu UV-1650). Then, the iron
concentration of the solution, which equals the
tetrapyrrole concentration, was determined by induc-
tively coupled plasma mass spectrometry (ICP-MS)
(Currenta GmbH, Leverkusen). The determined iron
concentrations were used to calculate the extinc-
tion coefficient for heme d; at 683 nm (ggg3 =
10.84 mM™! ! and for dlhydro -heme d; at
670 nm (5670 = 20 53 mM~" .

NirN activity assay

NirN activity assays were carried out under
aerobic conditions at room temperature in a quartz

cuvette. NirN (8 uM) and 8 uM dihydro-heme d; in a
total volume of 100 pl of 50 mM Tris—HCI (pH 7.5)
and 150 mM NaCl were employed. The reaction was
started by the addition of the substrate dihydro-heme
d, to the NirN solution. The reaction progress was
followed by recording UV/Vis absorption spectra in
the range of 450-700 nm every 20 s for 5 min using
a Shimadzu UV-1650 spectrophotometer and the
software UVProbe (Shimadzu).

Cyclic voltammetry

CV was performed by formation of thin films from
either concentrated tetrapyrrole solutions, protein
solutions or mixtures of both, using a PGE working
electrode (3-mm diameter, 28.27-mm? geometric
surface area; ALS Co. Ltd., Japan) arranged in a
20-ml three neck-round bottom electrochemical cell
using a reference electrode Ag/AgClI (sat. KCI, SE11
Xylem Analytics Germany Sales GmbH & Co. KG
Sensortechnik Meinsberg, Germany) and a 2-cm?
platinum sheet (99.9% Pt, GoodFellow, Germany)
soldered to a titanium wire as counter electrode. CV
was performed using a glavanostat-potentiostat
(Bio-logic SP50, Bio-Logic, Claix, France, or
Palmsens3, Palmsens BV, the Netherlands) in either
50 mM Hepes and 100 mM NaCl buffer with pH 7.2
or 8.2, or in 50 mM Mes and 100 mM NaCl pH 6.0
buffer. Prior to each experiment, the working
electrode surface was polished with 0.3 pm alumina
powder on a polishing alumina pad (BASi PK-4
polishing kit, ALS Co. Ltd., Japan), thoroughly
washed with water and then incubated for 30 s in
an ultrasonic bath. Prior to protein immobilization,
the electrode surface was dried with a stream of
N». Electrode modification was performed by pipet-
ting 4 pl of freshly purified protein or tetrapyrrole
solutions (100 uM or higher concentrations) on to the
polished electrode and incubating for 20 s. Excess
solution was then removed by rinsing thoroughly
with water.

CVs were recorded at a scan rate of 50 mV s~
For each electrode and conditions, steady-state
CVs were assured and data were only considered
for analysis from the third scan. Capacitive current
baseline subtraction was performed using the
program SOAS [38]. Determination of peak
potentials was done by averaging values of at
least three independent electrode preparations
(i.e., independent repllcates except when noticed).
FormaI potentials, E®, were calculated from the
arithmetic mean of oxidation and reduction peak
potentials of the CVs, that is, midpoint potentials.
Error of the average potentials for all measurements
was assumed to be within the hardware resolution of
the data obtained (x10 mV).

The measurements for the tetrapyrrole molecules
were performed in a closed, No-purged electrochem-
ical cell, whereas all the measurements obtained for

1
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proteins were performed inside a vinyl anaerobic
glove box (Coy, Michigan, USA).

All potentials are provided versus SHE by
conversion from Ag/AgCl (sat. KCI; +0.197 V
versus SHE).

Determination of melting temperatures

The thermal stability of NirN (wt and variants) was
assessed by differential scanning fluorimetry
(nanoDSF). The measurements were performed
using a Prometheus NT.48 apparatus (NanoTemper
Technologies) and the fluorescence emission intensi-
ties at 330 nm (Fa3p) and 350 nm (F3s50) (excitation at
280 nm) between 20 and 95 °C (ramp 1 °C min~")
were measured. Melting curves were generated by
plotting the fluorescence ratios of Fzzq/F3s50 against the
temperature. The melting temperature T,, that de-
scribes the thermal unfolding transition midpoint was
determined by first derivative analysis.

Crystallization of NirN

Crystallization of NirN with N-terminal Strepll-tag
was performed by vapor diffusion in sitting drop Intelli
96-3 plates (Art Robbins Instruments). Plates were set
up at room temperature with a HoneyBee 961
crystallization robot (Digilab Genomic Solutions) by
mixing 200 nl of an 8.8 mg/ml NirN solution with equal
amounts of reservoir solution. The drops were
equilibrated against 60 pl of reservoir solution con-
taining 10%—14% (w/v) PEG8000 or 11%—16% (w/v)
PEG3350, 3%—7% (w/v) PGA200-400 (Molecular
Dimensions) and 0.1 M Tris/HCI (pH 7.4-8.0). Crystal
growth started between 1 and 5 days and produced
mostly crystal clusters or needle bundles as well as
individual three-dimensional crystals in some cases,
which were used for data collection. For soaking
experiments, purified heme d; and dihydro-heme d,
were suspended in the reservoir solution. Both
solutions were considered to be saturated with
DHEs as they still contained undissolved green-
brown patrticles, which made a reliable determination
of the concentration impossible. In both cases, a
concentration above 100 uM can be assumed. The
crystals were soaked in this solution for 2 days. Prior to
flash-cooling the crystals in liquid nitrogen, they were
cryo-protected by soaking for a few minutes in 9 pl
reservoir solution mixed with 1.2 pyl (R,R)-2,3-
butanediol.

Data collection, structure determination
and refinement

Data sets of NirN crystals and (dihydro)-heme
d;-soaked crystals were collected at the beamline
PXIIl at the Swiss Light Source (Paul Scherrer
Institut, Villigen, Switzerland) on a PILATUS 2 M-F
detector. All data sets were processed using

autoPROC [39] executing POINTLESS [40] and
AIMLESS [41] from the CCP4 software suite [42]
together with XDS [43]. Initial phases were
obtained using the molecular replacement pipeline
BALBES [18], which found a solution based on the
nitrite reductase model 1NIR [5]. Structural models
were manually modified using Coot (version 0.8.8) [44].
Crystallographic refinement including TLS-refinement
and addition of hydrogens in riding positions was
performed with phenix.refine [45] of the Phenix suite
(version 1.13-2298) [46]. Two conformations of the
flexible B-loop (residues 318—-327) were modeled in the
DHE complex. The first conformation was taken from
the unliganded structure, and the second was build
based on geometric considerations and residual
electron density in the vicinity of the iron cation of
DHE, which was interpreted as the imidazole moiety of
H323. The occupancy of both conformations
was set to 50% at the outset of minimization in
phenix.refine and then allowed to refine together with
B-factors. The PyMOL Molecular Graphics System
(Schrédinger LLC; version 1.8.6.2) was used for
generating graphical representations of protein
structures. Data processing and refinement statistics
can be found in Supplementary Table 1.

Accession codes

Coordinates and structure factors for the NirN
structure have been deposited in the Protein Data
Bank (accession codes: NirN without DHE: 6RTE;
NirN with DHE: 6RTD).
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