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BIOCHEMISTRY

A 192-heme electron transfer network in the hydrazine

dehydrogenase complex

M. Akram’, A. Dietl’, U. Mersdorf', S. Prinz?, W. Maalcke3*, J. Keltjens?, C. Ferousi®®,
N. M. de Almeida3, J. Reimann?, B. Kartal®**, M. S. M. Jetten?, K. Parey?S, T. R. M. Barends'®

Anaerobic ammonium oxidation (anammox) is a major process in the biogeochemical nitrogen cycle in which nitrite
and ammonium are converted to dinitrogen gas and water through the highly reactive intermediate hydrazine. So far,
it is unknown how anammox organisms convert the toxic hydrazine into nitrogen and harvest the extremely low
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potential electrons (-750 mV) released in this process. We report the crystal structure and cryo electron microscopy
structures of the responsible enzyme, hydrazine dehydrogenase, which is a 1.7 MDa multiprotein complex containing
an extended electron transfer network of 192 heme groups spanning the entire complex. This unique molecular ar-
rangement suggests a way in which the protein stores and releases the electrons obtained from hydrazine conversion,

the final step in the globally important anammox process.

INTRODUCTION

The biological nitrogen cycle consists of a set of biochemical reactions
performed by microorganisms that convert nitrogen from one chemical
form into another. Starting at the extremely inert atmospheric dini-
trogen (N,), the first step is the reduction of N, to the far more reactive
ammonium (NH, 1) by specialized nitrogen-fixing bacteria. The am-
monium is then assimilated into biochemical compounds or oxidized to
nitrite (NO; ) by nitrifying bacteria. In the classical picture of the nitro-
gen cycle, nitrite is, in turn, reduced by denitrifying bacteria to nitric
oxide (NO), nitrous oxide (N,O), and finally back to N, closing the
cycle. In the 1990s, however, another bacterial process, called anaerobic
ammonium oxidation (anammox), was discovered (1), which is now
believed to be responsible for up to 30 to 70% of the yearly nitrogen
removal from the oceans (2). In this process, nitrite reacts with am-
monium, yielding dinitrogen and water, as well as energy for the orga-
nism (reaction 1). The anammox process takes place in a specialized
intracellular compartment, the anammoxosome (3), and starts with
the one-electron reduction of NO; to NO (reaction 2). A three-electron
reduction reaction then condenses NO with ammonium to form the
extremely reactive intermediate hydrazine (N,H,, reaction 3). Last, a
four-electron oxidation converts hydrazine to dinitrogen gas (reaction 4).

NO; + NH,"—N, + 2 H,0 AG” = —357 kJ mol (1)
NO, +2 H" + e —>NO + H,0 Ey” = +380 mV (2)

NO + NH; " +2 H" +3e"—>N,Hy + H,0 B¢’ = +60 mV ~ (3)

N,H;—N, +4 H" +4 e Ey = —750 mV (4)
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Redox reactions 2 to 4 drive an electron transport chain that creates
a proton gradient across the anammoxosome membrane driving
adenosine 5'-triphosphate (ATP) synthesis (4). This use of hydrazine
as a metabolic fuel by anammox bacteria is unique in nature. At —750 mV,
its midpoint potential is far outside the typical range of biological redox
potentials, and hydrazine is highly toxic. At present, while a mechanism
for hydrazine synthesis by anammox organisms has been proposed (5),
little is known about how these bacteria harness the energy released by
hydrazine oxidation.

The enzyme responsible for hydrazine oxidation (reaction 4), hydra-
zine dehydrogenase (HDH), is a soluble multiheme c-type cytochrome
complex that is not spatially associated with the anammoxosome mem-
brane (6). Therefore, the generated electrons must be transported to the
quinone pool in the membrane over a large distance. This is in stark
contrast to the situation in, e.g,, mitochondria, where the high-energy
electrons at the start of the electron transport chain are generated inside
an integral membrane protein from where they can be directly fed into
the quinone pool. Moreover, care must be taken that the electrons are
not inadvertently fed back to the electron-consuming enzymes that pro-
duce hydrazine in a futile electron cycle, as these enzymes are also sol-
uble complexes residing in the anammoxosome (6). Thus, HDH should
be able to safely store the low-potential electrons obtained from hydra-
zine oxidation until they can be passed on to the right electron transport
protein with high specificity. To investigate how this is achieved, we per-
formed biochemical investigations and determined the 2.8 A resolution
crystal structure as well as single-particle cryo electron microscopy (cryo-
EM) reconstructions of HDH.

RESULTS AND DISCUSSION

Consistent with our previous studies (7), purified HDH from the
anammox organisms Kuenenia stuttgartiensis and Brocadia fulgida
shows a range of oligomers depending on ionic strength, with large par-
ticles showing four- or fivefold symmetry predominating at high salt
concentrations (Fig. 1, A to D). Taking this information into account,
we grew crystals of K. stuttgartiensis HDH at high ionic strength. These
contained a very large, cube-shaped, ~150 x 150 x 150 A assembly in
the asymmetric unit. This assembly contains 24 copies of the HDH
monomer arranged as an octamer of trimers (03)g (Fig. 1E). Cryo-
EM reconstructions confirm that this assembly corresponds to the four-
fold symmetric particles observed by negative-stain EM (figs. S1 and S2
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300 mM KCI

Br,

K. stuttgartiensis HDH + Kustc1130
F s

and Supplementary Text). During model building, additional electron
density was observed for 12 copies of an unexpected, ~10-kDa protein
located at the vertices of the cube. Using Edman degradation, this poly-
peptide was identified as Kustc1130, a protein that is conserved in
various anammox genera and is highly expressed in K. stuttgartiensis
(Fig. 1E, fig. S3, and Supplementary Text). When K. stuttgartiensis HDH
was supplemented with Kustc1130 (Fig. 1, F and G), only the fourfold
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Fig. 1. HDH complex. (A and B) Negative-stain electron micrographs of K. stuttgartiensis HDH alone in the absence and presence (300 mM) of KCl. (C and D) B. fulgida HDH alone,
without salt, and with 300 mM KCl. (E) Crystal structure of the K. stuttgartiensis HDH/Kustc1130 assembly. HDH trimers are shown in green, with the monomers of one trimer shown
in different shades of green. Assembly factor molecules are shown in beige. (F and G) K. stuttgartiensis HDH supplemented with the assembly factor Kustc1130 without salt and
with 300 mM KCI. (H and I) B. fulgida HDH supplemented with the assembly factor Broful2728 without salt and with 300 mM KCl.

symmetrical particles corresponding to the cubic assembly were observed,
even at low ionic strength, indicating that Kustc1130 acts as an assembly
factor. Similar results were obtained using the HDH from B. fulgida and
the corresponding homolog of Kustc1130, Broful2728 (Fig. 1, H and I),
suggesting that the observed complex is a general feature of HDHs.
Thus, given the observation of the cubic particles in HDHs from two
different organisms, the high expression level of the assembly factor
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Fig. 2. Electron transfer network in HDH. (A) Entire HDH assembly, with one
trimer (front, red circle) shown in different shades of green. (B) Heme network
in a trimer of HDH. The eight heme groups of each monomer form a ring-like
relay system for electrons, connecting the active site heme 4 moieties to the
exit sites for electrons at heme 1 as in a typical HAO-like enzyme. (C) Heme
networks of two individual trimers in the HDH complex. Heme 1 of the one
trimer is in close proximity to a heme 1 of the other trimer, likely allowing
efficient electron transfer. Their edge-to-edge distance is indicated. (D) Pro-
posed network of heme groups in the HDH complex. Each heme group is
represented by its iron atom, shown as a red sphere or a blue sphere in case
of an active site heme 4 iron. The surface of the HDH complex is shown as a black
outline. The heme network approximates a truncated cube. (E). Schematic of part
of the heme network in the HDH complex. Active site hemes (labeled “4") are
shown in solid blue, and other heme groups are shown as open black symbols.
A possible path for electrons from one active site to a distant trimer in the
complex is indicated by the red line.

(in approximately stoichiometric amounts, see fig. S3C), and the fact
that in the presence of the assembly factor only the cubic assemblies
are formed, we conclude that the observed cube-shaped, 1.7-MDa
(03)gP12 complex probably represents the functionally relevant
oligomeric state of HDH.

HDH is a member of the hydroxylamine oxidoreductase (HAO)-
like enzyme family. HAO-like enzymes typically occur as cone-shaped
trimers in which the eight heme groups (named hemes 1 to 8) of the
three monomers are combined into a multiheme, ring-shaped relay sys-
tem for electrons between the active sites at the heme 4 groups inside the
trimer and binding sites for redox partners at the heme 1 groups located
at the outside of the trimer (Fig. 2, A and B) (8-10). In the HDH
complex, however, the situation is notably different, with the HDH trimers
interacting at the heme 1 moieties, burying these and bringing them
in sufficiently close proximity [7.7 A edge-to-edge distance (11)] with
each other (Fig. 2C) to allow for efficient electron transfer (12). This would
result in the formation of an extended system of 192 heme groups
spanning the entire assembly (Fig. 2D and movie S1), which could allow
electrons generated at any of the active sites to be relayed to and stored
at any other part of the complex (Fig. 2, D and E). Multiheme systems
for electron transport and storage have been studied in a number of
proteins, such as trimeric HAO-like proteins (13) and multiheme pro-
teins involved in bacterial nanowire formation and dissimilatory metal
reduction (14-16). However, a system with 192 hemes within one pro-
tein complex, spanning distances of >100 A, is unprecedented.

The active-site heme 4 groups are each accessible from the outside of
the complex through a 20 A long tunnel. At the tunnel entrance, the
protein surface is negatively charged (fig. S4). This may serve to lead
hydrazine, which is likely to be protonated (N,HZ) at pH 6 in the
anammoxosome (17), into the tunnel. The N terminus of an adjacent
monomer forms part of the tunnel wall, bringing the N-terminal residue
(after cleavage of the signal peptide), Val**, into the active-site pocket
located at the distal side of heme 4 (Fig. 3A). The N-terminal amino
group is held in place by an N-aromatic interaction with the side chain
of Trp***. Heme 4 itself is covalently bound with its C4 and C5 atoms to
the On and Ce1 atoms of Tyr***" from yet another monomer, resulting
in pronounced perturbation of the heme known as “ruffling” (18, 19), as
in other oxidizing HAO-like proteins (9, 10). Moreover, in addition to the
covalent bonds between the heme’s vinyl groups and the two cysteines of
the heme c¢ binding motif, an unexpected additional covalent bond is
present between one of the heme 4 methyl groups and the Sy atom of
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Fig. 3. Details of the HDH complex structure. (A) Close-up of the active site. Three monomers, shown in different colors, contribute side chains to the active-site

cavity, such as the conserved Asp>*/His>>®

202

pair from one monomer and the N-terminal Va

13 from another. The active-site heme 4 is bound covalently to Tyr*®?" from a

third monomer, as well as to the conserved Cys*"“ in addition to the two cysteines of the heme-binding motif (in the background). (B) Sliced view of the HDH complex.
Heme groups 3 of each monomer are solvent-exposed just inside the holes, leading to the central cavity in the complex.

the conserved Cys** (Fig. 3A). Such an extra bond, which was also
observed in the active site of the Kuenenia hydrazine synthase y subunit
(5), likely contributes to the heme ruffling and so may contribute to the
low redox potential of this heme (7, 20-23). The active-site pocket itself
is distinctly amphipathic, with one side being dominated by a His/Asp
pair conserved in HAO-like proteins, whereas the other side is pre-
dominantly hydrophobic, being made up of the side chains of Met’",
Trp®®, and the N-terminal Val®>. The conserved His/Asp pair is per-
fectly positioned to abstract a proton from each of the two nitrogens of
a hydrazine molecule bound to the heme 4 iron, which, with concom-
itant removal of two electrons, would result in a diazene intermediate.
The removal of another two electrons, together with the abstraction
of the remaining protons by the conserved His/Asp pair, would com-
plete the reaction, resulting in the formation of dinitrogen. The four
abstracted protons may be transferred to the large water-filled cavity
present in the center of each o trimer, which lies directly behind the
loop containing the His/Asp pair (fig. S5), as in other HAO-like enzymes
(10). The four electrons, however, must be stored until they can be passed
on to a redox partner and fed into the anammoxosomal electron
transport chain through an exit site on the surface of the complex.
However, since heme 1, which is the canonical exit site for electrons
in HAO-like proteins, is buried in the HDH complex, another exit site is
required. This can only be heme 3, which is solvent-exposed in HDH, in
contrast to the situation in other HAO-like enzymes. In HDH, heme 3
binds to the protein through a rare CX,CH heme binding motif, which
is considered to be a diagnostic feature for HDHs (7, 24, 25). The heme 3
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moieties are located on the inside of the holes in the sides of the HDH
assembly (Fig. 3B), making them accessible only to acceptors able to
enter these holes. The ~30 x 50 A holes may thus act as a filter con-
ferring selectivity for the correct electron acceptor. Two copies of
Kustc1130 flank each of the holes, which may aid selection of the correct
acceptor. While the identity of the electron acceptor is currently un-
known, it has been suggested that a small, single-heme cytochrome
could fulfill this role (26). A ~10- to 15-kDa cytochrome c-like protein
would be small enough to access the electron exit sites. Direct electron
transfer to a large complex such as hydrazine synthase (5) or the proposed
nitrite reductase (4), however, would likely be made impossible by the
selectivity filter, which would help to prevent futile electron cycling.

In conclusion, as may be expected for an enzyme generating as many
as four electrons per substrate molecule, the structure of the HDH
assembly appears geared toward the storage and distribution of elec-
trons. The extended heme system would enable several electrons to
be stored far apart from each other, which is favorable for electrostatic
reasons. Moreover, by allowing these electrons to be removed from the
heme network through all 24 exit sites, the assembly likely permits very
efficient transfer to the acceptor proteins, by increasing the chance that
an acceptor is available for electron abstraction. Furthermore, the selec-
tivity filter implied by the holes in the assembly would help to avoid
accidental transfer of the low-redox potential electrons to the wrong ac-
ceptor. Thus, the HDH assembly structure presented in this study
appears to offer distinct advantages for carrying out the central role
of hydrazine oxidation in anammox metabolism.
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MATERIALS AND METHODS
K. stuttgartiensis HDH was prepared as described previously (7) and
concentrated to 20 mg/ml in 25 mM Hepes-KOH (pH 7.5) and 25 mM
KClL. B. fulgida HDH was purified from a community culture by ion-
exchange, hydroxyapatite, and size exclusion chromatography, as will
be described elsewhere. The genes coding for the small binding proteins
Kustc1130 and Broful02728 with their endogenous signal sequences
were amplified from genomic DNA by polymerase chain reaction
(PCR), using the following primers: 5'-CAACTACTTCACGTTGGC-
GAAGGTCATCTCGAGCACC-3’ (forward) and 5-GGTGCT-
CGAGGTGGCTCCCTGAAGGATGAC-3’ (reverse) for Kustc1130,
and 5'-GAAGTACCATGGCATTTAAGAAGATATGTGCAGG-3’
(forward) and 5-GGTGCTCGAGGTGATGTCCGCTTGGAT-
GAAG-3’ (reverse) for Broful02728, and were cloned into pET24d
vectors with C-terminal hexa-histidine tags using the Nco I and Xho I
restriction sites. The proteins were expressed in BL21 (DE3) and puri-
fied using Ni-affinity chromatography as follows. For each construct,
3 x 2-liter LB medium supplemented with kanamycin (50 pg/ml) was
inoculated with 1% precultures and grown at 37°C while shaking at
120 rpm. Protein expression was induced at an ODg (optical density
at 600 nm) of 0.8 to 1.0 by the addition of 500 uM isopropyl-B-p-
thiogalactopyranoside (IPTG), after which incubation was continued
at 20°C, 120 rpm for 18 to 20 hours.

The bacterial cells were harvested by centrifugation at 8000 x g,
10 min, and 4°C. The cell pellets were resuspended in wash buffer (WB)
[50 mM tris-HCI (pH 8.0), 300 mM NaCl, and 10 mM imidazole]. The
cells were disrupted using a microfluidizer (Microfluidics, Westwood,
USA) operated at a pressure of 0.7 MPa, and the lysate was clarified by
centrifugation at 43,456 x g for 20 min at 4°C. The cleared lysate was
loaded onto a column containing 2 ml of Ni-NTA (nickel-nitrilotriacetic
acid) agarose pre-equilibrated with buffer WB. The column was fur-
ther washed with 20 ml of buffer WB. The individual proteins were
eluted using elution buffer (EB) [same as buffer WB but with 250 mM
imidazole (pH 8.0)] and collected in 1-ml fractions. Fractions containing
the desired and nearly pure proteins were pooled and concentrated using
10-kDa cutoff Amicon concentrators (Millipore Bioscience, Schwalbach,
Germany). The concentrated proteins were further purified using gel
filtration chromatography on a Superdex 75 (10/300 GL) column
(GE Healthcare, Chicago, USA) in gel filtration buffer (GFB) [50 mM
Hepes-KOH (pH 7.5) and 150 mM NaCl]. Both proteins were concen-
trated and buffer-exchanged to storage buffer (SB) [25 mM Hepes-KOH
(pH 7.5) and 25 mM KCl] using 10-kDa cutoft Amicon concentrators
up to 8 mg/ml. Both proteins were flash-frozen in small aliquots in
liquid nitrogen and stored at —80°C until further use.

Crystallization and crystal structure determination

K. stuttgartiensis HDH crystals were grown in 1 + 1 ul of hanging drops
against a reservoir solution containing 8 to 9% (w/v) polyethylene glycol
4000 and 0.25 M (NH,),SO,. Hexagonal needles of 200 to 400 pm
length grew in 3 to 4 days and were cryoprotected in mother liquor with
25% (v/v) glycerol before flash-cooling in liquid nitrogen. 2.8 A resolu-
tion diffraction data were collected at the X10A beamline of the Swiss
Light Source, at a wavelength of 0.95376 A. The data were phased by
molecular replacement using the KsHOX structure (10) as the search
model, taking care to include the heme irons in the search. The resulting
electron density map was subjected to 24-fold averaging for the HDH
subunits and 12-fold averaging for the Kustc1130 subunits using DM
(27), resulting in a map of excellent quality into which the model was
built. The final model was refined using a test set defined in thin reso-
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lution shells because of the high noncrystallographic symmetry. It has
excellent geometry, with 96.92% of residues in the most favored regions
of the Ramachandran plot, 3.07% in allowed regions, and only 0.01%
Ramachandran plot outliers. The quality of the electron density map is
shown in fig. S6, and data collection and refinement statistics are given
in table S1. Electrostatic analyses were performed using APBS (28) and
PDB2PQR (29). Electrostatic parameters for the heme groups were
adapted from the PARSE force field (30).

Identification of the assembly factor

The crystallographic electron density maps of K. stuttgartiensis HDH
showed electron density for 12 copies of an unknown small, ~10-kDa
protein. Purified HDH showed a prominent band with a mobility
corresponding to ~10 kDa on 15% SDS-PAGE (polyacrylamide gel
electrophoresis). This band was transferred by semi-dry blotting onto
a polyvinylidene difluoride membrane using a transfer buffer consisting
0f20% ethanol in 1x SDS-PAGE running buffer and a current of 40 mA
during 1.5 hours. The membrane was then stained using a solution
containing 0.1% Coomassie brilliant blue R250 (SERVA GmbH,
Heidelberg, Germany), 10% acetic acid, and 40% methanol. The
~10-kDa band was cut out, dried, and sent for N-terminal sequencing
using Edman degradation at the Proteome Factory (Germany), which
showed the N-terminal amino acids to be YDVKPAKLXYV, where the
“X” at the ninth position in the sequence represents an amino acid
whose identity could not be unambiguously determined. A BLAST
search against the genome of K. stuttgartiensis then revealed the identity
of the protein to be the product of kustc1130.

Negative-stain electron microscopy

HDH samples were diluted in 25 mM Hepes-KOH (pH 7.5), with or
without 300 mM KCL The final concentration of HDH was 3 uM. The
assembly factors were added to the respective HDHs at a final concen-
tration of 17 uM and incubated for 30 min. The samples were stained
with 1% uranyl acetate (pH 4.2 to 4.5) on glow-discharged copper grids
with carbon-coated formvar (Plano GmbH, Wetzlar, Germany). Elec-
tron micrographs were recorded on an FEI Tecnai G2 T20 transmission
electron microscope (FEI NanoPort, Eindhoven, The Netherlands)
running at 200 kV equipped with an FEI Eagle 4k HS, 200-kV
charge-coupled device camera.

Cryo electron microscopy

Large K. stuttgartiensis HDH particles were obtained either by simple
incubation at high salt concentration (300 mM KCI) or by cross-linking
under high-salt conditions, as described in (7). Briefly, KsHDH was dis-
persed in 150 mM KCl, 50 mM Hepes-KOH (pH 7.5) at an A,g," “™ of
0.5. Then, glutaraldehyde was added from a freshly diluted stock [final
concentration, 0.1% (v/v)], and the mixture was incubated at 37°C for
30 min. The cross-linking reaction was quenched by adding Tris-HCl
(pH 8.0) to a final concentration of 167 mM. The sample was then con-
centrated using a 100-kDa MWCO Amicon ultrafiltration device (Milli-
pore, Schwalbach, Germany) and subjected to gel filtration on a Superose
6 (10/300) column (GE Healthcare, Uppsala, Sweden) in 150 mM KCl
and 50 mM Hepes-KOH (pH 7.5). The peak eluting at 11 ml was pooled,
and the protein was concentrated while exchanging the buffer to 25 mM
HEPES-KOH and 25 mM KCI by ultrafiltration as before. The final con-
centration corresponded to an Azgol “™ of ~3. Cryo-EM samples were
prepared by placing cross-linked or non-cross-linked K. stuttgartiensis
HDH on freshly glow-discharged Quantifoil R2/2 holey carbon grids
(Quantifoil Micro Tools, Jena, Germany) and blotted automatically with
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Vitrobot (FEI NanoPort, Eindhoven, The Netherlands) using a blot time
of 4 s, drain and wait times of 0 s, and a blot force of 4 a.u. (arbitrary units).
Data were recorded on an FEI Tecnai Polara transmission electron mi-
croscope operating at 300 kV equipped with a Gatan K2 back-thinned
direct electron detector operating in counting mode, resulting in datasets
of 452 and 151 micrographs for the cross-linked and non-cross-linked
samples, respectively. Images were collected manually at a nominal mag-
nification of x200,000 with a calibrated pixel size of 1.09 A pixel . Videos
were collected for 6 s with a total of 30 frames with a calibrated dose of
about 1.5 ¢ /A? per frame, at defocus values between —0.75 and —2.75 um.
The micrographs were corrected using the algorithm described by Li et al.
(31). Particles were automatically picked using RELION (32) and the
semiautomatic procedure of EMAN (33). The contrast transfer functions
were determined using gctf (34). The initial datasets contained 10,332
particle images for the cross-linked (cubic) 24- and 30-mer assembly re-
constructions and 5866 for the non-cross-linked particles, extracted
using a box of 350 pixels. The particle images were subjected to an initial
reference-free two-dimensional (2D) classification in RELION2.1, after
which visual selection of particles with interpretable features resulted in
datasets of 4235 and 2071 particles, respectively, for the cross-linked
24- and 30-mer assemblies and 3246 for the non—cross-linked particles,
which were used for 3D consensus refinement. Maps of the initial 3D
classes were low pass—filtered to 50 A and used as initial models for 3D
gold standard refinement in RELION2.1. The final maps were
sharpened by applying a negative B-factor in RELION (32), using a
B-factor value estimated by the postprocessing procedure in that
program. All resolutions were estimated on the basis of the gold stan-
dard Fourier shell correlation 0.143 criterion (35) between two indepen-
dently refined half maps (36). Local map resolution was calculated using
ResMap (37). The atomic model of the 30-mer was prepared by man-
ually placing HDH trimers excised from the crystal structure into the
density in COOT followed by rigid body refinement in PHENIX (38).
In none of the EM maps, the assembly factor (Kustc1130) could be ob-
served. This may be due to two factors: First, a highly purified fraction of
HDH was used, in which only small amounts of the assembly factor
may have been present. Second, given the fact that the interactions be-
tween HDH and Kustc1130 are mainly electrostatic, the high ionic
strength used to prepare samples may have inhibited binding of the
assembly factor.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/4/eaav4310/DC1

Supplementary Text

Fig. S1. Single-particle cryo-EM map quality.

Fig. S2. Single-particle cryo-EM of HDH.

Fig. S3. Details of the assembly factor Kustc1130.

Fig. S4. Electrostatics of HDH complex.

Fig. S5. Central cavity in HDH trimers.

Fig. S6. Stereo figure showing the quality of the crystallographic electron density map.
Fig. S7. Structure of 30-mer HDH particles.

Fig. S8. Interactions in HDH assemblies.

Table S1. Data collection and refinement statistics.

Movie S1. Heme network in the HDH complex.
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