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Abstract: Ladderane lipids (found in the membranes of anaerobic ammonium-oxidizing [anammox]
bacteria) have unique ladder-like hydrophobic groups, and their highly strained exotic structure has
attracted the attention of scientists. Although enzymes encoded in type II fatty acid biosynthesis
(FASII) gene clusters in anammox bacteria, such as S-adenosyl-L-methionine (SAM)-dependent
enzymes, have been proposed to construct a ladder-like structure using a substrate connected
to acyl carrier protein from anammox bacteria (AmxACP), no experimental evidence to support
this hypothesis was reported to date. Here, we report the crystal structure of a SAM-dependent
methyltransferase from anammox bacteria (AmxMT1) that has a substrate and active site pocket
between a class I SAM methyltransferase-like core domain and an additional α-helix inserted into
the core domain. Structural comparisons with homologous SAM-dependent C-methyltransferases in
polyketide synthase, AmxACP pull-down assays, AmxACP/AmxMT1 complex structure predictions
by AlphaFold, and a substrate docking simulation suggested that a small compound connected to
AmxACP could be inserted into the pocket of AmxMT1, and then the enzyme transfers a methyl
group from SAM to the substrate to produce branched lipids. Although the enzymes responsible for
constructing the ladder-like structure remain unknown, our study, for the first time, supports the
hypothesis that biosynthetic intermediates connected to AmxACP are processed by SAM-dependent
enzymes, which are not typically involved in the FASII system, to produce the ladder-like structure
of ladderane lipids in anammox bacteria.

Keywords: anammox; ladderane lipid; fatty acid biosynthesis; methyltransferase; AlphaFold

1. Introduction

Biological membranes constitute the boundaries of cells and separate cellular com-
partments [1]. The main components of biological membranes are various lipids, which
form a bilayer structure. The most important functional feature of membranes is their low
permeability, which prevents substances produced inside the membrane compartment
from leaking out and prevents unwanted external molecules from diffusing in. Owing to
this low permeability, the ion concentration gradient between the external and internal
regions of the membrane is maintained, and for example, the proton gradient is able to
then drive ATP synthesis in most organisms [2].
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Anammox bacteria oxidize relatively inert ammonia by using nitrate under anaerobic
conditions (anammox reaction) to produce molecular nitrogen [3–6]. The anammox reaction,
which occurs in the major cell compartment “anammoxosome” is thought to be coupled
with the formation of a proton concentration gradient across the anammoxosome membrane
that drives ATP synthesis [4–8]. Anammox bacteria have unique ladderane lipids with
highly distorted hydrophobic groups consisting of three or five fused cyclobutene rings
(Figure 1) [4,6,9,10]. Anammoxosome membranes consist mainly of ladderane lipids,
although the distribution of ladderane lipids in anammox bacteria is not confined to
anammoxosome membranes [9]. Anammox bacterial growth is slow (doubling time:
2–14 days) and, concomitantly, the proton gradient formation rate is also low [4,6,11].
Thus, low proton permeability in a regular membrane can disrupt the proton gradient.
The dominant presence of ladderane lipids in the anammoxosome membranes creates
considerably low proton permeability and maintains the proton gradient that drives ATP
synthesis in the anammoxosome membrane [10].
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Three or five linearly concatenated cyclobutene rings that are found in ladderane
lipids are not found in other natural products. Although several chemical synthetic routes
for producing ladder-like skeletons have been reported, the chemical creation of a highly
distorted ladder-like moiety remains difficult and challenging [12,13]. Therefore, the biosyn-
thetic systems of ladderane lipids and their mechanisms have attracted much attention
from organic and theoretical chemists, biochemists, and structural biologists. The gene
clusters of type II fatty acid biosynthesis (FASII) of a model species of anammox bacteria
(Kuenenia stuttgartiensis) contain several genes encoding enzymes that are not typically
involved in FASII, such as S-adenosyl-L-methionine (SAM)-dependent methyltransferases
(SAM-MTs), radical SAM enzymes, and enzymes similar to phytoene desaturase [14]. Com-
parative analyses of metagenomic data of K. stuttgartiensis and other data suggested that
the biosynthetic intermediates required to produce the ladder-like moiety were connected
to acyl carrier protein (ACP) via the phosphopantetheine group and the SAM-dependent
and other enzymes encoded in anammox FASII gene clusters process the intermediates
to produce ladderane lipids, and such process have been observed for canonical FASII
and type I and II polyketide synthase (PKS) systems, where the biosynthetic intermediates
connected to ACP through the phosphopantetheine group are elongated and modified by
several enzymes or enzyme modules [14]. The pure cultivation of anammox bacteria has
not yet been achieved, and the growth rate of these bacteria is notably low; thus, identifying
the responsible genes by conventional genetic analyses of ladderane biosynthesis systems,
such as gene knock-out experiments, is nearly impossible. To elucidate the ladderane
lipid biosynthetic pathway, codon-optimized candidate ladderane biosynthesis genes were
investigated by heterologous expression in Escherichia coli [15]. However, the production of
ladderane lipids or its biosynthetic intermediates in this system was not successful. To the
best of our knowledge, no direct experimental evidence on the biosynthesis mechanism of
ladderane lipids has been reported.

Two SAM-MTs (AmxMT1, 2) are found in many species and genera of anammox
bacteria. AmxMT1 is categorized as a class I SAM-MT, which has a Rossmann fold and is the
largest family of SAM-MTs, and the enzyme is unusual because it is phylogenetically distant
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from homologous SAM-MTs in this family [14]. In this study, we focused on AmxMT1
from the anammox bacteria species Brocadia fulgida, which contains a relatively larger
amount of ladderane lipids than other species of anammox bacteria [16], and determined
the crystal structure at 1.69-Å resolution. To explore whether AmxMT1 is involved in the
biosynthesis of unusual lipids in anammox bacteria, we performed a pull-down assay to
examine the interaction between AmxMP1 and ACP from anammox bacteria (AmxACP)
and constructed AmxMT1/AmxACP complex models.

2. Results and Discussion
2.1. Overall Structure of Amx MT1 and Cosubstrate Binding Mode

We determined the crystal structure of AmxMT1 by single-wavelength anomalous
dispersion (SAD) phasing at 1.60-Å resolution (Table S1), and one molecule was found
in the asymmetric unit. AmxMT1 has an NAD(P)-binding Rossmann fold similar to the
αβα sandwich core domain, which consists of seven β-strands and five α-helices and is
commonly found in class I SAM-MTs (Figure 2A) [17,18]. An α-helix (α9) was inserted
between β-strand 7 and α-helix 10 of the core domain. The core domain and α9 are covered
by an additional α-domain at the N-terminus, and S-adenosyl-L-homocysteine (SAH) is
located in the pocket between the core domain and inserted helix, although we added
SAM to the enzyme for crystallization (Figure 2A,B). The ribosyl moiety of the bound SAH
forms hydrogen bonds with D202, a water molecule, and the main-chain NH of G182.
The terminal carboxyl group of SAH forms a salt bridge with R159 and a hydrogen-bond
network that includes a water molecule and several main-chain atoms (carbonyl groups of
Y181 and A249; and NH of G184 and F185). Additionally, the terminal amino group of SAH
forms a hydrogen-bounding network that includes a water molecule, the D186 sidechain,
and several main chain atoms (carbonyl groups of F247 and A249; NH of F248). The
D186 side chain and mainchain carbonyl groups of C180 and Y181 are hydrogen-bonded to
the amino group of SAH. The adenine ring is surrounded by aromatic side chains F138,
F203, F232, Y254, and W229, and its edge is exposed to the molecular surface. Although
the SAM-binding residues are very weakly conserved in class I SAM-MTs, salt-bridge and
hydrogen-bonding interactions between the co-substrate and AmxMT1 are similar to those
found in other class I SAM-MTs [17].
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(AmxMT1) Brocadia fulgida along with S-adenosyl-L-homocysteine (SAH). (A) Overall structure of
AmxMT1. α-domain at the N-terminus, αβα sandwich core domain, and inserted α9 are shown in
cyan, green, and red, respectively. SAH is shown as a stick model. A substrate binding and active site
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contoured at 3.0 σ. (C) Close-up view revealing the SAH binding mode. The main chain amino acid
residues and their numbers are underlined.
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2.2. Comparison with Other SAM-MTs

A similar overall structure, the typical class I MT core structure with the inserted
α-helix and an additional N-terminal domain, was also found for the C-methyltransferase
domain of PsoF (PsoF C-MT; RMSD 2.68 Å) (Figure 3A), which is involved in pseurotin
A biosynthesis by a polyketide synthase and non-ribosomal peptide synthetase hybrid
enzyme, PsoA [19]. Citrinin synthase CMeT and CurJ C-MT, both of which are MT domains
of PKS, also adopt similar overall structures (Figure 3B,C; RMSD CuJ C-MT: 3.56 Å and
citrinin synthase CMeT: 3.80 Å) [20,21]. These C-MT domains have a long pocket and
SAM between the core domain and the inserted α-helix, suggesting that a long β-ketoacyl
substrate is connected to the carrier proteins (thiolation domain of PsoA; ACP domains
of CurJ and citrinin synthase) and binds to the pocket, and the methyl group of SAM is
transferred to the substrate, which is assisted by the His-Glu catalytic dyad and Tyr side
chain located at the surface of the substrate binding pocket (Figure 3D–F). In the crystal
structure of AmxMT1, a similar long pocket and SAH were found between the core domain
and inserted helix α9. A His-Glu dyad (H304-E308) and Y254 were also found on the
surface of the pocket (Figure 3G) [20]. The position of SAH in AmxMT1 is similar to that
of SAM or SAH found in many other class I SAM-MTs, including PsoF C-MT, CurJ C-MT,
and citrinin synthase CMeT. The presence of the long pocket, His-Glu dyad, and Y254 in
AmxMT1, as observed for other PKS C-MTs, suggests that a linear β-ketoacyl substrate
binds to this pocket.
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are shown in cyan. A catalytic dyad and Tyr residue that facilitates methyl transfer reaction in the
substrate binding and active site of (D) PsoF C-MT, (E) citrinin synthase CMeT, (F) CurJ C-MT, and
(G) AmxMT1 are shown as stick models.

2.3. ACP/C-MT and AmxACP/AmxMT1 Complex Models

The substrates for CurJ C-MT and citrinin synthase CMeT are anchored to ACP; thus,
these enzymes form a relatively stable complex with ACP, as observed for ACP complexed
with a β-ketoacyl-ACP synthase in the FASII system [22,23]. The recently developed Al-
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phaFold is a novel machine-learning-based program that can predict protein structures
from amino acid sequences [24]. AlphaFold can even predict near-native protein–protein
complex structures from sequences in many cases, although the program fails to predict
antibody-antigen complex structures [25]. Indeed, the E. coli ACP/β-ketoacyl-ACP syn-
thase and anammox (B. fulgida) ACP/β-ketoacyl-ACP synthase (encoded by BROFUL01968
and 01969 genes, respectively) complex structures predicted by AlphaFold are very similar
to the E. coli ACP/β-ketoacyl-ACP synthase complex crystal structure (RMSD 0.379 (E. coli
to E. coli) and 0.875 (B. fulgida to E. coli) Å; Figure S1), suggesting that AlphaFold can
reliably predict ACP and its partner enzyme complex structure. Next, we constructed the
CurJ C-MT/ACP and citrinin synthase CMeT/ACP complex models (Figure S2). Although
the crystal structures of these complexes have not yet been determined, the methyltrans-
ferase moiety structures of the complex model are very similar to the crystal structures.
Furthermore, the quaternary structures of these complexes are consistent with the plausible
binding mode, in which their substrate connected to ACP binds to the substrate binding
pocket in the methyltransferases. In the model complex structures, Ser side chains of
ACP (Ser38 of ACP for citrinin synthase CMeT; Ser17 of ACP for CurJ C-MeT), where the
substrates are loaded through the phosphopantetheine group [22,26], were located close to
the entrance to the substrate binding and active site pocket of the C-MTs, implying that the
model complex structures are reasonable and potentially reliable. Finally, we chose Amx-
ACP3 (encoded by BROFUL02173 gene) from three AmxACPs and constructed a model
of AmxACP3/AmxMT1 from the anammox bacteria B. fulgida (Figure 4) based on the
following reasons: first, among the three AmxACPs found in anammox FASII gene clusters,
AmxACP3 is the least homologous to canonical ACPs in the bacterial FASII system and is
expected to be involved in the biosynthesis of unusual fatty acids; second, crystallographic
analysis and molecular dynamics simulation of AmxACP3 revealed unique structural
features, including the functionally important helix (α3) adopting a rare six-residue-long
flexible 310-helix conformation and a conserved two consecutive Phe motif that would
shield the thioester linkage between the protein’s prosthetic group (phosphopantetheine)
and its acyl cargo [27]. The structures of AmxACP3 and AmxMT1 in the predicted complex
model were very similar to their respective X-ray crystal structures. In the complex model,
Ser41 of AmxACP3, which would anchor a substrate through the phosphopantetheine
group, is located close to the entrance of the plausible substrate binding pocket and active
site of AmxMT1 (Figure 4B), as previously observed for the CurJ C-MT/ACP and citrinin
synthase CMeT/ACP complex models. Similar complex structures were also predicted
for AmxACP3/AmxMT1 from the anammox bacteria K. stuttgartiensis and Jettenia caeni
(Figure S3). Therefore, the quaternary structure of the complex model is consistent with the
hypothesis that the substrate connected to AmxACP3 binds to the pocket of AmxMT1.
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2.4. AmxMT1 Pull-Down Assay

To confirm whether AmxACP3 interacted with AmxMT1, we prepared AmxACP3
immobilized resin and performed a pull-down assay. ACP synthase (ACPS) binds to
ACPs in the FASII system to produce holo-ACPs [22,28]. The AmxACP3-immobilized
resin indeed bound AmxACP synthase (AmxACPS; encoded by BROFUL00292 gene) from
B. fulgida, indicating that the immobilized AmxACP3 could bind their partner enzymes
(Figure S4). The pull-down assay was then performed on the lysate supernatant of E. coli
expressing AmxMT1 fused with the His-tag using AmxACP3-immobilized resin. Western
blotting following the pull-down assay using anti-His-tag antibodies revealed that the
amount of AmxMT1 bound to the immobilized AmxACP3 is remarkably larger than that
non-specifically bound to the resin (Figure 5), indicating that AmxMT1 interacts specifically
with AmxACP3. This observation is consistent with the AmxACP/AmxMT1 complex
structure model and the notion that the β-ketoacyl group loaded onto AmxACP3 is a
potential substrate of AmxMT1.
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2.5. Potential Substrate Binding Mode and Reaction Mechanisms of AmxMT1

Citrinin synthase CMeT has a relatively wide substrate binding pocket, and the
enzyme can accommodate a long substrate, tetraketide loaded onto ACP, likely with a bent
conformation [21]. Computational docking of an analog of a plausible natural substrate of
PsoF C-MT indicated that the substrate binding pocket of this enzyme is deep enough to
accommodate the substrate. Furthermore, CurJ C-MT has a long substrate binding tunnel
that is parallel to the SAM, and substrate modelling suggests that the natural long substrate
can bind to the tunnel [20]. Therefore, the shape and volume of the substrate binding pocket
in the crystal structure of AmxMT1 allow us to speculate on a potential substrate. The
substrate binding pocket of AmxMT1 is shorter than that of CurJ C-MT and narrower than
that of citrinin synthase CMeT, implying that the substrate of AmxMT1 has a short chain
connected to AmxACP3 through the phosphopantetheine group. Therefore, we performed
a docking simulation of acetoacetyl phosphopantetheine (AA-ppn), which is the shortest
β-ketoacyl phosphopantetheine (Figure 6). Docking simulation results indicated that the
substrate binding pocket of AmxMT1 could accommodate AA-ppn. A plausible catalytic
dyad of AmxMT1, H304-E308, is located close to the Cα atom of the bound AA-ppn. Thus, a
small linear substrate like AA-ppn or others connected to AmxACP3 would be methylated
at Cα as seen for the reactions by other PKS C-MTs.
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A linear molecule with many cyclopropane rings (oligo-cyclopropane) is a poten-
tial precursor for constructing the ladder moiety of ladderane lipids based on quantum
chemical calculations (Figure S5) [29]. Enzymes such as cyclopropane fatty acid (CFA)
synthases and cyclopropane mycolic acid (CMA) synthases can produce cyclopropane
rings from unsaturated lipids, and these enzymes are homologous to SAM MT family
members [30,31]. Several X-ray crystal structures of CFA synthases from E. coli [32], Aquifex
aeolicous (PDBID: 7QOS), Lactobacillus acidophilus [33] and CMA synthases (CmaA1, Cma2,
and PcaA) [34] have been reported. In these crystal structures, bicarbonate was found at the
active site, and the amino acid residues consisting of bicarbonate binding sites (e.g., H167,
E140, and Y232 in CmaA1) were strictly conserved [35]. In the reactions catalyzed by
these enzymes, the methyl group derived from SAM is electrophilically transferred to the
substrate, unsaturated lipid, to form a methylated intermediate cation, and then the bound
bicarbonate abstracts a proton from the cationic intermediate with assistance from a Glu
residue (E140 in CmaA1) to produce a cyclopropane ring [35]. As shown by biochemical
experiments, the bound bicarbonate and its binding amino acid residues are essential for
enzymatic cyclopropane ring formation [35]. CFA synthases and CMA synthases also adopt
an overall structure with two domains, as seen for AmxMT1; however, bicarbonate and the
bicarbonate binding site were not found in the crystal structure of AmxMT1, suggesting
that AmxMT1 cannot produce a cyclopropane ring in the same manner as CFA synthases
and CMA synthases.

Although the crystal structure of AmxMT1 cannot explicitly predict its natural sub-
strate, the substrate binding and active site pocket similarity between AmxMT1 and PKS
C-MTs and plausible complexation between AmxMT1 and AmxACP3 suggest that a small
linear β-ketoacyl group connected to AmxACP3 through phosphopantetheine would be a
substrate for AmxMT1 and the enzyme methylates the Cα atom of the β-ketoacyl group, as
seen for PKS C-MTs.

2.6. Conclusions

Ladderane lipids from anammox bacteria have an unprecedented ladder-like structure
that consists of up to five linearly concatenated four-membered rings. The mechanisms
underlying the construction of such highly strained carbon skeleton in anammox bacteria
remain to be fully established. Although no direct experimental data have been reported
showing the biosynthetic construction mechanism of the ladder-like skeleton, Rattray et al.
proposed that biosynthetic intermediates used in the production of a ladder-like structure
would be connected to AmxACP and atypical FASII enzymes, such as SAM MTs, radical
SAM enzymes, and others encoded by FASII gene clusters from anammox bacteria, process
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the intermediate to produce the ladder-like structure. For the first time, we determined the
crystal structure of AmxMT1 from an anammox bacteria species, B. fulgida. As expected
from an AmxMT1/AmxACP3 complex model predicted by AlphaFold, AmxMT1 exhibited
a specific interaction with AmxAPC3, which was substantiated by an AmxACP pull-down
assay of AxmMT1. A comparison of the crystal structure of AmxMT1 with those of PKS
C-MTs and docking simulations suggested that a linear small β-ketoacyl group connected
to AmxACP3 would be a substrate of this enzyme and its Cα atom is likely methylated
to produce a branched lipid. Given the limited size of the substrate binding pocket of
AmxMT1, the enzyme would not be able to construct the ladder skeleton of the ladderane
lipids in this pocket. Moreover, the enzymes responsible for constructing the ladder
structure of ladderane lipids have not been identified. However, the specific interaction
between AmxACP3 and AmxMT1, which is not typically involved in FASII, is consistent
with the hypothesis that a precursor connected to ACP would be processed by enzymes
encoded in anammox FASII gene clusters, such as radical SAM enzymes. To reveal the
biosynthetic pathway of ladderane lipids, the FASII gene clusters of anammox bacteria
would have to be reconstituted in other microorganisms. Finally, this study encourages
further research on the biosynthesis of the highly strained carbon skeleton in ladderane
lipids, and we hope that the mechanism underlying the construction of the ladder structure
in anammox bacteria will be clarified in the near future.

3. Materials and Methods
3.1. Protein Production and Purification

To enhance protein production in E. coli, the complete coding sequences of the proteins
used in this study were codon optimized. The TEV protease recognition site and a 6 × His
tag were added to the C-terminus of AmxMT1. The TEV protease recognition site and
8 × His-tag were added to the C-terminus of AmxACP3. The N-terminus of AmxMT1
was predicted to be disordered; thus, five residues at the N-terminus were removed.
The genes encoding AmxACP3, AmxMT1, and AmxACPS were inserted into pET28b by
seamless cloning to create pAmxACP3, pAmxMT1, and pAmxACPS, respectively. E. coli
BL21(DE3) was transformed with pACP3 and pACPS, respectively, and grown in LB
medium with 25 µg/mL kanamycin, 0.025 % glucose, and 500 µM IPTG at 30 ◦C. After
16–24 h shaking, cells were harvested and stored at −80 ◦C until further use. E. coli
C43(DE3) was transformed with pAmxMT1 and pGro7 chaperon co-expressing plasmid
and grown in LB medium with 25 µg/mL kanamycin, 30 µg/mL chloramphenicol, 0.026 %
arabinose, 0.035 % glucose, and 500 µM IPTG at 25 ◦C. After 16 h shaking, cells were
harvested and stored at −80 ◦C until further use.

Cells that produced AmxACP3 were resuspended in ACPA buffer (50 mM potassium
phosphate pH 8.0, 200 mM NaCl, 500 µM DTT, and 20 mM imidazole). Cell suspensions
were treated with 2 mM PMSF, 0.5 mg/mL lysozyme, 6 µg/mL Sm2 nuclease, and 0.5%
Triton X-100 using a rotator for 30 min at 4 ◦C, and clarified by centrifugation at 10,000× g
for 10 min at 4 ◦C. An equal volume of 2-propanol was added to the supernatant, which
was then cleared by centrifugation at 10,000× g for 10 min at 4 ◦C. The supernatant was
diluted with 2-fold ACPA buffer and centrifuged at 10,000× g for 10 min at 4 ◦C. The
supernatant was applied to an immobilized-Ni-NTA agarose column (QIAGEN, Hilden,
Germany) pre-equilibrated with ACPA buffer, and ACPB buffer (50 mM potassium phos-
phate pH 8.0, 200 mM NaCl, 500 µM DTT, and 250 mM imidazole) was used to elute
AmxACP3. The fractions containing AmxACP3 were collected and concentrated to a vol-
ume of 10 mL or less using an Amicon® Ultra 3 K (Merck Millipore, Darmstadt, Germany).
The concentration of AmxACP3 was estimated using the absorbance and theoretical ex-
tinction coefficient at 280 nm. TEV protease (10 % weight of AmxACP3) was added and
dialyzed against 1 L of ACPC buffer (50 mM potassium phosphate pH 8.0, 200 mM NaCl,
500 µM DTT). The cleaved 8 × His tag and protease were removed using immobilized Ni
affinity chromatography.
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Cells that produced AmxMT1 were resuspended in AmxMT1A buffer (50 mM Tris-
HCl pH 8.0, 100 mM NaCl, 10 % glycerol, and 20 mM imidazole). PMSF (final concentration
2 mM), small amounts of DNase I, and lysozyme were added to the cell suspension. The
cell suspensions were sonicated and cleared by centrifugation at 10,000× g for 10 min at
4 ◦C. The supernatant was subjected to immobilized Ni affinity chromatography using
AmxMT1A buffer and AmxMT1 was eluted with AmxMT1B buffer (50 mM Tris-HCl pH 8.0,
100 mM NaCl, 10 % glycerol, and 250 mM imidazole). The eluates containing AmxMT1
were concentrated to a volume of 10 mL or less using an Amicon® Ultra 30 K. To cleave
6 × His tag, an equal amount of TEV protease was added and dialyzed against AmxMT1C
buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 10 % Glycerol). The cleaved 6 × His tag
and protease were removed by immobilized Ni-affinity chromatography. AmxMT1 was
further purified by a Superdex 75 size-exclusion column (Cytiva, Tokyo, Japan) using
AmxMT1C buffer.

3.2. Crystallization, Data Collection, and Structure Determination of AmxMT1

AmxMT1 solution was concentrated to 10 mg/mL using Amicon® Ultra 30 K in
AmxMT1C buffer containing 5 mM DTT and 2.25 mM SAM. Native crystals of AmxMT1
were grown by mixing 1 µL of AmxMT1 buffer with an equal volume of mother liquor
(0.1 M HEPES pH 7.0, 15% polyethylene glycol 2000) by the sitting drop vapor diffusion
method at 20 ◦C. Native crystals were soaked in the solution containing 250 mM sodium
acetate, 25% polyethylene glycol 3350, 10% glycerol, 10 mM dithionite, and a saturated
concentration of selenourea to prepare selenourea-bound AmxMT1 crystals [36]. The native
and selenourea-bound AmxMT1 crystals were flash-frozen using a cryo-stream. The SAD
data of selenourea-bound AmxMT1 crystals were collected at 0.9794 Å using beamline
BL32XU at SPring-8. To solve the structure of AmxMT1 from the SAD data set using
Se anomalous scattering, the program Phenix was used for heavy-atom search, phase
calculation, density modification, and initial model building. The high-resolution structure
was determined by a molecular replacement method using the model obtained by SAD
phasing as a search model. Model building and refinement were performed using Coot
and Phenix refine, respectively [37,38]. The data collection and refinement statistics are
shown in Table S1.

3.3. Preparation of ACP-Immobilized Sepharose and Pull-Down Assay

AmxACP3-immobilized SepharoseTM resin was prepared by adding 140 µg Amx-
ACP3 in coupling buffer (0.2M NaHCO3 and 500 mM NaCl) to 100 µL of NHS-activated
SepharoseTM 4 fast flow (GE Healthcare Life Sciences, Tokyo, Japan). After the cou-
pling reaction, the uncoupled NHS group was blocked using a blocking buffer (500 µM
ethanolamine pH 8.3 and 500 mM NaCl). The ACP-immobilized SepharoseTM resin was
washed three times with five column volumes of PBST buffer (10 mM sodium phosphate,
pH 7.5, 0.15 M NaCl, and 0.05% tween-20) and stored in PBS buffer (10 mM sodium phos-
phate, pH 7.5, and 0.15 M NaCl) with 0.05 % sodium azide. Protein concentration was
estimated using a BCA assay.

E. coli cells that produced ACPS or AmxMT1 were resuspended in a pull-down
buffer (20 mM potassium phosphate, pH 8.0, 200 mM NaCl, 500 µM DTT, and 10 %
glycerol). The cell suspensions were treated with 2 mM PMSF, 0.5 mg/mL lysozyme,
6 µg/mL Sm2 nuclease, and 0.5 % Triton X-100 at 4 ◦C with rotating for 1 h and cleared by
centrifugation. The supernatant containing AmxMT1 or AmxACPS (500 µL) was added
to 25 µL of AmxACP3-immobilized SepharoseTM and incubated at 4 ◦C overnight using a
rotator. The SepharoseTM resin was collected by mild centrifugation and washed twice with
500 µL pull-down buffer. The proteins bound to the resin were released by boiling at 95 ◦C
in 50 µL of 2×SDS sample buffer, analyzed by SDS-PAGE, and subjected to CBB staining
or Western blotting. To detect 6×His tagged AmxMT1, Western blotting was performed
using anti-His mouse IgG and anti-IgG (H + L chain) (mouse) pAb-HRP (MBL Life Science,
Tokyo, Japan).
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3.4. Potential Substrate Docking Simulation of AmxMT1

The model structure of S-acetoacethyl-4′-phosphopantetheine was refined by MM2 pro-
cessing in Chem3D 16.0 (Perkin Elmer) and partially restrained by AutoDockTools-1.5.6. Hy-
drogen atoms were added and SAH was removed from the crystal structure of AmxMT1 to pre-
pare the receptor model for the docking simulations of S-acetoacethyl-4′-phosphopantetheine,
which was performed using Webina 1.0.3. The search box (15 × 8 × 15 Å3) was set to prevent
ligands from clashing with SAH and exhaustiveness was set to 128.
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mdpi.com/article/10.3390/ijms24010744/s1.

Author Contributions: Conceptualization, T.U. and S.N.; methodology, T.U., Y.S., T.H. and S.N.;
validation, T.U. and S.N.; investigation, T.U., T.T., S.Y. and K.F.; X-ray data collection, K.F., T.H. and
S.N.; writing—original draft preparation, T.U. and S.N.; writing—review and editing, T.U., Y.S. and
S.N.; visualization, T.U. and S.N.; supervision, S.N.; project administration, S.N.; funding acquisition,
S.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by MEXT/KAKENHI (Grant numbers 19H04658, 19H05780 [to
SN]) and the Platform Project for Supporting Drug Discovery and Life Science Research (Basis for
Supporting Innovative Drug Discovery and Life Science Research [BINDS]) from the Agency for
Medical Research and Development (AMED) under Grant JP21am0101070 (support number 1512).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The atomic coordinates and the structure factors for AmxMT1 (PDB ID
8HD2) have been deposited in the Protein Data Bank (www.rcsb.org, accessed on 14 November 2022).

Acknowledgments: We would like to thank the BL32XU beamline staff at SPring-8 (Hyogo, Japan)
for assisting with the experiments. We also thank Natsumi Suzuki and Shion Aoki for helping
purification of AmxACPs.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Demendoza, D.; Cronan, J.E. Thermal regulation of membrane lipid fluidity in bacteria. Trends Biochem. Sci. 1983, 8, 49–52. [CrossRef]
2. van de Vossenberg, J.; Driessen, A.J.M.; da Costa, M.S.; Konings, W.N. Homeostasis of the membrane proton permeability in

Bacillus subtilis grown at different temperatures. Biochim. Biophys. Acta-Biomembr. 1999, 1419, 97–104. [CrossRef]
3. Van de Graaf, A.A.; Mulder, A.; de Bruijn, P.E.T.E.R.; Jetten, M.S.; Robertson, L.A.; Kuenen, J.G. Anaerobic oxidation of ammonium

is a biologically mediated process. Appl. Environ. Microbiol. 1995, 61, 1246–1251. [CrossRef] [PubMed]
4. Kartal, B.; de Almeida, N.M.; Maalcke, W.J.; Op den Camp, H.J.; Jetten, M.S.; Keltjens, J.T. How to make a living from anaerobic

ammonium oxidation. FEMS Microbiol. Rev. 2013, 37, 428–461. [CrossRef]
5. Kartal, B.; Keltjens, J.T. Anammox Biochemistry: A Tale of Heme c Proteins. Trends Biochem. Sci. 2016, 41, 998–1011. [CrossRef]
6. Peeters, S.H.; van Niftrik, L. Trending topics and open questions in anaerobic ammonium oxidation. Curr. Opin. Chem. Biol. 2019,

49, 45–52. [CrossRef] [PubMed]
7. de Almeida, N.M.; Neumann, S.; Mesman, R.J.; Ferousi, C.; Keltjens, J.T.; Jetten, M.S.; Kartal, B.; van Niftrik, L. Immunogold

localization of key metabolic enzymes in the anammoxosome and on the tubule-like structures of Kuenenia stuttgartiensis. J.
Bacteriol. 2015, 197, 2432–2441. [CrossRef] [PubMed]

8. Neumann, S.; Wessels, H.J.; Rijpstra, W.I.C.; Sinninghe Damsté, J.S.; Kartal, B.; Jetten, M.S.; van Niftrik, L. Isolation and
characterization of a prokaryotic cell organelle from the anammox bacterium Kuenenia stuttgartiensis. Mol. Microbiol. 2014,
94, 794–802. [CrossRef]

9. Sinninghe Damsté, J.S.; Strous, M.; Rijpstra, W.I.C.; Hopmans, E.C.; Geenevasen, J.A.; Van Duin, A.C.; Van Niftrik, L.A.; Jetten,
M.S. Linearly concatenated cyclobutane lipids form a dense bacterial membrane. Nature 2002, 419, 708–712. [CrossRef]

10. Moss, F.R., 3rd; Shuken, S.R.; Mercer, J.A.; Cohen, C.M.; Weiss, T.M.; Boxer, S.G.; Burns, N.Z. Ladderane phospholipids form a
densely packed membrane with normal hydrazine and anomalously low pro-ton/hydroxide permeability. Proc. Natl. Acad. Sci.
USA 2018, 115, 9098–9103. [CrossRef]

11. Zhang, L.; Narita, Y.; Gao, L.; Ali, M.; Oshiki, M.; Okabe, S. Maximum specific growth rate of anammox bacteria revisited. Water
Res. 2017, 116, 296–303. [CrossRef]

12. Mascitti, V.; Corey, E.J. Total synthesis of (+/−)-pentacycloanammoxic acid. J. Am. Chem. Soc. 2004, 126, 15664–15665.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms24010744/s1
https://www.mdpi.com/article/10.3390/ijms24010744/s1
www.rcsb.org
http://doi.org/10.1016/0968-0004(83)90388-2
http://doi.org/10.1016/S0005-2736(99)00063-2
http://doi.org/10.1128/aem.61.4.1246-1251.1995
http://www.ncbi.nlm.nih.gov/pubmed/7747947
http://doi.org/10.1111/1574-6976.12014
http://doi.org/10.1016/j.tibs.2016.08.015
http://doi.org/10.1016/j.cbpa.2018.09.022
http://www.ncbi.nlm.nih.gov/pubmed/30308437
http://doi.org/10.1128/JB.00186-15
http://www.ncbi.nlm.nih.gov/pubmed/25962914
http://doi.org/10.1111/mmi.12816
http://doi.org/10.1038/nature01128
http://doi.org/10.1073/pnas.1810706115
http://doi.org/10.1016/j.watres.2017.03.027
http://doi.org/10.1021/ja044089a
http://www.ncbi.nlm.nih.gov/pubmed/15571387


Int. J. Mol. Sci. 2023, 24, 744 11 of 11

13. Mercer, J.A.; Cohen, C.M.; Shuken, S.R.; Wagner, A.M.; Smith, M.W.; Moss, F.R., III; Smith, M.D.; Vahala, R.; Gonzalez-Martinez,
A.; Boxer, S.G.; et al. Chemical Synthesis and Self-Assembly of a Ladderane Phospholipid. J. Am. Chem. Soc. 2016, 138,
15845–15848. [CrossRef] [PubMed]

14. Rattray, J.E.; Strous, M.; Op den Camp, H.J.; Schouten, S.; Jetten, M.S.; Damsté, J.S.S. A comparative genomics study of genetic
products potentially encoding ladderane lipid biosynthesis. Biol. Direct 2009, 4, 16. [CrossRef]

15. Javidpour, P.; Deutsch, S.; Mutalik, V.K.; Hillson, N.J.; Petzold, C.J.; Keasling, J.D.; Beller, H.R. Investigation of pro-
posed ladderane biosynthetic genes from anammox bacteria by heterologous expression in E-coli. PLoS ONE 2016,
11, e0151087. [CrossRef] [PubMed]

16. Rattray, J.E.; van de Vossenberg, J.; Hopmans, E.C.; Kartal, B.; van Niftrik, L.; Rijpstra, W.I.C.; Strous, M.; Jetten, M.S.; Schouten, S.;
Damsté, J.S.S. Ladderane lipid distribution in four genera of anammox bacteria. Arch. Microbiol. 2008, 190, 51–66. [CrossRef]

17. Martin, J.L.; McMillan, F.M. SAM (dependent) I am: The S-adenosylmethionine-dependent methyltransferase fold. Curr. Opin.
Struct. Biol. 2002, 12, 783–793. [CrossRef]

18. Laurino, P.; Tóth-Petróczy, Á.; Meana-Pañeda, R.; Lin, W.; Truhlar, D.G.; Tawfik, D.S. An Ancient Fingerprint Indicates the
Common Ancestry of Rossmann-Fold Enzymes Utilizing Different Ribose-Based Cofactors. PLoS Biol. 2016, 14, e1002396.
[CrossRef] [PubMed]

19. Kishimoto, S.; Tsunematsu, Y.; Matsushita, T.; Hara, K.; Hashimoto, H.; Tang, Y.; Watanabe, K. Functional and Structural Analyses
of trans C-Methyltransferase in Fungal Polyketide Biosynthesis. Biochemistry 2019, 58, 3933–3937. [CrossRef] [PubMed]

20. Skiba, M.A.; Sikkema, A.P.; Fiers, W.D.; Gerwick, W.H.; Sherman, D.H.; Aldrich, C.C.; Smith, J.L. Domain Organization and
Active Site Architecture of a Polyketide Synthase C-methyltransferase. ACS Chem. Biol. 2016, 11, 3319–3327. [CrossRef]

21. Storm, P.A.; Herbst, D.A.; Maier, T.; Townsend, C.A. Functional and structural analysis of programmed C-methylation in the
biosynthesis of the fungal polyketide citrinin. Cell Chem. Biol. 2017, 24, 316–325. [CrossRef] [PubMed]

22. Magnuson, K.; Jackowski, S.; Rock, C.O.; Cronan, J.E. Regulation of fatty-acid biosynthesis in escherichia-coli. Microbiol. Rev.
1993, 57, 522–542. [CrossRef] [PubMed]

23. Milligan, J.C.; Lee, D.J.; Jackson, D.R.; Schaub, A.J.; Beld, J.; Barajas, J.F.; Hale, J.J.; Luo, R.; Burkart, M.D.; Tsai, S.C. Molecular
basis for interactions between an acyl carrier protein and a ketosynthase. Nat. Chem. Biol. 2019, 15, 669–671. [CrossRef] [PubMed]

24. Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Žídek, A.;
Potapenko, A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583–589. [CrossRef] [PubMed]

25. Yin, R.; Feng, B.Y.; Varshney, A.; Pierce, B.G. Benchmarking AlphaFold for protein complex modeling reveals accuracy determi-
nants. Protein Sci. 2022, 31, 19. [CrossRef]

26. Kim, Y.M.; Prestegard, J.H. Refinement of the NMR structures for acyl carrier protein with scalar coupling data. Proteins 1990,
8, 377–385. [CrossRef]

27. Dietl, A.; Barends, T.R.M. Dynamics in an unusual acyl carrier protein from a ladderane lipid-synthesizing organism. Proteins
2022, 90, 73–82. [CrossRef]

28. Parris, K.D.; Lin, L.; Tam, A.; Mathew, R.; Hixon, J.; Stahl, M.; Fritz, C.C.; Seehra, J.; Somers, W.S. Crystal structures of substrate
binding to Bacillus subtilis holo-(acyl carrier protein) synthase reveal a novel trimeric arrangement of molecules resulting in three
active sites. Struct. Fold. Des. 2000, 8, 883–895. [CrossRef]

29. Chen, S.S.; Tantillo, D.J. Potential for Ladderane (Bio)synthesis from Oligo-Cyclopropane Precursors. ACS Omega 2020, 5,
26134–26140. [CrossRef]

30. Grogan, D.W.; Cronan, J.E. Cyclopropane ring formation in membrane lipids of bacteria. Microbiol. Mol. Biol. Rev. 1997, 61, 429–441.
31. Glickman, M.S.; Cox, J.S.; Jacobs, W.R. A novel mycolic acid cyclopropane synthetase is required for cording, persistence, and

virulence of Mycobacterium tuberculosis. Mol. Cell 2000, 5, 717–727. [CrossRef] [PubMed]
32. Hari, S.B.; Grant, R.A.; Sauer, R.T. Structural and Functional Analysis of E-coli Cyclopropane Fatty Acid Synthase. Structure 2018,

26, 1251–1258. [CrossRef] [PubMed]
33. Ma, Y.L.; Pan, C.L.; Wang, Q.H. Crystal structure of bacterial cyclopropane-fatty-acylphospholipid synthase with phospholipid. J.

Biochem. 2019, 166, 139–147. [CrossRef] [PubMed]
34. Huang, C.C.; Smith, C.V.; Glickman, M.S.; Jacobs, W.R.; Sacchettini, J.C. Crystal structures of mycolic acid cyclopropane synthases

from Mycobacterium tuberculosis. J. Biol. Chem. 2002, 277, 11559–11569. [CrossRef]
35. Iwig, D.F.; Uchida, A.; Stromberg, J.A.; Booker, S.J. The activity of Escherichia coli cyclopropane fatty acid synthase depends on the

presence of bicarbonate. J. Am. Chem. Soc. 2005, 127, 11612–11613. [CrossRef]
36. Luo, Z.P. Selenourea: A convenient phasing vehicle for macromolecular X-ray crystal structures. Sci. Rep. 2016, 6, 6. [CrossRef]
37. Emsley, P.; Lohkamp, B.; Scott, W.G.; Cowtan, K. Features and development of Coot. Acta Crystallogr. Sect. D 2010,

66, 486–501. [CrossRef]
38. Liebschner, D.; Afonine, P.V.; Baker, M.L.; Bunkóczi, G.; Chen, V.B.; Croll, T.I.; Hintze, B.; Hung, L.W.; Jain, S.; McCoy, A.J.; et al.

Macromolecular structure determination using X-rays, neutrons and electrons: Recent developments in Phenix. Acta Crystallogr.
D 2019, 75, 861–877. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/jacs.6b10706
http://www.ncbi.nlm.nih.gov/pubmed/27960308
http://doi.org/10.1186/1745-6150-4-8
http://doi.org/10.1371/journal.pone.0151087
http://www.ncbi.nlm.nih.gov/pubmed/26975050
http://doi.org/10.1007/s00203-008-0364-8
http://doi.org/10.1016/S0959-440X(02)00391-3
http://doi.org/10.1371/journal.pbio.1002396
http://www.ncbi.nlm.nih.gov/pubmed/26938925
http://doi.org/10.1021/acs.biochem.9b00702
http://www.ncbi.nlm.nih.gov/pubmed/31486637
http://doi.org/10.1021/acschembio.6b00759
http://doi.org/10.1016/j.chembiol.2017.01.008
http://www.ncbi.nlm.nih.gov/pubmed/28238725
http://doi.org/10.1128/mr.57.3.522-542.1993
http://www.ncbi.nlm.nih.gov/pubmed/8246839
http://doi.org/10.1038/s41589-019-0301-y
http://www.ncbi.nlm.nih.gov/pubmed/31209348
http://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
http://doi.org/10.1002/pro.4379
http://doi.org/10.1002/prot.340080411
http://doi.org/10.1002/prot.26187
http://doi.org/10.1016/S0969-2126(00)00178-7
http://doi.org/10.1021/acsomega.0c03735
http://doi.org/10.1016/S1097-2765(00)80250-6
http://www.ncbi.nlm.nih.gov/pubmed/10882107
http://doi.org/10.1016/j.str.2018.06.008
http://www.ncbi.nlm.nih.gov/pubmed/30057024
http://doi.org/10.1093/jb/mvz018
http://www.ncbi.nlm.nih.gov/pubmed/30828715
http://doi.org/10.1074/jbc.M111698200
http://doi.org/10.1021/ja053899z
http://doi.org/10.1038/srep37123
http://doi.org/10.1107/S0907444910007493
http://doi.org/10.1107/S2059798319011471

	Introduction 
	Results and Discussion 
	Overall Structure of Amx MT1 and Cosubstrate Binding Mode 
	Comparison with Other SAM-MTs 
	ACP/C-MT and AmxACP/AmxMT1 Complex Models 
	AmxMT1 Pull-Down Assay 
	Potential Substrate Binding Mode and Reaction Mechanisms of AmxMT1 
	Conclusions 

	Materials and Methods 
	Protein Production and Purification 
	Crystallization, Data Collection, and Structure Determination of AmxMT1 
	Preparation of ACP-Immobilized Sepharose and Pull-Down Assay 
	Potential Substrate Docking Simulation of AmxMT1 

	References

