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In vitro characterization experiments revealed the formations of 3-(trans-2’-aminocyclopropyl)alanine ((3-
Acp)Ala) and 3-(trans-2’-nitrocyclopropyl)alanine ((3-Ncp)Ala) are originated via two homologous proteins, BelK
and Hrml, which regioselectively catalyze the Ne-oxygenation of L-lysine. The two enzymes belong to the emerg-
ing heme-oxygenase-like diiron oxidase and oxygenase (HDO) superfamily and the catalytic center of BelK is
validated by homology modeling and site-directed mutations. Based on the in vitro characterization, the biosyn-

thetic pathways of (3-Acp)Ala and (3-Ncp)Ala are proposed.

The cyclopropane moiety has been found in several natural products
of secondary metabolism from plants, fungi, and microorganisms
(Wessjohann et al., 2003). The cyclopropyl skeleton lacks the ability to
freely rotate and serves as a rigid structural element. This along with
a C-C-C bond angle that significantly differs from the ideal bond angle
of 109.5°, results in ring strain of up to 27.6 kcal/mol (Stability of
Cycloalkanes 2021). The cyclopropyl ring is a versatile player that fre-
quently appears in preclinical and clinical drug molecules as it enhances
potency, reduces off-target effects, increases metabolic stability and
brain permeability, decreases plasma clearance, alters the pKa of drugs
to reduce its P-glycoprotein efflux ratio, and more. (Talele, 2016).
Owing to its unique structure and excellent contributions to drug
molecules, the cyclopropyl ring has led to advances in elegant synthetic
methods (Chen et al., 2012).

Belactosin A (1, Fig. 1), a natural product isolated from Strep-
tomyces sp. UCK 14 in 2000, has been shown to bind covalently to
the proteasome g5 subunit and prevent cell cycle division in tumor
cells at the G2/M stage, thus presenting a novel lead in the devel-
opment of potent anticancer agents (Asai et al., 2000, Asai et al.,
2004). The most intriguing structural feature of belactosin A is the
3-(trans-2’-aminocyclopropyl)alanine ((3-Acp)Ala) (3) moiety. A similar
chemical structure, 3-(trans-2’-nitrocyclopropyl)alanine ((3-Ncp)Ala)
(4) with the opposite cyclopropyl stereoconfigurations is found in

the cyclooctapeptide hormaomycin (2) (also known as takaokamycin,
Fig. 1) produced by Streptomyces griseoflavus W-384 and functions
as a bacterial signaling metabolite and a narrow spectrum antibiotic
(Andres et al., 1989, Omura et al., 1984). Isotope labeling studies
established that (3-Ncp)Ala was derived from L-lysine (5) (Brandl et al.,
2005), yet the exact biosynthetic mechanism for this cyclopropanation
remained elusive. Herein, we demonstrate that the iron-containing
redox enzymes, BelK and Hrml, act as novel N-oxygenases, regioselec-
tively oxygenating the e-amino of L-lysine group to a nitro group thus
initiating the biosyntheses of cyclopropyl rings.

Our comparative analysis of the available biosynthetic gene clus-
ters of belactosin A (bel) (Wolf et al., 2017) and hormaomycin (hrm)
(Hofer et al., 2011) (Fig. S1) revealed three highly conserved genes:
belK and hrml (encoding iron-containing redox enzymes), belL and hrmJ
(encoding non-heme iron and a-ketoglutaric acid (a-KG) dependent oxy-
genases), and belM and hrmT (encoding diaminopimelate epimerases)
(Table S1). Given the structural similarity between (3-Acp)Ala and (3-
Ncp)Ala, the genes mentioned above were deduced to take part in
the biosyntheses of cyclopropyl rings. It is important to note that the
peptide backbone in hormaomycin is assembled by nonribosomal pep-
tide synthetases (NRPSs), whereas in belactosin A is assembled by dis-
crete amide ligases (Wolf et al., 2017, Hofer et al., 2011). Taking into
account the wide differences in the biosyntheses and chemical struc-
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Fig. 1. Chemical structures of belactosin A (1) and hormaomycin (2). (3-
Acp)Ala and (3-Ncp)Ala are highlighted in red.

tures between belactosin A and hormaomycin, it is very likely that (3-
Acp)Ala and (3-Ncp)Ala are biosynthesized from separate molecules. Di-
aminopimelate epimerases catalyze the penultimate step during L-lysine
biosynthesis in most plants, bacteria, and lower fungi (Xu et al., 2006).
Despite the lack of experimental evidence, BelM and HrmT have been
speculated to play a role in diverting lysine precursors from primary
metabolism to secondary metabolism (Hofer et al., 2011). Therefore,
BelK/Hrml and BelL/HrmJ are the most likely candidates for the biosyn-
theses of the cyclopropane moieties.

Next, we heterologously expressed and purified the non-heme iron
and «-KG dependent oxygenase BelL (Fig. S2). However, in vitro char-
acterization of BelL in the presence of L-lysine, a-KG, FeSO4+7H,0, L-
ascorbic acid and dithiothreitol (DTT) showed no potential product un-
der various conditions, neither for the homologous protein HrmJ. This
excluded the possibility of BelL or HrmJ being the first enzyme involved
in the conversion of L-lysine to cyclopropyl rings, allowing us focus on
the other oxygenases, BelK and Hrml.

The structure of BelK was predicted online using the I-TASSER ap-
proach (Roy et al., 2010, Yang et al., 2015, Yang and Zhang, 2015),
revealing high similarity to the crystal structure of SznF (PDB: 6M9R)
from the streptozotocin biosynthetic gene cluster despite very low se-
quence homology (14.8%) (Fig. S3). SznF is also an iron-containing
redox enzyme that participates in N-nitrosourea formation. The x-ray
crystal structure shows that SznF contains an N-terminal dimerization
domain, a central helical bundle domain and a C-terminal cupin domain
(Ng et al., 2019, He et al., 2019). The latter domain is notably absent
in the BelK predicted structure. In vitro characterization of BelK was
performed using reduced nicotinamide adenine dinucleotide (NADH)
and phenazine methosulfate (PMS) as the reductant and electron trans-
fer (Fig. S4). After dansyl chloride (DNSC) derivatization and high-
performance liquid chromatography electrospray ionization high res-
olution mass spectrometry (HPLC-ESI-HRMS) analysis, a new peak (8)
with a longer retention time and 30 Da mass increase ([M+H]" m/z:
calculated 410.1380 for [C;gH,4N304S]*, found 410.1385) was de-
tected in addition to DNS-Lys (7, [M+H]* m/z: calculated 380.1639 for
[C1gH6N30,4S]1%, found 380.1642) (Fig. 2B, S5). This compound dis-
appeared if any one of the L-lysine, NADH, PMS or BelK was omitted,
indicating that all of these materials were necessary for product for-
mation. Interestingly, a similar result was found when HrmI was used
instead of BelK, implying that the differences between (3-Acp)Ala and
(3-Ncp)Ala are not determined by BelK or Hrml.

It is worth mentioning that 8 exhibited less polarity than 7, although
8 had two more oxygens and two less hydrogens. Thus, we hypothe-
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Fig. 2. In vitro characterization of BelK and Hrml. (A) Proposed biosynthetic
pathways of (3-Acp)Ala and (3-Ncp)Ala. (B) Validation of the Ne-oxygenase ac-
tivity of BelK and Hrml.

sized that BelK/HrmlI converted the e-amino in L-lysine to a nitro group,
as the a-amino of L-lysine was preserved in both (3-Acp)Ala and (3-
Ncp)Ala. To validate this hypothesis, (S)-6-nitronorleucine (6) was syn-
thesized according to a previously reported 4-step procedure (Fig. S6)
(Zlatopolskiy et al., 2006). The DNSC derivatized 6 displayed an iden-
tical mass and retention time as 8 (Fig. 2B), confirming BelK and HrmlI
are N-oxygenases that oxidize the e-amine of L-lysine to a nitro group
(Fig. 2A). L-ornithine (10) was employed as an L-lysine analog to eval-
uate the substrate tolerance of BelK. However, no product was detected
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Fig. 3. Phylogenetic analysis of the FDO and HDO superfamilies. The tree was
constructed using the neighbor-joining method and a bootstrap test with 2000
iterations.

after DNSC derivatization (Fig. S7), indicating that BelK cannot catalyze
the oxygenation of L-ornithine.

Distinct from the ferritin-like diiron oxidase and oxygenase (FDO)
superfamily such as AurF, Cmll, ObiL and PvfB, HamC, EtmA, Unk1A,
Unk2A that belong to the Pfam 11583 (Choi et al., 2008, Komor et al.,
2016, Schaffer et al., 2017, Scott et al., 2017, He and Ryan, 2021,
Morgan and Li, 2020), BelK and HrmI are placed in the Pfam 14518, the
same as the non-heme diiron oxygenase SznF (Fig. S8) (McBride et al.,
2020, McBride et al., 2021). Phylogenetically, BelK and Hrml fall
into a clade close to SznF but far from the FDO superfamily (Fig. 3).
Apart from SznF, other enzymes such as UndA (PDB: 4WWZ) in-
volved in the biosynthesis of 1-undecene in Pseudomonas aeruginosa
and Chlamydia protein associating with death domains (CADD) (PDB:
1RCW) implicated in the biosynthesis of para-aminobenzoic acid in
Chlamydia trachomatis also contained a similar helical bundle topol-
ogy as SznF (Rui et al., 2014, Manley et al., 2019, Zhang et al., 2019,
Schwarzenbacher et al., 2004, Adams et al., 2014). These proteins to-
gether with the diiron N-oxygenase RohS, (involved in azomycin biosyn-
thesis) and the olefin-forming desaturase BesC, (taking part in L-g-
ethynylserine biogenesis) constituted the emerging heme-oxygenase-
like diiron oxidase and oxygenase (HDO) superfamily (McBride et al.,
2021, Hedges and Ryan, 2019, Marchand et al., 2019). As new mem-
bers of the HDO superfamily, it is noteworthy that BelK and Hrml are
the only members, aside from SznF, that contain an N-terminal dimer-
ization domain. Attempts to remove the N-terminal domain of BelK re-
sulted in no expression, demonstrating the importance of the N-terminal
domain for BelK expression. Moreover, BelK and Hrml are different from
other diiron nitro-forming enzymes uncovered to date. To the best of our
knowledge, BelK and Hrml are the first diiron nitro-forming enzymes to
act on the free amino acids, as most of the diiron nitro-forming enzymes
act on either aryl amines (AurF, Cmll, ObiL and RohS) or carrier-bound
amino acids (PvfB, HamC, EtmA and its homologues) (Fig. S9, S10).

Homology modeling of BelK performed by I-TASSER identified pre-
sumed diiron binding residues: E205, H215, E269, H299, D303 and
H306 which are highly conserved in all BelK-like proteins (Fig. S3),
such as Hrml, SagK from S. agglomeratus 6-3-2 (sag cluster), SctK from
S. chrestomyceticus TBRC 1925 (sct cluster), McnK from Micromonospora
sp. CNZ322 (mcn cluster) and NcsK from Nocardia sp. CS682 (ncs clus-
ter) (Fig. S1, S11). Mutagenesis of any of the six predicted catalytic sites
completely abolished the activity of BelK, validating the necessity of the
presumed diiron binding residues (Fig. 4). In addition to these six sites,
a tyrosine residue (Y295 in BelK) near the active sites is also conserved
in all BelK-like proteins, SznF and CADD (Fig. S3, S11 and S12). Sur-
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Fig. 4. Evaluation of the putative catalytic sites of BelK.

prisingly, the mutation of Y295 to alanine resulted in the insolubility
of BelK, indicating that Y295 plays a particularly prominent role in the
proper structure of BelK. To further verify the function of this tyrosine
residue, Y295F was constructed. In contrast to Y295A, Y295F was quite
soluble but lost its catalytic activity (Fig. 4 and Fig. S4), suggesting that
the hydroxyl group in Y295 is also vital for the correct function of BelK.
Due to the instability of the diiron catalytic center of many HDO pro-
teins, an extra coordinating side chain of E189 in SznF was recently iden-
tified (McBride et al., 2021), whereas the corresponding residue at this
position is phenylalanine (F179 for BelK) in all BelK-like proteins, which
is also noted in UndA and CADD (Fig. S3, S11 and S12). At present, it’s
difficult to identify the extra coordinating residue in BelK. Potentially,
the carboxylate group of L-lysine may act as the extra coordination in
all the BelK-like proteins, like with UndA (McBride et al., 2021).

The following steps of the (3-Acp)Ala and (3-Ncp)Ala biosyntheses
remains to be elucidated. It is likely that the non-heme iron and «-KG
dependent oxygenases, Bell. and HrmJ, are responsible for the forma-
tions of cyclopropyl rings with opposite stereo configurations (Fig. 2A).
The Ne-nitro group is believed to be essential for cyclopropanation, as
no products were detected in the Bell. or HrmJ assays with L-lysine as
the substrate. While this manuscript was under preparation, a non-heme
iron and a-KG dependent oxygenase Tqal was reported to catalyze the
aziridine biogenesis from L-valine, expanding the catalytic repertoire of
the Fe(II)/a-KG oxygenases (Fig. S13) (Bunno et al., 2021). Considering
that BelL, HrmJ and TqaL are members of the same Pfam (Pfam 10014),
this published result of TqaL supports the hypothesis that BelL. and HrmJ
catalyze the generation of cyclopropyl rings.

It appears that a nitroreductase absent in the hrm cluster is required
for the reduction of the nitro group in 9 to obtain (3-Acp)Ala (Fig. 2A).
In silico analysis unveiled the genes belN and its homologues (encod-
ing molybdopterin oxidoreductases) existing in the sag, sct, mcn and ncs
biosynthetic gene clusters (Fig. S1). Aside from belK/L/M/N, no addi-
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tional homologous genes were found in bel and the four clusters men-
tioned above. This surmises that the four genes are sufficient to gener-
ate (3-Acp)Ala and that the products of the sag, sct, mcn and ncs clusters
might also contain the (3-Acp)Ala moiety. Further studies of BelL, HrmJ
and BelN are currently underway in our laboratory.

In conclusion, BelK and HrmlI, new members of the emerging HDO
superfamily, have been biochemically characterized to regioselectively
catalyze the unique Ne-oxygenation of L-lysine under reducing condi-
tions. It has been reported that 6 inhibits human arginase I, resulting in
higher cellular concentrations of L-arginine for NO biosynthesis. There-
fore, this compound could be a candidate for the treatment of diseases in
which upregulated arginase activity compromises NO-dependent phys-
iological processes (Zakharian et al., 2008). Our results provide a new
synthetic method for 6 with mild reaction conditions. Furthermore, this
study highlights the versatile functions of the HDO superfamily, expands
the existing knowledge for enzyme-mediated nitro group formation, and
sheds light on the mechanism of (3-Acp)Ala and (3-Ncp)Ala biosynthe-
sis. BelK and its homologues could serve as new genome mining probes
for the discovery of novel bioactive natural products containing a nitro
group or cyclopropyl skeleton.
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