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ABSTRACT: Halogenation is a prominent transformation in natural product biosynthesis, with over 5000 halogenated natural
products known to date. Biosynthetic pathways accomplish the synthetic challenge of selective halogenation, especially at
unactivated sp3 carbon centers, using halogenase enzymes. The halogenase CylC, discovered as part of the cylindrocyclophane (cyl)
biosynthetic pathway, performs a highly selective chlorination reaction on an unactivated sp3 carbon center and is proposed to use a
dimetal cofactor. Putative dimetal halogenases are widely distributed across cyanobacterial biosynthetic pathways. However, rigorous
in vitro biochemical and structural characterization of these enzymes has been challenging. Here, we report additional bioinformatic
analyses of putative dimetal halogenases and the biochemical characterization of a newly identified CylC homologue. Site-directed
mutagenesis identifies highly conserved putative metal-binding residues, and Mössbauer spectroscopy provides direct evidence for
the presence of a diiron cofactor in these halogenases. These insights suggest mechanistic parallels between diiron and mononuclear
nonheme iron halogenases, with the potential to guide further characterization and engineering of this unique subfamily of
metalloenzymes.

Microbial natural product biosynthesis uses a broad range
of enzymatic transformations to generate structurally

complex, bioactive products.1 One of the most striking and
versatile microbial biosynthetic transformations is halogen-
ation. Halogenation is widespread across all domains of life,
with over 5000 halogenated natural products identified.2 This
modification alters the physiochemical properties and bio-
activity of molecules, with approximately 25% of all drugs and
drug candidates containing a C−X (where X = F, Cl, Br, or I)
bond.3 While synthetic chemists face significant challenges in
selective halogenation,4 Nature has evolved halogenases,
enzymes that perform this chemistry with remarkable efficiency
and selectivity.
All well-characterized halogenases belong to one of three

major classes: electrophilic (C−X bond formed by nucleophilic
attack on an electrophilic RO−X species), radical nonheme
mononuclear iron (C−X bond formed by selective radical
transfer), and SAM-dependent nucleophilic (C−X bond
formed by SN2 substitution).5 There has been significant
interest in the characterization and discovery of enzymes that
halogenate unactivated C(sp3)−H bonds. For many years this
type of reactivity was thought to be unique to nonheme
mononuclear iron halogenases, which utilize oxygen, α-
ketoglutarate, and a mononuclear iron cofactor to form the
C−X bond (where X = Cl or Br) (Figure 1A). SyrB2, reported
by Walsh and co-workers in 2005,6 was the first example of
enzymatic oxidative halogenation in nonheme iron enzymes,
enabling the discovery of many related enzymes.7−9 The crystal
structure of SyrB2, solved by Drennan and Walsh, contained a
2 His−Cl facial triad, with the chloride replacing the

carboxylate ligand of the Asp residue found in analogous
hydroxylases.10 This structural insight highlighted the
possibility of a mechanism involving the iron-bound chloride.
Indeed, subsequent mechanistic studies of these halogenases
determined that reactive ferryl−oxo intermediates selectively
abstract hydrogen atoms from unactivated C(sp3) centers and
C−X bonds are formed by a highly selective radical rebound
with the halide ligated to the iron center.7,10−12 These
fundamental studies have informed engineering of radical
halogenases, expanding substrate scope to include non-natural,
free-standing substrates and altering reactivity to enable
bromination and azidation.13,14

In 2017, we discovered a new radical halogenating enzyme
in the biosynthesis of cylindrocyclophane F by the
Cyanobacterium Cylindrospermum lichenforme (Figure 1B).15

Encoded within the cyl biosynthetic gene cluster (BGC), CylC
performs a highly regio- and stereoselective chlorination at C6
of its acyl carrier protein (ACP)-tethered substrate, CylB-
decanoyl thioester. The resulting R-configured alkyl chloride is
further elaborated to a chlorinated alkyl resorcinol inter-
mediate, which undergoes a C−C bond forming dimerization
by the Friedel−Crafts alkylating enzyme CylK to form the
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paracyclophane scaffold.15,16 Initial bioinformatic analyses
revealed that CylC does not share any amino acid sequence
similarity with known radical halogenases. While its halogen-
ation activity was iron-dependent, it did not require cofactors
or cosubstrates associated with enzymatic halogenation (heme,
flavin, vanadate, α-ketoglutarate, S-adenosyl methionine).
Instead, CylC resembles the ferritin-like diiron oxygenase
AurF, which performs a 6-electron N-oxidation of p-amino-
benzoic acid to p-nitrobenzoic acid in aureothin biosynthesis.17

Despite low amino acid similarity (26%) and identity (12%)
between the two enzymes, aligning an initial homology model
of CylC with AurF’s crystal structure identified a set of putative
CylC metal binding residues in the location of AurF’s diiron

metallocofactor, leading to the hypothesis that CylC also
possesses a dimetal cofactor. Initial biochemical experiments
provided support for the hypothesis that CylC is a diiron
enzyme by revealing an iron:enzyme ratio of ∼2:1.15
Ferritin-like diiron oxygenases and oxidases (FDOs) are

nonheme diiron enzymes that perform a wide variety of
chemical reactions by activating molecular oxygen, inducing a
transition from a typical diferrous resting state to a diferric
state.18,19 Conversion of the corresponding diiron−O2 adduct
to various reactive intermediates enables oxidative trans-
formations including N-oxygenation,17 alkane hydroxylation,20

site-selective desaturation,21 and alkene epoxidation.22 Despite
this broad reaction scope, diiron enzymes are not known to

Figure 1. Radical halogenases functionalize unactivated carbon centers. (A) Overall reaction and examples of radical halogenation by mononuclear
nonheme iron halogenases. (B) Putative diiron halogenases biosynthesize fatty acid-derived cyanobacterial natural products. (C) Characterization
of active site residues and spectroscopy suggest putative diiron halogenases use a diiron cofactor for radical halogenation.
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perform halogenation, potentially making CylC the founding
member of a new FDO subfamily.
Subsequent studies of putative diiron halogenases have

largely focused on their genomic distribution and their
associations with natural products. A survey of genomes and
a PCR screen of cyanobacterial isolates revealed that CylC
homologues are widespread across all major cyanobacterial
classes, making them a major C−H functionalization strategy
in the phylum. They are encoded within BGCs that are
predicted to give rise to diverse molecular architectures23 and
participate in the biosyntheses of additional chlorinated fatty
acid-derived natural products and biosynthetic intermediates
(Figure 1B).24−28

Despite the prevalence of putative diiron halogenases, little
is known about the biochemical and structural basis for their
halogenation activity. Beyond the previous preliminary studies
of CylC, no reports have characterized the metallocofactor or
key catalytic or metal binding residues of these enzymes.
Notably, in vitro biochemical and structural experiments using
these enzymes have been hindered by their general intract-
ability and insolubility: initial studies of CylC required two
coexpression partners, the fatty acid activating ligase (FAAL)
CylA and the ACP CylB, to obtain low levels of soluble
enzyme from anEscherichia coli expression system. Given that
putative diiron halogenases represent a major C−H function-
alization strategy in cyanobacteria, gaining a more detailed
understanding of their structures and mechanisms would
provide valuable insights into a chemically important
biosynthetic transformation and new mode of reactivity for
the nonheme diiron cofactor.
Here, we use bioinformatic, biochemical, and spectroscopic

approaches to identify a proposed mode of diiron binding
among dimetal halogenases. Multiple sequence alignments and
structural predictions of CylC homologues reveal a highly
conserved putative diiron binding site that may contain an
open site for chloride binding. Using site-directed mutagenesis
of the CylC homologue NocO, we show these proposed active
site residues likely contribute to metal binding and chlorination
activity. The lack of activity in these variants suggests the
relevance of these residues in metallocofactor assembly.
Finally, we use Mössbauer spectroscopy to obtain direct
evidence of a diiron cofactor in NocO. Together, this work
provides experimental support for the involvement of a diiron
metallocofactor in this subfamily of radical halogenases (Figure
1C).
To guide further biochemical studies of putative diiron

halogenases, we aligned the amino acid sequences of CylC,
selected homologues, and the diiron N-oxygenase AurF
(Figure 2A, Figure S1). This analysis identified candidate
active site residues in the diiron halogenases based on the
previously established iron binding ligands in AurF.29 We
located nine residues, seven of which are found in a QExxH
and HxxDExxH motif, that most likely comprise the active site
in the selected homologues. A further examination of 241
other CylC homologues identified in a BLAST search revealed
that these nine residues are conserved in the dimetal
halogenase subfamily (Figure 2A, Figure S2). We used both
AlphaFold2 and AlphaFold3 to generate predicted structures
of CylC and superimposed them onto the crystal structure of
diiron-bound AurF to identify roles for these residues.
Consistent with the prior homology model, CylC is predicted
to have the distinctive four α-helix bundle characteristic of
FDOs, with a glutamate- and histidine-rich active site (Figure

2B, Figures S3, S4).18,30 The AlphaFold structures predicted
roles in metal binding and hydrogen bonding for the nine
residues we had identified in our sequence alignment. In
AurF’s crystal structure, two aspartates (D135 and D226) act
as bases and hydrogen bond acceptors for H230 and H139,
respectively, allowing the two histidine residues to be stronger
ligands for the diiron cofactor.29 In CylC and its homologues,
D135 is replaced by a glutamine, which lacks the basicity of an
aspartate residue, potentially altering the metal binding
environment in dimetal halogenases. However, there are
differences in the predicted metal binding ligands. The 3
histidine/4 carboxylate diiron binding mode of AurF is largely
unique to the N-oxygenase subfamily of FDOs, with most
other FDOs having a six-coordinate iron-binding environment.
Specifically, most nonheme diiron hydroxylases bind the diiron
cofactor using a 2 histidine/4 carboxylate motif.31 The
AlphaFold structure predicts that CylC has six primary metal
binding ligands as compared to AurF’s seven. However, in
contrast to other C−H oxidizing FDOs, the metal binding
environment of CylC is predicted to contain a 3 histidine/3
glutamate motif resembling AurF’s active site. Notably, the
final coordination site in the predicted structures of CylC and
other homologues, occupied by E196 in AurF and E283 in the
original CylC homology model, is predicted to be left
unoccupied by a shift of this glutamate to outside the primary
metal binding sphere (Figures S4, S7). Docking two iron
atoms and a chloride ion with AlphaFold3 suggested that this
predicted open coordination site could accommodate a
chloride ion, a structural feature reminiscent of the chloride
binding site of nonheme mononuclear iron halogenases
(Figure 2B).10 Inspecting the sequence alignment of CylC
homologues revealed that this glutamate is the only residue
among the nine identified that is not absolutely conserved; a
small subset of sequences have glutamine at this position

Figure 2. Bioinformatic analyses of CylC homologues predict amino
acids involved in dimetal cofactor binding and identify a potential
chloride binding site. (A) Protein sequence alignment of AurF with
select CylC homologues reveals a set of putative active site residues.
(B) AlphaFold3 predicted structure of CylC contains the FDO-like
fold found in AurF and a dimetallocofactor with an open coordination
site for halide binding. Italicized residues represent active site residues
that are predicted to not directly participate in metal binding.
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(Figure S2). A search of residues within 5 Å of the putative
chloride-bound iron atom did not reveal any additional
residues that could act as metal-binding ligands, further
supporting the possibility of halide coordination at this site
(Figures S7, S8). By predicting features distinct from AurF and
the original CylC homology model, these analyses potentially
redefine the active sites of putative dimetal halogenases.
To functionally characterize the putative active site residues

in CylC homologues, we sought a more tractable enzyme for in
vitro studies. As highlighted above, biochemical studies of CylC
have been complicated by its poor solubility, instability, and
strict need for two coexpression partners.15 Therefore, we
screened 12 phylogenetically diverse CylC homologues23 for
improved solubility and expression in E. coli (Table S3). We
attempted heterologous expression under a variety of
conditions, including different host strains, temperatures,
promoters, and coexpression with a cognate ACP. This
screening effort identified one homologue, NocO (43%
amino acid ID, 60% similarity), fromNodulariasp. LEGE
06071, with improved expression characteristics, namely its
ability to be solubly expressed with just its cognate ACP,
NocM (Figure 3A). We selected NocO as a model system to
study dimetal halogenases.
NocO is encoded by the noc BGC which produces the

nocuolactylates.27 It is hypothesized to chlorinate an ACP-
tethered dodecanoyl thioester starter unit (1) in the assembly
of the chlorosphaerolactylate half of the nocuolactylates.26,27

We expressed and purified NocO together with its ACP,
NocM, as N-terminally His6-tagged constructs from E. coli
BL21(DE3) (Figure S9). Since NocM was purified in its apo
form, we used the phosphopantetheinyl transferase Sfp to
generate 1 from dodecanoyl CoA (Figure 3B). We
reconstituted NocO’s chlorination activity toward 1 in vitro
by combining the enzyme−substrate mixture with redox
components required for CylC activity.16 Reactions supple-

mented with an exogenous ferrous source (Figure 3C, 3D) and
reactions with the as-purified protein (Figure S14) all
generated monochlorinated 2. When a terminally deuterated
version of 1 was tested, a + 2 m/z shift was observed in the
phosphopantetheine ejection fragment, confirming NocO’s
selectivity for the terminal position of its substrate (Figure 3E).
We were unable to detect hydroxylated products in NocO
assays, a known chemoselectivity issue in nonheme mono-
nuclear iron halogenases.32−35 The reconstitution of NocO’s
chlorination activity confirmed its role as a halogenase.
We next set out to investigate the importance of the

predicted metal binding residues in NocO. However, the
previously established heterologous expression system failed to
yield appreciable amounts of soluble mutant enzymes, which
prevented biochemical experiments. Similar expression diffi-
culties were reported for AurF upon mutation of its metal-
binding active site residues.36 We made several attempts to
increase protein yield, including scaling up expression cultures,
expressing a SUMO-tagged construct, and coexpression with
both NocM and the FAAL NocL, without success. We next
explored changing the heterologous expression host and
discovered that E. coli ArcticExpress (DE3), a BL21 derivative
that constitutively expresses the chaperones Cpn60 and Cpn10
fromOleispira antarctica, produced our variants at comparable
levels to wild-type NocO when coexpressed with NocM
(Figure S17). The two proteins also copurify with Cpn60
(Figure S18). Using this expression system, we reconstituted
wild-type NocO’s in vitro chlorination activity (Figure 4C). In
addition, a Ferene-S assay revealed approximately 1.97 mol Fe/
mol in wild-type NocO, which is consistent with a diiron
cofactor. This observation, in combination with NocO’s
homology with CylC and its demonstrated halogenation
activity, supports the assignment of NocO as a dimetal
halogenase.

Figure 3. NocO chlorinates the terminal position of NocM-tethered dodecanoyl thioester. (A) AlphaFold3 predicted structure of the NocM/NocO
complex. (B) In vitro assay for halogenation of 1 by NocO (Fdx = ferredoxin, Fdr = ferredoxin reductase). (C) Representative extracted ion
chromatogram (EIC) of trypsin digested product 3 in full in vitro reactions and reactions lacking the electron source NADPH. (D) Representative
MS spectra of 3 extracted from EICs in (C). (E) MS/MS fragmentation of product in reactions supplemented with NocL-loaded NocM-12,12,12-
d3-dodecanoyl thioester shows NocO selectively halogenates the terminal carbon of the acyl chain of 1. Assays and negative controls were
performed in triplicate for experiments in (C) and (D), assays and negative controls were performed in duplicate for the isotopic labeling
experiment in (E).
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Substituting alanine in place of any of the nine putative
active site residues revealed that all of them were essential for
chlorination activity (Figure 4A,C). However, only the six
variants that replace a proposed metal binding ligand showed
reduced iron binding relative to wild-type, consistent with a
near single occupancy-like state (Figure 4B). Interestingly, the
Q128A, E252A, and D282A variants all had comparable iron
stoichiometry relative to the wild-type enzyme. This finding
supports the hypothesis that E252 is likely not a metal binding
residue and instead suggests that D282 and E252 may act as
hydrogen bond acceptors for their proximal iron-binding
histidine residues and that their mutation to alanine may
hinder catalytic activity without affecting metal acquisition.
While these iron:protein stoichiometries are approximate due
to the challenge of accurately quantifying NocO in our enzyme
preparations, the absence of chlorination activity in these

variants is consistent with their proposed roles as first- and
second-sphere cofactor ligands.
To directly investigate the nature of NocO’s metallocofactor,

we purified 57Fe-enriched NocO on a large scale for Mössbauer
spectroscopy. The UV/vis absorption spectrum of the as
isolated sample exhibited broad absorbance features at ∼ 360
nm and ∼ 410 nm (Figure S11), of which the former is likely
characteristic of an oxo-to-iron ligand-to-metal charge transfer
band found in other members of the FDO family, typically
indicative of a μ-oxo-Fe2III/III species.37 The 4.2-K/53-mT
spectrum of the 57Fe-enriched, aerobically isolated protein
(Figure 4D, black vertical bars) can be simulated as three
partially resolved quadrupole doublets with isomer shifts (δ)
and quadrupole splitting (ΔEQ) (δ1 = 0.53 mm/s, ΔEQ1 = 0.90
mm/s, 50% of total absorption, blue line; δ2 = 0.51 mm/s,
ΔEQ2 = 1.43 mm/s, 23% of total absorption, red line; and δ3 =

Figure 4. Mutation of predicted metal binding residues and Mössbauer spectroscopy support the presence of a diiron cofactor in NocO. (A)
Putative active site residues in NocO identified in an AlphaFold3-predicted structure. Residues shown in white are predicted to be not directly
involved in metal binding. (B) Representative EICs for 3 show that active site variants are catalytically inactive. (C) Certain active site variants
show decreased iron loading relative to WT NocO. Assays and corresponding negative controls were performed in triplicate, bars represent mean ±
SD. (D) 4.2-K/53-mT Mössbauer spectrum of 57Fe-enriched, aerobically isolated NocO. The experimental spectrum is depicted in black vertical
bars of heights reflecting the standard deviations of the absorption values during spectral acquisition. The blue, red, and yellow lines are quadrupole
doublet simulations illustrating the fractional contributions from the different diiron(III)-species quoted in the text. The black arrows represent the
high-energy lines of the Fe(II)-species, as quoted in the text. The parameters of the different iron-species used for simulation are summarized in
Table S7.
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0.53 mm/s, ΔEQ3 = 2.15 mm/s, 17% of total absorption,
yellow line) characteristic of antiferromagnetically coupled
high-spin diferric clusters with diamagnetic (S = 0) electron-
spin ground states (Table S7).38,39 The unusually large
quadrupole splitting of the species outlined in yellow suggests
the presence of a μ-oxo-bridge,40 as has been observed in other
FDOs, such as the β subunit of class Ia ribonucleotide
reductase from Escherichia coli41−43 and the N-oxygenase
AurF.44 In addition, there are two weak absorption features at
∼2.5 and ∼2.8 mm/s, positions typical for the high-energy
lines of quadrupole doublets arising from high-spin Fe(II) ions
(Figure 4D, black arrows). The spectrum of an equivalent
sample reduced anoxically with excess sodium dithionite
(Figure S12, black vertical bars) shows an increased intensity
from these absorption features, which contribute ∼ 60% of the
total absorption area and have parameters (δ ∼ 1.2 mm/s, ΔEQ
∼ 3.0 mm/s) typical of nitrogen and oxygen coordinated high-
spin Fe(II) species.38,44,45 In the reduced sample, two minor
absorption features (with ∼20% of the total absorption area
each) with their high-energy lines at positions ∼1 and ∼1.6
mm/s, (Figure S12, black arrows) show that the diferric
species remain after reduction only by dithionite, suggesting
the need for a mediator to access the buried cofactor. The
Mössbauer data thus provide definitive evidence for the
presence of a nonheme diiron cofactor in NocO.
In summary, these findings support the involvement of a

diiron cofactor in a distinct group of radical halogenases. By
combining information from multiple sequence alignments and
predicted enzyme structures, we identified a conserved set of
putative metal binding residues and a potential open
coordination site for chloride binding in CylC and its
homologues. In addition, the predicted 3 histidine/3 glutamate
architecture is distinct from that of diiron alkane hydroxylases
and N-oxygenases, the closest structurally characterized
homologues of this halogenase family.29,46 The predicted
change of the aspartate hydrogen bond acceptor in FDOs to a
glutamine in dimetal halogenases may also have implications
for chemoselectivity and mechanism. Further studies will be
needed to determine the exact nature of the ligands bound to
the diiron cofactor, but the conservation of these identified
residues suggests that they are functionally important.
To overcome difficulties heterologously expressing CylC, we

evaluated multiple homologues, ultimately identifying NocO as
the most viable candidate for biochemical studies. NocO
purified from E. coli catalyzes a highly chemo- and
regioselective chlorination of the terminal carbon of an ACP-
tethered dodecanoyl thioester. Mutagenesis of active site
residues has been important for understanding mononuclear
nonheme Fe-dependent halogenases,47 but has been challeng-
ing in FDOs.36 The mutagenesis of putative metal-binding
residues in NocO suggests they are essential for chlorination
activity and diiron metallocofactor assembly. Importantly, the
Mössbauer spectrum of as-isolated NocO exhibits primarily
quadrupole doublet features indicative of antiferromagnetically
coupled diiron(III) clusters, providing the first direct
spectroscopic evidence for the identity of the metallocofactor
in this group of halogenases.
Our results provide exciting insights into the potential

mechanism and evolution of these enzymes. The high bond
dissociation energies of C(sp3)−H bonds (∼98−101 kcal/
mol)48 and the unactivated nature of the carbon centers
functionalized by diiron halogenases necessitates a radical-
based halogenation mechanism.2 The enzymatic halogenation

of C(sp3)−H bonds has been of longstanding interest to both
biological and synthetic chemists. From the initial character-
ization of the mononuclear Fe-dependent radical halogenases11

to recent reports of a dicopper radical halogenase,49 these
halogenases are proposed to share certain mechanistic features.
In mononuclear Fe-dependent radical halogenases, the
carboxylate ligand found in related hydroxylases is mutated
to a smaller, nonpolar residue to allow the binding of a halide
to iron, and the C−X bond is formed through a radical
rebound following the activation of the iron cofactor by
molecular oxygen.10 Similarly, the proposed mechanism of the
recently discovered dicopper halogenase ApnU also invokes
hydrogen atom abstraction by an O2-activated metallocofactor
followed by a radical transfer of a directly coordinated
halogen.49 We propose the involvement of an analogous
diiron−chloro metallocofactor in the diiron halogenases and a
mechanistic hypothesis involving C−H abstraction by a high-
spin diiron−oxo species (Figure S21). Many aspects of this
mechanistic hypothesis, specifically the formation of a di-
Fe(IV) intermediate, are similar to intermediate Q in soluble
methane monooxygenase (sMMO).20,50 However, we propose
that chlorination occurs via a chlorine transfer step resembling
that of the mononuclear iron halogenases (Figure S21). This
proposal could account for the reactivity of diiron halogenases.
Moreover, this mechanism suggests that like the mononuclear
nonheme radical halogenases, diiron halogenases may have
evolved from hydroxylating diiron enzymes. This parallel
evolution in biochemical logic may inform efforts to engineer
halogenase activity in diiron hydroxylase enzymes, which has
been explored in their mononuclear iron counterparts.32,34,51

Efforts to structurally characterize NocO and study the
mechanism of diiron-catalyzed chlorination are ongoing.
Additional insights into this halogenase family will continue
to broaden our knowledge of enzymatic C−H functionalization
in natural product biosynthesis.
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