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intermediate in heme biosynthesis. Proteins homologous to HemN ] fkrl/* o | )OKH/- g
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eukaryotes. Although these proteins are in most cases annotated as SAMZ p D
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particular focus is placed on the diverse chemistries and functions OH OH

of this growing protein family.
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more than 17000 sequences are found in the IPR004558

Heme is one of the most abundant cofactors in nature and family annotated as oxygen-independent coproporphyrinogen
plays essential roles in many fundamental biological processes, I oxidase HemN.'* However, only a small fraction of the
such as respiration, photosynthesis, and the metabolism and
transport of oxygen. The metabolic pathways of heme,
including acquisition, biosynthesis, and degradation of this
cofactor, are required nearly in all living organisms. Biosyn- HemN-like proteins include heme transfer and degradation
thesis of heme begins with the formation of S-aminolevulinic and C1 transfer in the biosynthesis of various natural products.
acid (5-ALA), which is converted to a tetrapyrrole macrocyclic
intermediate coproporphyrinogen IIL.>° A subsequent oxida-
tive decarboxylation catalyzed by coproporphyrinogen III
oxidase (CPO) converts coproporphyrinogen III to proto- two SAM molecules simultaneously in the active site (Figure
porphyrinogen IX. Two evolutionarily and mechanistically 1) and generating a unique SAM-based methylene radical 1 to
distinct families of CPO have evolved in Nature. For most
eukaryotes, the reaction is catalyzed by aerobic CPO HemF,
which uses molecular oxygen as an oxidant."”® For many highlights the recent advances in the functional and
bacteria, however, the same reaction is catalyzed by anaerobic mechanistic study of HemN-like proteins. The distribution,
CPO HemN, an oxygen-sensitive protein that utilizes S-
adenosylmethionine (SAM) as the oxidant.” It is noteworthy
that the CPO-independent heme biosynthetic gathways have
also been identified in various prokaryotes.'*™" and CgdH in the literature,
HemN belongs to the radical SAM superfamily, one of the nomenclature HemN is used, as it is more prevalent in public
largest known enzyme families consisting of more than 700 000
members'® (e.g IPR007197 in the InterPro database'*). These
enzymes contain a [4Fe-4S] cluster to bind SAM and
reductively cleave its carbon—sulfur bond to produce a highly November 15, 2021
reactive 5'-deoxyadenosyl (dAdo) radical, which Iinitiates January 4, 2022
highly diverse reactions.'”'® Although the anaerobic CPO January 5, 2022
activity is only essential for a subset of bacteria, the predicted January 18, 2022
HemN proteins are widespread in Nature and have been found
in all three domains of life. At time of writing this Perspective,

HemN-like proteins are CPOs per se, whereas most proteins
annotated as HemN are not CPOs. The non-CPO activities of

Despite the diverse reactions catalyzed by HemN-like enzymes,

these enzymes appear to share a common paradigm by binding

initiate the reaction (Figure 2A)."7" This Perspective

phylogeny, and catalytic promiscuity of these proteins are also
discussed. It is noteworthy that HemN was also named CpdH

»'% and in this Perspective the

databases.
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Figure 1. HemN binds two SAM molecules (PDB 10LT)."” (A)
Active site of HemN that binds (S)-SAM (~60% occupancy). (B)
Active site of HemN that binds (R)-SAM (~40% occupancy). The
distances from the SAM1 C5' atom to the sulfur and methyl carbon of
SAM?2 are shown in brown and blue, respectively.

The in vitro CPO activity of HemN, which catalyzes the
oxidative decarboxylation of the two propionate chains of
coproporphyrinogen III, was revealed by the seminal work of

Layer et al. in 2002.>° Later the crystal structure of HemN was
solved at 2.07 A resolution, which represents the first structure
of the radical SAM superfamily (PDB 10LT).”"** In the
structure, the [4Fe-4S] cluster is bound by three cysteine
residues within the characteristic CxxxCxxC motif found in
most radical SAM enzymes. One SAM molecule (SAMI)
binds the unique Fe of [4Fe-4S] cluster via its amino nitrogen
and carboxylate oxygen, and a second SAM (SAM2) is found
adjacent to the [4Fe-4S]-bound SAM1 (Figure 1).*"**
Mutation of the second SAM binding sites completely
abolished enzyme activity, demonstrating the essential role of
the second SAM in catalysis.”’

The HemN-catalyzed decarboxylation occurs in a sequential
manner, which first produces the mono-decarboxylated
product and then the di-decarboxylated product protopor-
phyrinogen IX.”* Two SAM molecules were consumed in
producing one molecule of protoporphyrinogen IX.”* Hence, it
had been generally accepted for a long time that the dAdo
radical directly abstracts a hydrogen atom from the propionate
chain of coproporphyrinogen III and each SAM is responsible
for the decarboxylation of one propionate chain.'>'® Although
theoretically feasible, the proposed mechanism would involve
significant movement of the two SAM molecules in the enzyme
active site, and this appears to be inconsistent with the
extremely high reactivity of dAdo radical, which needs to be
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Figure 2. Catalytic mechanism of HemN. (A) Common pathway of HemN-like enzymes in the generation of a SAM-based methylene radical
intermediate 1. (B) Mechanism of HemN-catalyzed oxidative decarboxylation reaction. (C) Working hypothesis for the detailed HemN catalysis.
The [4Fe-4S] cluster is represented as a cube, and the porphyrinogen ring is represented as a purple diamond. P and V represent propionate and
vinyl moieties, respectively. 2-I, 2-II, 2-III, and 2-IV are coproporphyrinogen III (substrate), mono-decarboxylated product (harderoporphyri-
nogen), protoporphyrinogen IX (di-decarboxylated product), and the SAM adduct of the mono-decarboxylated product, respectively.
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Figure 3. HemN-catalyzed homolytic substitution (S;;) reactions. The reaction occurs on SAM and the sulfoxide analogueue of SAM (SAHO) but

not on the sulfone analogueue of SAM (SAHO,).

finely controlled in the active site to achieve a specific catalytic
outcome.”>*°

Indeed, recent biochemical studies have established a revised
mechanism, which involves a key SAM-based methylene
radical intermediate 1 in the reaction.”” In the catalysis of
HemN, SAMI is reductively cleaved to generate a dAdo
radical, which abstracts a hydrogen from the methyl group of
SAM2 to produce 1 (Figure 2A). 1 then abstracts a hydrogen
from the propionate B-carbon of coproporphyrinogen III to
produce a vinyl chain (Figure 2B). The product dAdoH and -
Met generated from SAMI is then replaced by a new SAM
molecule (SAM3), and the resulting mono-decarboxylated
product is released and then re-enters into the enzyme active
site. with a flipped conformation, presenting the second
propionate group to proximity of the SAM2 (Figure 2C).
Cleavage of SAM3 leads to the second run of hydrogen
transfer and production of the second vinyl group (Figure 2C).
The key evidence for the presence of 1 in the reaction is the
trapping of a SAM adduct by the mono-decarboxylated
product (Figure 2C).”” Such a SAM adduct is apparently a
shunt product of the aberrant pathway in which the mono-
decarboxylated product generated from the first round of
reaction fails to flip its conformation on time (Figure 2C).
Because multiple reaction turnovers were observed in the
absence of external reductant, it is likely that upon
decarboxylation the electron could go back to the [4Fe-4S]
cluster to regenerate its active +1 state.”” A similar redox-
neutral reaction has also been observed for other radical SAM

28—30
enzymes.

The radical SAM-dependent homolytic substitution was first
revealed by Nicolet and co-workers in the study of HydE,
which catalyzed the dAdo radical-mediated homolytic
substitution on a thioether substrate.”’ Later Britt and co-
workers showed that the dAdo radical generated in the HydE
reaction attacks the cysteine S of the HydG product
[Fe"(Cys)(CO),(CN)] to produce an adenosylated Fe(I)
intermediate.” The sulfur-based homolytic substitution has
increasingly been recognized as an essential part of synthetic
chemistry, which has been reported on various sulfur-
containing compounds, including thioethers, thioesters,
disulfides, sulfoxides, sulfinates, sulfonamides, and various S-

mm

based acetyl and ketals.** ™’ As discussed above, in the HemN
reaction, the dAdo produced from SAM1 abstracts a hydrogen
from the methyl group of SAM2 to produce the key
intermediate 1 (Figure 2A). However, in the crystal structure
of HemN, it appears that, for both SAM diastereoisomers
found in the active site, the C5’ of SAM1 is even closer to the
sulfur atom than to the methyl group of SAM2 (Figure 1).
This observation raises the tempting possibility that, besides
abstracting a hydrogen from the SAM2 methyl group, the
dAdo radical may also attack the sulfonium center of SAM?2 to
initiate a homolytic substitution reaction to produce a
diadenosylated product and homoalanine (homoAla) (Figure
3). Indeed, di(5’-deoxyadenosyl)methylsulfonium (3-I) and
homoAla were found in the HemN reaction mixture (Figure
3), and the yield of 3-1 is slightly higher in the absence of the
substrate coproporphyrinogen IIL* These findings demon-
strate an unprecedented homolytic substitution reaction that
occurs on a sulfonium center.

It has been shown previously that some radical SAM
enzymes such as the tryptophan lyase NosL and the HemN-
like enzyme NosN can cleave the sulfoxide and sulfone
analogues of SAM (ie, SAHO and SAHO,) to produce
dAdoH.*" HemN is also able to cleave SAHO and SAHO, to
produce a dAdo radical.** When the HemN reaction was
performed with SAHO, the dAdo radical generated from
SAHOL1 attacked the sulfur center of SAHO?2, leading to the
production of di(5’-deoxyadenosyl)methylsulfoxide (3-II)
(Figure 3). However, the expected di(S’-deoxyadenosyl)-
methylsulfone (3-III) was not found when the reaction was
performed with SAHO,, suggesting that homolytic substitution
cannot occur on a sulfone center (Figure 3), and this is
supported by density functional theory (DFT) calculation.*
Characterization of these radical SAM-dependent homolytic
substitutions expands the understanding of sulfur chemistry
and highlights the diverse catalytic versatility of radical SAM
enzymes. Although thus far this type of chemistry has only
been explored on HemN, it is expected that such a reaction
may also occur on many other HemN-like enzymes.
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Figure S. Methylation reactions catalyzed by the class C RSMs. (A) Consecutive methylation of menaquinone. (B) Thiazole methylation by Tbtl

in the biosynthesis of thiomuracin Al.

The radical SAM-dependent methylase (RSM) can be grouped
into several major classes according to the catalytic
mechanism.”>** Class A RSMs consist of the RNA
methyltransferase RImN and Cfr, which utilize a post-
translationally methylated Cys in the enzyme active site as a
methyl donor."*~*” Class B RSMs require a cobalamin factor
to transfer the methyl group from SAM to the substrate.**™>°
Although this process predominantly proceeds via radical
chemistry, the polar mechanism is also present, as observed in
the tryptophan methyltransferase TsrM.”'~>* Class D RSM
thus far has only one enzyme involved in methanopterin
biosynthesis, which is distinct from other classes, as it appears
to use methylenetetrahydrofolate instead of SAM as the methyl
donor.>® Class E RSM consists of the noncanonic methylase
NifB involved in nitrogenase cofactor assembly.’>”” Instead of
methyl transfer, NifB transfers a carbide ion and couples two
[4Fe-4S] clusters to form a [8Fe-9S-C] precursor called NifB-
0.’ Class C RSMs, the topic of this Perspective, are
homologous to HemN and likely share the same mechanism
with HemN in generating the radical intermediate 1. However,
instead of hydrogen abstraction to initiate an oxidative
decarboxylation in HemN, 1 adds to an sp* carbon to produce
a radical adduct intermediate 4-1 (Figure 4), which can be

112

converted to various products, such as a methyl group, a
cyclopropane moiety, a methoxy moiety, etc. In all of these
cases, the reaction transfers a C1 unit to the substrate and
releases an S-adenosylhomocysteine (SAH) as a coproduct

(Figure 4).

Menaquinone (MK) is an important component of the
electron-transfer system in prokaryotes.”®’ Biosynthesis of
MK involves either menaquinone (Men) pathways or
futalosine (Mqn) pathways.°”®" MK is also found in
methylated forms such as methyl-menaquinone (MMK) and
dimethylmenaquinone (DMMK).”**’ In 2017, Hein et al.
showed that the mgnK gene (which encodes a HemN-like
protein) of the Mqn pathway in Wolinella succinogenes is
required to convert MK, to 8-MMKj (the subscript number
specifies the number of prenyl units in the isoprenoid side
chain) (Figure 5A).°” They expressed a MqnK homologue
MenK of the Men pathway and showed MenK converted MKy
to 8-MMKj in vitro. Later Hein et al. showed another MqnK
homologue MenK2 catalyzes the methylation of MKy on the
C7 position to produce 7-MMK.**> When the menK2 gene was
introduced into W. succinogenes wide type strain, 7-MMKj, 8-
MMK, and 7,8-DMMKy were all found from the cell
membranes (Figure SA). These results clearly demonstrate
the methyltransferase activity of MenK and MenK2.

https://doi.org/10.1021/acsbiomedchemau.1c00058
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7-1 is a metabolite produced by the ytkT-knockout mutant, and 7-II is produced in vitro in the YtkT assay. (B) Cyclopropanation in CC-1065

biosynthesis. (C) Cyclopropanation in jawsamycin biosynthesis.

The thiopeptide antibiotic thiomuracin Al contains a 5-
methylthiazole ring. In 2017, Mahanta et al. reported in vitro
reconstitution of a HemN-like enzyme Tbtl involved in
thiomuracin biosynthesis, showing that this enzyme catalyzes

113

thiazole CS5-methylation on a linear hexazole-bearing inter-
mediate of the precursor peptide TbtA (Figure 5B).°* Instead,
thiomuracin GZ, an analogue of thiomuracin Al that lacks the
thiazole CS-methyl group, is not the substrate of Tbtl. The

https://doi.org/10.1021/acsbiomedchemau.1c00058
ACS Bio Med Chem Au 2022, 2, 109-119
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mechanism of TbtI was later investigated in detail by isotopic
labeling studies.® Briefly, when deuterium-labeled SAM (i.e.,
CD,;-SAM) was used in the reaction, the majority of
methylated products contained a CHD, group. When the
reaction was performed with CD;-SAM in D,0O, the major
product again contained a CHD, group. When the reaction
was performed using CD;-SAM in D,O with the deuterium-
labeled substrate at the thiazole CS, the major product then
contained a CDj; group. These results revealed the
deprotonation of the Cf position by a solvent-exchangeable
protein residue during the catalysis (Figure SB). This hydrogen
can be transferred back to the methylated product likely via an
anion intermediate 5-1 (Figure SB).

Besides the in vitro characterized examples, many HemN-
like enzymes were also reported to perform methyl transfer
reactions, such as Tpdl, TpdL, and TpdU in GE2270
biosynthesisé6 and Blm-Orf8,%” TIm-Orf11,°® and Zbm-
Orf26* in the biosynthesis of bleomycin family antibiotics.
It is also noteworthy that although some HemN-like enzymes
such as YtkT and NosN are not methyltransferase per se,
methylated products were also observed in the reaction,”’”"
which are the results of off-pathway promiscuous reaction of
the intermediates.

The HemN-like enzyme NosN catalyzes the indolyl side ring
formation in nosiheptide biosynthesis, which introduces a
methylene group into the indole CS5 of the 2-methylindolic
acid moiety and subsequently form the ether linkage with a
glutamate residue.””’* In the reaction, the SAM methylene
radical 1 adds to the indole C5 indole to produce the SAM-
adduct radical 6-I, which undergoes one-electron oxidation
and SAH elimination to produce a cation intermediate 6-II. An
intramolecular nucleophilic attack of 6-II by the Glu y-carboxyl
group leads to the formation of the indolyl ring (Figure 6).
NosN exhibits remarkable substrate promiscuity, which acts on
the indole ring attached to various moieties, including the
peptide-bound Cys, N-acetylcysteamine (SNAC), pantetheine,
and carrier protein Nos].”"””>’>”® Moreover, different nucleo-
side adducts were observed in the NosN reaction.”*’® It
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appears that although the radical intermediate 6-I is oxidized in
the normal reaction pathway, it actually can be either oxidized
or reduced to result in different products in vitro (Figure
6).”%7% It is likely that the enzyme—substrate interaction finely
tunes the redox chemistry of the intermediates in the native
reaction process.

The spirocyclopropylcyclohexadienone family natural products
such as yatakemycin’® and CC-1065*" contain multiple
benzodipyrrole subunits connected by amide bonds, and one
benzodipyrrole is further decorated with a cyclopropane ring.
In 2012, Tang and co-workers showed the HemN-like enzyme
YtkT is essential for the cyclopropane moiety of yatakemycin
(YTM), as the ytkT-knockout mutant strain does not produce
yatakemycin; instead, it produced a yatakemycin analogue 7-I
that lacks the cyclopropane ring (Figure 7A).”° In vitro assays
showed that YtkT catalyzed the C-methylation of 7-I to
produce a methylated analogue 7-1I (Figure 7A); however, the
cyclopropane moiety of yatakemycin was not produced in this
analysis.”’

Later, detailed in vivo and in vitro biosynthetic studies were
reported for CC-106S. Similar to the study on ytkT,
inactivation of c10p (which shares high sequence similarity
with ytkT) abolished CC-1065 production and led to the
production of a CC-106S analogue 7-III that lacks the
cyclopropane moiety (Figure 7B)."' Interestingly, the same
analogue was also accumulated in the gene knockout mutant of
c10Q, which is predicted to be an O-methyltransferase.”’ These
results indicated that C10P and C10Q may work collabo-
ratively to produce the cyclopropane ring. Subsequent in vitro
assays corroborated this hypothesis, showing that C10P and
C10Q together were able to install the cyclopropane moiety of
CC-1065 on the olefin precursor (Figure 7B).** It was
proposed that CIOP catalyzes the radical SAM-dependent
coupling reaction to produce the SAM adduct 7-IV and C10Q_
then catalyzes an intramolecular SN2 reaction to produce CC-
106S (Figure 7B).

Jawsamycin (also known as FR-900848) is a polyketide-
nucleoside hybrid natural product containing multiple cyclo-
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is worth noting that in some literature HemZ is annotated as a HemN-homologous protein,

8 T .
9899 while it is sometimes also annotated as HemH and

CpfC,” and the latter enzymes are not radical SAM enzymes and not HemN-homologous. Caution should be taken for these different nomenclature
systems. See the Supporting Information for the detailed information on the sequences discussed in this Perspective.

propane rings.”’ The biosynthetic gene cluster of jawsamycin
encodes a HemN-like protein JawS. The jawS-knockout
mutant loses the ability to produce jawsamycin. However,
unlike the genetic knockout study of yatakemycin and CC-
1065, the cyclopropane-deficient analogue was not observed.**
Later, a series of jawsamycin analogues with shortened chain
length but lacking the cyclopropane moieties were isolated
from a Streptomyces lividans strain expressing the jaw gene
cluster, and these analogues are likely resulted from a shunt
pathway skipping the cyclopropanation steps.”> It was
proposed that, unlike YtkT and CI10P, JawS$ is solely
responsible for cyclopropanation in jawsamycin biosynthesis
(Figure 7C). This enzyme acts iteratively on the acyl carrier
protein (ACP)-tethered a,f-unsaturated thioether substrate 7-
V and involves the carbanion/enolate intermediate 7-VI, and
the latter compound undergoes an intramolecular nucleophilic
substitution to produce the cyclopropane ring (Figure 7C).

In 2016, Lanzilotta and co-workers showed the HemN-like
enzyme ChuW is responsible for anaerobic degradation of
heme, producing a tetrapyrrole product named anaerobilin
(Figure 8).% This result suggests that ChuW catalyzes an ring-
open methylation of heme to release iron. Like other class C
RSMs, the reaction produced dAdoH and SAH in similar
yields, and isotopic labeling studies showed that the newly
introduced C1 group of anaerobilin is from the methyl group
of SAM. More recently, the same group reported that HutW, a
homologous protein of ChuW from Vibrio cholerae, also
catalyzes the ring-opening methylation of heme.”” However,
distinct from ChuW, HutW produced 8-I, a reduced form of
anaerobilin. Moreover, unlike most radical SAM enzymes that
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require the flavodoxin and flavodoxin reductase to reduce the
[4Fe-4S] cluster, the HutW-catalyzed reaction can proceed
only with NADPH as the electron donor.*” ChuW/HutW can
also act on the porphyrin substrate, su§8gesting the metal ion of
heme is not necessary for reaction.””*" Although the detailed
mechanism for the ring-opening methylation of ChuW/HutW
is currently unclear, it very likely involves the addition of the
methylene radical 1 to the porphyrin ring to produce a
porphyrin-based radical intermediate 8-II, which is subjected
to a f-fragmentation to produce anaerobilin (Figure 8).
Protonation of the pyrrole C2 should be an essential step
before ring-opening, and isotopic labeling studies showed that
this 8};roton is derived from the solvent-exchangeable hydro-
gen.

HemW is a HemN-like enzyme widely distributed in
prokaryotes. Biochemical analysis showed that HemW does
not have CPO activity.*””" Instead, HemW covalently binds
heme in vitro, with a stoichiometry of one heme per protein.
The addition of membrane fraction to the heme-binding
HemW triggered the release of heme from HemW in vitro.
Later Jahn and co-workers showed that HemW has a weak
activity in SAM cleavage and the [4Fe-4S] cluster is essential
for the HemW-catalyzed heme transfer but not for heme
binding.”® The iron-storage protein bacterioferritins potentially
serve as a heme donor for HemW, which can transfer heme to
a heme-depleted, catalytically inactive nitrate reductase to
restore its nitrate reductase activity.”’ How heme is bound to
HemW is not clear, and molecular dynamics analysis showed
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that heme likely interacts with the conserved HNXXYW motif
in the mycobacterial HemW.”" Future studies are awaited to
reveal the detailed function and mechanism of HemW.

Radical S-adenosylmethionine domain-containing 1 (RSAD1)
is a HemN-like protein found in eukaryotes.”> In humans, the
RSAD1 gene is located on chromosome 17 in the
myeloperoxidase-chrondroadherin genomic interval (17q21.3-
q24), which has been shown to be important for heart
development, as deletion of the myeloperoxidase-chrondroad-
herin gene segment resulted in congenital heart disease in
> Removing the RSAD1 gene in zebra fish embryos
causes serious dysfunctional development, suggesting RSAD1
is required for survival.”* Recently, it has been shown that the
gene expression level of RSAD1 increased apparently in the
brain tissues from individuals diagnosed as Alzheimer’s
disease.” Besides the important roles of RSAD1 from animals,
the members from plants also appear to be functional, as has
been revealed by transcriptomic analysis.”® In vitro studies
showed that RSAD1 firmly binds heme, as a typical heme
absorption spectrum was clearly observed in the human
RSADI1-heme complex,”’ suggesting that RSADI likely has a
heme chaperone activity similar to HemW.

mice.

To investigate the phylogeny and functionally differentiate
HemN-like proteins, we obtained 180 sequences from the
NCBI databases. These proteins are from diverse kingdoms
including Archaea, bacteria, fungi, plants, and animals, which
are in almost all cases annotated as CPO proteins. A
phylogenetic tree was then constructed by using Bayesian
Markov chain Monte Carlo (MCMC) inference (Figure 9).”
This analysis revealed that the class C RSMs are distributed in
diverse clades, and this is consistent with their diverse origins
and functions (Figure 9). ChuW and HutW fall into two
different clades, which together form a major clade
neighboring to the clade containing YtkT and CIO0P. Other
class C RSMs such as NosN and Tbtl appear to be closer with
HemW than HemN. In contrast, HemN falls into a distinct
clade neighboring to a clade containing HemZ, and this
observation appears to be consistent with the finding that
hemZ is able to complement the hemN-deficient bacteria.”®
HemW belongs to a polyphyletic clade that also contains
RSAD1 from plants (Figure 9). This clade is neighboring to a
polyphyletic clade containing RSAD1 from animals and fungi.
Apparently, the eukaryotic RSAD1 has evolved from a bacterial
precursor. These observations demonstrate the complex
evolution process of RSADI, and are consistent with the
previous finding that RSAD1 is a heme chaperone similar to
HemW. Besides the clades mentioned above, several subclades
containing unknown bacterial sequences (Figure 9), which
remain to be characterized by future studies.

Recent years have witnessed a surge in the study of HemN-like
proteins, which appear to be far more diverse than originally
anticipated. For most HemN-like enzymes, the reaction likely
shares a common paradigm by employing two SAM molecules
in the catalysis, in which SAM1 is cleaved to generate a dAdo
radical and SAM?2 then undergoes the dAdo radical-mediated
hydrogen abstraction from the methyl group to produce a key
methylene radical 1 to initiate subsequent reactions. However,
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it is unclear whether such a reaction paradigm is universal to all
the HemN-like proteins, as such a mechanism appears
unrelated to the functions of other members such as HemW.
Besides the highly diverse functions of prokaryotic enzymes,
the functions of eukaryotic HemN-like proteins (i.e., RSAD1)
also appear quite interesting, as they seem to play certain
important physiological roles. Given the widespread occur-
rence and the diverse chemistry and function of HemN-like
proteins, future studies on this growing family of proteins
could be fruitful, which will not only reveal novel biochemistry
but also likely contribute to our understanding of human
physiology and health.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomedche-
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