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Class C radical SAM methyltransferases catalyze a diverse array of difficult chemical
transformations in the biosynthesis of a range of compounds of biomedical importance. Phylogenetic
analysis suggests that all of these enzymes are related to “CpdH” (formerly “HemN”) and “HemW”,
proteins with essential roles in anaerobic heme biosynthesis and heme transport, respectively. These
functions are essential to anaerobic metabolism in Escherichia coli. Interestingly, evolution has come full \\
circle, and the divergence of this protein sequence/fold has resulted in the class C radical SAM
methyltransferases. Several pathogenic organisms have further adapted this fold to catalyze the anaerobic
degradation of heme. In this review, we summarize what is known about the mechanism of anaerobic

heme degradation and the evolutionary implications.
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Very few cofactors or coenzymes have as prestigious a role in
the evolution of life on this planet as that of iron—sulfur (Fe—
S) clusters and porphyrins. One notable exception would be
the highly reactive adenosyl radical that is produced by a
single-electron reduction of the coenzyme S-adenosylmethio-
nine (SAM). Moreover, it is clear that SAM preceded the
emergence of the porphyrin-derived and the more complicated
adenosylcobalamin or coenzyme B,,."”> Other cofactors that
contain the adenosyl moiety include ATP, NAD(P), FAD, and
coenzyme A. The connection to an early RNA world is
unavoidable when the catalytic adenosine base in rRNA is also
considered. In fact, phylogenic analysis and comparative
biochemistry suggest that the reduction of ribose to
deoxyribose was one of the outcomes of corrinoid synthesis,
a pathway that stops just short of porphyrin formation.” It was
Eschenmoser that made the case for the non-enzymatic
formation of simple corrinoids.” When these observations are
further considered in light of the energetically favorable
reactions underlying the in vitro self-assembly potential of
porphyrins, the ubiquitous nature of porphyrin cofactors, such
as heme, becomes apparent. Finally, considering all of these
factors and the availability/solubility of iron throughout Earth’s
history, it is clear why Nature capitalized on the utility of heme,
especially as atmospheric oxygen levels increased. In this
review, we consider the mechanism of two class C radical SAM
methyltransferases (RSMTs), ChuW and HutW, enzymes
involved in the anaerobic degradation of heme.
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The evolution of mammals, humans in particular, has provided
another ecological niche for microbes, specifically organisms
found in the gut microbiome. It is from within this competitive
environment that enteric pathogens have evolved to take
advantage of these essential cofactors/coenzymes (Fe-S
clusters and SAM) to cannibalize heme, the largest source of
iron in the human diet.’ The degradation of heme under
aerobic conditions has been well studied;° however, only
recently has a mechanism for the anaerobic catabolism of heme
been identified. The enzymes ChuW and ChuY have been
characterized in at least two pathogenic strains of Escherichia
coli.”~’ The available evidence indicates that ChuW is a radical
SAM methyltransferase responsible for opening the porphyrin
ring of heme under anaerobic conditions,”'® whereas ChuY is
an NADPH-dependent reductase that reduces the tetrapyrrole
product of ChuW.® Interestingly, Vibrio cholera, another
enteric pathogen that colonizes the tight mucosal layer of the
intestine, can also utilize heme as an iron source. Similarly, V.
cholera also expresses an enzyme, HutW (39% sequence
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identity with ChuW), that is capable of opening the porphyrin
ring under anaerobic conditions."' However, in contrast, V.
cholera does not contain a ChuY homologue.

A careful phylogenetic analysis, based on the primary
structure of E. coli CpdH (formerly HemN) and 828 class C
RSMTs, by Wilkens et al. allowed for the discrimination of
enzymes involved in menaquinone biosynthesis as well as a
number of other functionalities.'” On a phylogenetic basis,
YtkT and Jaw$ are more closely related to CpdH (Figure 1)

HemN [Escherichia coli](heme biosynthesis)

100
YtkT [Streptomyces sp. TP-A0356]
100 C10P [Streptomyces zelensis]
100l ————Jaw5 [Streptomyces klenkii]
ChuW [Escherichia coli]theme degradation)
54 100 ChuW [Laribacter hongkongensis]

100 _|—_HutW [Vibrio cholerag]heme degradation)
Tree scale' 0.1 — 100 HutW [Vibrio alginolyticus]
Figure 1. Phylogenetic analysis of eight CpdH-like class C RSMTs,
with E. coli CpdH (formerly “HemN”) included as the outlier.
Adapted with permission from ref 12. Copyright 2021 Society for
Applied Microbiology.

and are on a distinct branch with ChuW and HutW.'? YtkT
and JawS$ have critical roles in the biosynthesis of the natural
products yatakemycin and jawsamycin, respectively. Similar to
ChuW/HutW, the mechanism of YtkT/JawS involves the
methylation of a sp>-hybridized carbon atom via the generation
of a methylene radical. It should be distinguished that YtkT/
Jaw$ are responsible for cyclopropane ring formation, and the
methylated intermediates that have been identified are due to

NADPH NADPH** 5-dA* &
SAM1 _, SAM1 __ SAM2 "
SAM2 SAM2 [4Fe-4S]* 4
[4Fe-4S]*  [4Fe-4S]™ Met

|NADPH+'|

(Flavodoxin, not NADPH, reduces ChuW)

the capture of nonproductive side reactions.”~"> Regardless,
based on the crystal structure of CpdH and numerous
experimental observations, insight into the evolution of
function from anaerobic heme biosynthesis to anaerobic
heme degradation can be gained.

Both ChuW and HutW initiate catalysis through reductive
cleavage of SAM, yielding the S'-deoxyadenosyl radical (5'-
dAe). The 5'-dAe rapidly abstracts a hydrogen atom from a
second SAM molecule to yield a methylene radical.
Interestingly, observation of the methylene radical attack was
first observed in YtkT and NosN.'® The methylene radical
represents a point of divergence in the evolution of the
mechanism. Specifically, for CpdH, the methylene radical
functions as part of a “hydrogen relay” and simply serves to
abstract a hydrogen atom from the substrate, coproporphyri-
nogen IIL'7 Ji et al. demonstrated that this methylene radical
could add to the porphyrin substrate through the identification
of a SAM—porphyrin adduct,'” an important observation in
light of the function of class C RSMTs. In the case of the latter,
the methylene radical is added to a double bond, resulting in a
methyl transfer reaction and, in many cases, further radical-
catalyzed chemical rearrangements.'® For both ChuW and
HutW, this includes the f-scission of a carbon—carbon bond,
resulting in opening of the 1porphyrin ring along with the
liberation of the iron atom.'”"!

As Figure 2 shows, the iron atom does not participate in the
reaction, and in fact, several metal-free porphyrins have been
shown to be acceptable substrates for ChuW as well as
HutW.'”"" It is also important to point out that the electron
source as well as the tetrapyrrole product produced by ChuW

met @/ Ado

(Product of the NADPH-
dependent enzyme ChuY)

(Product of ChuW)

Figure 2. Mechanism proposed for the class C RSMT HutW incorporating the observation that NADPH can be used as a direct source of
electrons. The electron donor for ChuW is reduced flavodoxin, and compound VI is the proposed product of the ChuW reaction. In fact, in the
organism E. coli O157:H7, the reduction of molecule VI has been shown to require the NADPH-dependent enzyme ChuY.® Adapted with

permission from ref 19. Copyright 2022 Elsevier.
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is different from what has been observed for HutW. ChuW
utilizes the E. coli flavodoxin (EcFldA)/ferredoxin (flavodox-
in):NADP+ oxidoreductase (EcFpr)/NADPH system to
reduce the [4Fe—4S] cluster, and the resulting tetrapyrrole
still has a high degree of aromaticity (Figure 2, molecule VI)."!
Interestingly, characterization of HutW revealed that NADPH
could be utilized directly as the electron source."'

The observation that NADPH can be used as an electron
donor for HutW when SAM is utilized to initiate the reaction
is significant. Moreover, this is surprising because the [4Fe—
4S]** cluster will accept a single electron while NADPH
transfers a hydride. When considering this, it is important to
remember that all radical SAM enzymes must quench a radical
intermediate at some step in the mechanism. This is consistent
with the mechanism proposed in Figure 2 and could be
facilitated by the porphyrin substrate and/or the tetrapyrrole
itself. In fact, direct electron transfer from NADPH to heme
has been observed for P450nor.”””' Specifically, heme
facilitates a hydride transfer reaction in this system. The
proposal that HutW utilizes a similar mechanism is consistent
with the requirement of two electrons and a lproton in order to
get from heme to molecule VI (Figure 2).”'" How the peptide
environment of all radical SAM enzymes controls these
reactive intermediates remains a universally important
question.

The radical SAM domain of all class C RSMTs is predicted to
be highly conserved, as has been found to be the case for the
majority of radical SAM enzymes,”>** and consists of a full or
partial, triose-phosphate isomerase mutase (TIM)-barrel
protein fold. In addition to the radical SAM domain, class C
RSMTs contain a “CpdH-like” domain.”* There is consid-
erably more sequence diversity in the latter, and it stands to
reason that subtle differences in the structural architecture of
this domain account for the substrate specificity as well as the
deviation in function of the second molecule of SAM.
Specifically, the role of the second SAM molecule has evolved
from functioning as a hydrogen relay, in the case of CpdH, to
formation of a methylene radical, in the case of class C RSMTs.
Furthermore, a comparison of the mechanism of CpdH and
ChuW/HutW is particularly useful because the substrate, in
both cases, is a tetrapyrrole macrocycle.

While no structural information is available for any class C
RSMT, including ChuW and HutW, an interesting develop-
ment has arisen in computational space through the
application of “deep learning” to protein structure prediction.”
Application of this software provides some new insight into
ChuW and HutW structure. Consistent with current knowl-
edge, Alphafold2 predicts a similar radical SAM domain
containing a partial TIM barrel fold for ChuW (Figure 3). In
contrast, significant differences in structure are found in the
“CpdH-like” domain.

The models produced by Alphafold2 and PHYRE® for
ChuW both accommodate the [4Fe—4S] cluster as well as the
two SAM binding modes observed for CpdH. Manually placing
the [4Fe—4S] cluster and both SAM molecules into the
Alphafold2 model, predicted for ChuW, serves as a reasonable
starting point to dock heme and provide clues to the
mechanism (Figure 3). Interestingly, the predicted models
(PHYRE” versus Alphafold2) for ChuW are not identical and
alignment of these models results in a root-mean-square
deviation (rmsd) for the backbone carbon atoms of 2.9 A.
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Figure 3. Cartoon representation showing a structural overlay of the
CpdH (yellow) model (PDB ID 10LT) with a model for ChuW
(green) produced by Alphafold2. The [4Fe—4S] cluster (spheres),
SAM1, and SAM?2 (stick representation) of the CpdH model are also
shown. Based on the Alphafold2 and binding modes of the [4Fe—4S]
cluster, SAM1, and SAM2, the heme binding mode was predicted
using Autodock.

Regardless, alignment of the Alphafold2 model with the X-ray
model for CpdH (Figure 3), results in a RMSD of 2.1 A for the
backbone carbon atoms. Only the Alphafold2 model produced
a reasonable binding pocket for heme. Interestingly,
application of Autodock VINA®® placed the bridging a-meso-
carbon atom of heme within 4 A of the SAM2 methyl group
(Figure 3). Several regions containing residues conserved in
ChuW and HutW are also within a few angstroms of the
porphyrin ring. For example, R311 (R342 in HutW) is
predicted to be capable of forming a salt bridge with the heme
propionate side chain (Figure 4). There is a group of

Figure 4. Close up views of the model presented in Figure 3 showing
the relative locations of heme, SAM2, the conserved amino acids
R311 in the active site (A) as well as conserved amino acids in the
“hydrophobic tether” (B). Numbering is based on ChuW.

conserved hydrophobic residues from both the N and C
termini that cluster together and appear to form a “tether” that
may play an important role in stabilizing the overall TIM barrel
fold of the heme-degrading enzymes (Figure 4).

Similar to the observations for ChuW discussed above,
models produced by PHYRE” as well as Alphafold2 for HutW
can be aligned with each other or the CpdH structure and
result in RMSDs of 2.9 and 3.0 A% respectively. However,
there is a notable problem with the HutW model generated by
Alphafold2. Specifically, the loop region containing H31 (a
potential heme ligand) and the glycine-rich NAD(P) binding
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motif (***GCGAGGNMGG*?) is modeled within the active
site cleft.

In addition to the functional differences reported for the
enzymes ChuW and HutW, notable differences in the heme
uptake and degradation genes are observed. Specifically, both
of the enteric pathogens, E. coli O157:H7 and V. cholerae,
express the “W” genes from a three gene operon that is
associated with another larger operon involved in heme uptake
and degradation.””** Both operons are controlled by the ferric
uptake regulator (fur), and the larger operon contains genes
for heme uptake and transfer into the cytoplasm. A major
difference in the large operon is that V. cholerae has an
additional gene that is homologous to the hemophore receptor
HasR.” Another notable difference is that there is no ChuS
homologue in V. cholerae. ChuS (PhuS in P. aeruginosa) has
been shown to function in heme storage/transport as well as
aerobic heme degradation.'”***" It should be emphasized that,
compared with the enterohemorrhagic E. coli, V. cholerae has
additional mechanisms for obtaining iron and seems more
adept at incorporating external heme into its own heme
proteins.””** 7%

In regard to the smaller three gene operon, the “W” and “X”
genes are the first two genes in both organisms. However, the
third gene in V. cholerae is the hutZ gene that substitutes for
the chuY gene found in E. coli. Moreover, the protein products,
HutZ and ChuY, have been shown to have distinctly different
structures and functions.”***> Specifically, HutZ has been
shown to be a peroxide-dependent heme oxygenase and not a
reductase like ChuY.>® In fact, ChuY has been shown to
catalyze the NADPH-dependent reduction of the tetrapyrrole
product of ChuW. The phenotype reported for the ChuY
deletion strain suggests that accumulation of the tetrapyrrole
product, from the ChuW reaction, is toxic.” This observation is
consistent with ChuY functioning as a tetrapyrrole reductase,
similar to biliverdin reductase. As described in the proceeding
section, HutW has been shown to utilize NADPH as an
electron source when SAM is utilized to initiate turnover.''
HutW also produces a tetrapyrrole that is in a more reduced
state (Figure 2, molecule VII) when compared to the product
of ChuW (Figure 2, molecule VI). In contrast, ChuW relies on
the E. coli flavodoxin (EcFIdA)/ferredoxin (flavodoxin):NADP
+ oxidoreductase (EcFpr)/NADPH system. Taken together, it
makes sense that HutW can utilize NADPH to catalyze the
opening of the porphyrin ring as well as the reduction of the
tetrapyrrole product. This suggests a distinct evolution of
function and perhaps additional structural features, including a
binding site for NADPH.

Efforts to obtain structural information are ongoing, but the
models and observations discussed herein provide testable
hypotheses for future work. The investigation is warranted
given the available evidence, suggesting that the mechanism of
methylene radical generation is common to all class C radical
SAM enzymes. As has been reviewed by others,'> under-
standing the mechanism of these enzymes has tremendous
potential for metabolic engineering as well as contributing to
the improvement of human health and disease outcomes.
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