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■ A GENERAL OVERVIEW OF THE RADICAL
S-ADENOSYLMETHIONINE SUPERFAMILY

In 2001, Heidi Sofia and colleagues published a groundbreak-
ing bioinformatics study of a superfamily of enzymes that use
S-adenosylmethionine (SAM or AdoMet) to carry out a wide
variety of reactions that proceed through mechanisms of
catalysis involving organic radicals.1 This superfamily of
enzymes is denoted by their ability to catalyze a reductive
cleavage of SAM to methionine and a 5′-deoxyadenosyl 5′-
radical (5′-dA·) (Figure 1).1−4 These “Radical SAM” (RS)
enzymes number over 700,000 unique sequences and catalyze
over 100 distinct reactions, including the formation of stable
protein radicals, complex rearrangements, methylation and
thiolation of unactivated carbon centers, methylation of
phosphinate phosphorus atoms, epimerization, carbon−carbon
bond formation between sp2- and sp3-hybridized carbon
centers or two sp3-hybridized carbon centers, steps in the
biosynthesis of complex metallocofactors, oxidative decarbox-
ylation, hydroxylation, cyclopropanation, and dehydrogen-
ation, among other reaction types (Figure 2).5−9 However, a
large portion of the radical SAMeome is currently
unannotated.6 Given the potential for a remaining reservoir
of novel transformations, a major challenge is to develop
strategies to annotate enzymes within the radical SAMeome.
Moreover, the finding that many of these enzymes catalyze key
reactions in bacteria that constitute the human microbiome,
suggests the importance of the radical SAMeome in human
health and disease.

RS superfamily members all contain at least one [Fe4S4]2+
cluster that is ligated by three cysteine residues (one for each
of three Fe ions) that are most often found in a CxxxCxxC
motif.9 This spacing of cysteines is conserved in at least 90% of
all RS proteins and is one of the major determinants used to
identify RS proteins bioinformatically.1,9 SAM associates to the
fourth (unique) Fe ion in a bidentate fashion through its
amino and carboxylate groups.10−12 When the cluster is
reduced to the [Fe4S4]+ state, it induces the fragmentation of
SAM to yield the 5′-dA·. In almost all RS reactions�except for
the reaction catalyzed by TsrM and most likely similar
reactions on analogous substrates13−15�the role of the 5′-dA·
is to abstract hydrogen atoms (H·) from a substrate, which
typically initiates turnover. Studies from the Broderick and
Hoffman laboratories have provided evidence for an
intermediate that precedes 5′-dA· formation (Figure 1). This
intermediate, termed omega, contains methionine bound to
the unique iron ion of the [Fe4S4] cluster and a bond between
the unique iron and the 5′-carbon of 5′-deoxyadenosine.16,17
This discovery highlights a similarity between this radical

generating system and 5′-deoxyadenosyl 5′-cobalamin
(AdoCbl), the other biological cofactor that is used to
generate the 5′-dA·.18,19 The 5′-dA· had never been observed
for many decades despite myriad attempts to do so by various
investigators. In 1999, Magnusson, Reed, and Frey reported
the use of S-3′,4′-anhydroadenosylmethionine, an allylic
analogue of SAM, which led to the formation of a stable 5′-
deoxy-3′,4′-anhydroadenosyl radical in the lysine 2,3-amino-
mutase (KAM) reaction.20 This radical was then characterized
extensively by electron paramagnetic resonance (EPR) spec-
troscopy.20 More recently, the groups of Broderick and
Hoffman and that of Britt developed clever strategies to
observe the 5′-dA· directly from SAM in the RS enzymes
pyruvate formate-lyase activase (PFL-AE) and HydG.21,22

■ THE GENESIS OF THE RADICAL SAM
SUPERFAMILY

The genesis of RS enzymology has been described in a 2001
review by Frey and Booker, although the RS superfamily had
not been established in name at that time.2 Pioneering studies
on KAM and pyruvate formate-lyase (PFL) indicated that their
reactions had an unusual requirement for SAM. KAM catalyzes
a 1,2-cross migration between the 2-amino group and the 3-
proR hydrogen of lysine to afford β-lysine, a reaction that is
typical of enzymes that use AdoCbl in catalysis.2,18,23 In fact, a
similar enzyme, D-lysine 5,6-aminomutase, which generates
2,5-diaminohexanoate, uses AdoCbl in catalysis.24 However,
isolated KAM does not contain AdoCbl and its activity is not
stimulated by treatment with exogenous AdoCbl. Instead,
activity is stimulated by the addition of pyridoxal 5′-phosphate
(PLP), a thiol-reducing agent, iron, and SAM to the reaction.25

This requirement for SAM was puzzling because the reaction
does not involve the transfer of a methyl group or any of the
other groups bonded to SAM’s sulfur center. Around the same
time, Knappe’s laboratory reported that PFL exists in active
and inactive states and that the inactive state of the enzyme
could be activated by treatment with PFL-AE, SAM, and a
reducing system. They also noted that SAM is reductively
cleaved to 5′-deoxyadenosine (5′-dAH) and methionine in the
process and that this reaction is accompanied by the
production of a free radical on the protein.26−28 We now
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know that the reaction catalyzed by PFL-AE results in the
abstraction of the 2-proS H· from Gly-734 of PFL to yield a
stable glycyl radical cofactor.28−30 Similar studies were carried
out on the anaerobic ribonucleotide reductase (ARR) and its
corresponding activase (ARR-AE). In this instance, the radical
is located on Gly-681 of the ARR.31,32

In 1987, Moss and Frey published a key study that defined
the role of SAM in RS reactions, establishing its similarity to
AdoCbl in function. In these experiments, SAM labeled with
3H either in its adenine ring, methyl moiety, or at its C-5′
position was incubated with KAM. Upon the reaction reaching
equilibrium and reisolating the substrate and product, 3H was
found associated both with the lysine substrate and with the β-
lysine product but only when SAM labeled at C-5′ was used.
Given the large amounts of tritium transferred and the extent

of transfer depending on the concentration of enzyme in the
reaction, it was concluded that (1) SAM does not readily
exchange on and off of KAM, and (2) the C-5′−sulfur bond
must be broken during catalysis to allow the C-5′carbon to
rotate freely.33 These findings suggested that a 5′-dA· is formed
from SAM, which can then function like the 5′-dA· from
AdoCbl-dependent reactions.

As described in the Perspective by Vahe Bandarian, I too
had a front-row seat in observing the evolution of the RS
superfamily.24 Both he and I were at the Institute for Enzyme
Research at the University of Wisconsin, Madison in the mid-
1990s; he was a graduate student with George Reed, while I
was a postdoctoral fellow with Perry Frey, arguably the father
of RS enzymology. Heidi Sofia and Perry knew each other well.
In fact, she had been a graduate student at Wisconsin. She

Figure 1. Formation of the 5′-deoxyadenosyl 5′-radical via intermediate omega.

Figure 2. Representative transformations catalyzed by RS enzymes.
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contacted Perry before submitting her work for publication
and asked him what he thought about the name radical SAM
for this emerging superfamily, a conversation that he relayed to
me. At the time, we had just completed an X-ray absorption
spectroscopy (XAS) study in collaboration with Bob Scott’s
laboratory at the University of Georgia and found that, upon
the reductive cleavage of SAM in the KAM reaction, the sulfur
of methionine (in this instance selenomethionine) coordinates
to the cluster, moving from ∼3.2 Å to the unique iron in the X-
ray crystal structure with SAM to ∼2.7 Å with selenomethio-
nine as determined by XAS.34,35 We decided to submit both
manuscripts to Science simultaneously, but each was returned
without review. The manuscript by Heidi Sofia has garnered
over 1065 citations at this writing, according to Google
Scholar.

In addition to KAM and the activating enzymes of PFL and
ARR, the founding members of the RS superfamily, established
in the 2001 paper by Sofia et al., included biotin synthase
(BioB) and lipoyl synthase (LipA), two RS enzymes that
catalyze the attachment of sulfur atoms to aliphatic carbons.1

At this time, these enzymes were five of over 600 other
proteins that were believed to share the ability to use an

[Fe4S4] cluster and SAM to catalyze the formation of a 5′-dA·
intermediate. A select number of these proteins were
tentatively assigned a function based on available biochemical
data. Many were involved in the biosynthesis of natural
products, such as spectinomycin, subtilosin, nikkomycin,
mitomycin C, oxetanocin, fortimicin, fosfomycin, bialaphos,
the desosamine moiety of erythromycin, oleandomycin,
methymycin, neomethymycin, narbomycin, and pikromycin.
Some, like spore-photoproduct lyase, were involved in DNA
repair, while others were involved in generating important
cellular cofactors or coenzymes such as biotin, lipoic acid,
heme, molybdopterin, thiamin, bacteriochlorophyll, pyrrolo-
quinoline quinone, and the complex nitrogenase metal-
locofactor. Moreover, some were involved in the modification
of nucleic acids (e.g., MiaB family), while others, like AtsB,
were involved in protein modification.1 One RS protein, which
has gained tremendous attention, was reported to be
interferon-inducible and to display antiviral properties. This
protein, first designated as cig5 but now better known as
viperin, was ultimately discovered to catalyze a radical-
dependent dehydration of cytidine triphosphate to give 3′-

Figure 3. Formation of 3′-deoxy-3′,4′-didehydro-CTP (ddhCTP) by viperin.

Figure 4. A full SSN of the RS Superfamily highlighting five megagroups (1−5) composed of multiple subgroups and five single subgroups. See
radicalSAM.org and ref 6 for details on generating the SSN.
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deoxy-3′,4′-didehydro-CTP (ddhCTP), which is an inhibitor
of many viral RNA-dependent RNA polymerases (Figure 3).36

■ FROM 2001 TO RADICAL SAM.ORG
By 2008, the RS superfamily had grown to over 2800 unique
sequences of proteins.8 This growth, undoubtedly spawned by
advances in technology that enabled organismal genomes to be
sequenced rapidly and cost-effectively, created a problem. The
RS superfamily was evolving at a rate that vastly outpaced the
ability to annotate the reactions that they catalyzed. In
September 2012, John Gerlt, the director of the Enzyme
Function Initiative (EFI), organized a workshop on RS
enzymes at the University of California at San Francisco
(UCSF) that involved many of the key stakeholders in the
field. The EFI was a large-scale collaborative project funded by
the National Institutes of General Medical Sciences (NIGMS)
to develop strategies to annotate the large number of proteins
discovered through genomic sequencing projects. This pivotal
meeting led to the incorporation of the RS superfamily into the
Structure−Function Linkage Database (SFLD), which was
curated by Patricia Babbitt and colleagues at UCSF.37 The EFI
was interested in the RS superfamily because of the
superfamily’s size and the large potential to aid the scientific
community in the discovery of novel and mechanistically rich
transformations and biochemical pathways. Moreover, given
that RS enzymes are abundant in the bacteria that constitute
the human gut microbiome, the potential for impacting human
health and disease was substantial. In fact, Emily Balkus’
laboratory had shown just prior to the meeting that a glycyl
radical enzyme (GRE) is responsible for the transformation of
choline to trimethylamine. The further oxidation of trimethyl-
amine produces trimethylamine N-oxide, which is implicated
in several diseases, such as nonalcoholic fatty liver disease,
atherosclerosis, and the metabolic disorder trimethylaminuria
(fish malodor syndrome).38

One of the key tools at the EFI’s disposal was protein
sequence similarity networks (SSNs), developed in part by
Babbitt, which provide a visual method to observe the
interrelatedness of proteins in large data sets through all-by-
all BLAST pairwise alignments.39,40 At the San Francisco
meeting, the EFI and SFLD provided the first initial glimpse of
an SSN of the RS superfamily, which was generated from
113,776 full-length superfamily sequences in the SFLD
database. Twenty subgroups (http://sfld.rbvi.ucsf.edu/
archive/django/superfamily/29/index.html), identified by
clustering, were annotated based on some level of biochemical
characterization of representative proteins in each cluster. A
detailed analysis of the RS SSN has been published, which
describes all the annotated RS reactions at that time.9 A more
current SSN is shown in Figure 4. Extensive reviews of RS
reactions have also been published.5,7 One caveat, however, is
that the superfamily continues to grow at a rapid pace,
necessitating frequent literature updates that describe new and
novel reactions.

A major advance in the study of RS enzymes that grew out
of the SFLD and the EFI is the recent creation of RadicalSAM.
org, which is described in the Perspective by Oberg, Precord,
Mitchell, and Gerlt in this virtual issue of ACS Bio & Med
Chem Au.6 The RS superfamily had grown so large (∼700,000
unique protein sequences) by this time that it would be
challenging to construct and display SSNs for the entire
superfamily and even for some of the subgroups on typical
desktop computers. RadicalSAM.org rectifies this problem by

providing predetermined SSNs for the entire superfamily and
the various subgroups. In addition, users can pivot directly
from a given protein sequence in RadicalSAM.org to its
genome neighborhood, which can provide additional clues in
determining a protein’s function and even an entire pathway in
which it participates. Other features include the ability to
quickly identify what RS proteins exist in any given organism (I
asked for that personally), to quickly identify conserved
cysteines in a multiple sequence alignment of any of the
subclasses of RS proteins, and to download a multiple
sequence alignment and/or WebLogo of any of the subclasses
of RS proteins. RadicalSAM.org is consistently updated, and
users are encouraged to reach out to the administrative team
with questions or requests for additional capabilities that they
would like to see incorporated into the resource.6

■ CONTRIBUTIONS TO THE RADICAL SAM VIRTUAL
ISSUE IN ACS BIO & MED CHEM AU

In addition to the genesis of RadicalSAM.org, this virtual issue
of ACS Bio & Med Chem Au highlights some of the major
discoveries and advances in RS enzymology since the
establishment of the superfamily in 2001. Tetrapyrrole (e.g.,
heme, heme d1, and bacteriochlorophyll) biosynthesis and
metabolism is a recurring theme in RS enzymology, and several
RS enzymes in these pathways were highlighted by Sofia et al.
One of the key steps in the biosynthesis of heme is the
oxidative decarboxylation of two propionate side chains of
coproporphyrinogen III to give protoporphyrinogen IX, which
is also an early precursor of chlorophylls and bacteriochlor-
ophylls. This reaction is catalyzed in some bacteria by HemN,
which is now known as CgdH.41 HemN was the first RS
enzyme to have its three-dimensional structure determined,42

which was followed soon after by the structure of BioB.43

Additional RS enzymes involved in tetrapyrrole biosynthesis
include NirJ, AhbC, and AhbD. AhbD catalyzes a reaction that
is like that of CgdH, while AhbC catalyzes the removal of
acetate moieties from a 12,18-didecarboxysiroheme intermedi-
ate. The precise reaction catalyzed by NirJ is currently
unknown. The Perspective by Gunhild Layer and colleagues
beautifully compares and contrasts these reactions and
highlights the structure of CdgH from E. coli, which she, as
first author of the work, published back in 2003.42 Also
discussed is the RS enzyme BchE, which catalyzes an amazing
six-electron oxidation of Mg-protoporphyrin IX monomethy-
lester (Mg-PME) to protochlorophyllide, a key step in the
anaerobic pathways for the biosynthesis of bacteriochlorophylls
(Figure 5). Formally, this reaction entails the oxygenation of

Figure 5. Reaction catalyzed by Mg-protoporphyrin IX monomethy-
lester cyclase (BchE). Only the Mg-PME substrate and protochlor-
ophyllide products are shown.
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the C-131 methylene carbon to an oxo group and a C−C
linkage between C-132 and C-15 to form a ring. Importantly,
the added oxygen atom is derived from water rather than
molecular oxygen, which distinguishes BchE from AcsF, its
aerobic counterpart. Indeed, this enzyme has sometimes been
referred to as a “Magic Enzyme.”

HemN-like enzymes constitute one of the largest subfamilies
of RS enzymes.1,9 Structurally, these enzymes contain a C-
terminal HemN domain, believed to be involved in substrate
recognition, in addition to a partial triose phosphate isomerase
(TIM) barrel that is characteristic of most RS enzyme
structures.44 HemN-like enzymes are functionally diverse, as
detailed in the Perspective from Qi Zhang’s laboratory.45 The
structure of HemN (now CdgH), unlike structures of any
other RS enzyme, shows the presence of two bound SAM
molecules. One (SAMI) binds to the [Fe4S4]RS cluster in the
fashion determined in the classic experiments by Broderick and
colleagues, while the second SAM (SAMII) binds a few
angströms away from SAMI.42 The initial steps in the
mechanisms of HemN-like enzymes are believed to involve
an H· abstraction from the methyl moiety of SAMII by a 5′-dA·
derived from SAMI. In CdgH, the resulting radical then
abstracts an H· from the substrate, which is followed by loss of
an electron to an external acceptor and decarboxylation.46

CdgH is one of many enzymes in the HemN subfamily. Others
can catalyze the methylation or cyclopropanation of sp2-
hybridized carbon centers and additional reactions, as
described in the Review from Bill Lanzilotta’s lab.47 In these
alternative reactions that have been characterized biochemi-
cally, the resulting SAMII methylene radical then adds to an
sp2-hybridized carbon atom of the target substrate, which is
followed by loss of S-adenosylhomocysteine (SAH) to yield an
intermediate that has several difficult outcomes. In one
reaction, catalyzed by NosN, this intermediate is formed
after a C1 transfer to an aromatic carbon of a 3-methylindolic
acid moiety. Loss of an electron leads to a highly electrophilic
species, which is then trapped by a glutamyl residue of the
peptide substrate to form the side ring of the antibiotic
nosiheptide.45 In some instances, a similar intermediate is
reduced by an electron, which results in the methylation of the
sp2-hybridized carbon center. In ChuW and HutW, reactions
studied by the Lanzilotta laboratory, this intermediate is
formed during the anaerobic degradation of heme by certain
pathogenic bacteria for iron acquisition.47

Several key bioinformatics studies were published by Daniel
Haft and colleagues and reported that RS proteins are often
found closely associated with gene clusters that encode a
ribosomally synthesized structural peptide that is modified by
tailoring enzymes.48−50 These RS enzymes typically contain a
cysteine-rich C-terminal motif�named a SPASM domain�
that ligates up to two additional iron−sulfur (FeS) clusters. An
X-ray crystallographic structural analysis of an anaerobic
sulfatase maturating enzyme, which catalyzes a dehydrogen-
ation reaction, defined the SPASM domain.51 A subsequent
structural analysis of BtrN, an RS dehydrogenase that acts on a
small molecule during the biosynthesis of the antibiotic
butirosin, showed that it contains a truncated SPASM domain,
which was named “twitch”.52 According to RadicalSAM.org,
RS enzymes containing SPASM or twitch domains represent
the largest subclass of the superfamily (Figure 4).6,9 Many of
these enzymes are involved in the maturation of ribosomally
produced and post-translationally modified peptides, or RiPPs,
which often exhibit antibiotic or antitumor activity. The

Review from the Latham laboratory offers a nice overview of
the rise of this RS subfamily, highlighting how members are
involved in C−C, C−S, and C−O bond formation during the
maturation of RiPPs.53 C−C bonds are difficult to make,
especially when the bond is formed from precursors that
contain one or more unactivated sp3-hybridized carbon
centers.

The Perspective from the Seyedsayamdost laboratory
provides a nice introduction to some of the early studies that
helped to define the RS superfamily and highlights RS enzymes
involved in the maturation of RiPPs in bacteria found in the
human microbiome.54 RS enzymes involved in RiPP
maturation have historically been identified after the discovery
of the RiPP natural product and then the identification of the
biosynthetic gene cluster (BGC) for the RiPP. One goal of the
Seyedsayamdost laboratory is to reverse that process, by
developing strategies to identify natural products from the
BGCs that encode them. One advantage of annotating proteins
involved in RiPP maturation is that their substrates are
genetically encoded in BGCs and are readily identifiable. In
this Perspective, the Syedsayamdost laboratory details how the
natural product streptide was identified upon characterizing a
BGC in Streptococci.54

The Perspective by Yokoyama, Li, and Pang describes heroic
studies by the Yokoyama lab, and others, to dissect a complex
transformation by MoaA, an RS enzyme, and a partner protein,
MoaC, during the biosynthesis of molybdopterin.55 Molyb-
dopterin is an essential redox cofactor used in molybdenum-
containing enzymes. The inability to synthesize the cofactor in
humans results in several potentially fatal diseases. Moreover,
the cofactor is essential in a number of pathogenic bacteria,
suggesting that its biosynthesis may be a good target for the
development of antibacterial agents. MoaA, which also has a
twitch domain, was the third RS enzyme to have its structure
determined; however, the reaction mechanism and even the
actual reaction that the enzyme catalyzes were not readily
discernible from the structure.56 Work from the Yokoyama lab
showed that the reaction catalyzed by MoaA is not as complex
as originally thought. It takes GTP and forms 3′,8-cyclco-7,8-
dihydroguanosine 5′-triphosphate. Then, MoaC catalyzes the
complex rearrangement of the product of the MoaA to cyclic
pyranopterin monophosphate, a precursor to molybdopterin.

The versatility of RS enzymes is extended by their ability to
bind and use additional cofactors to expand the repertoire of
reactions they catalyze. Indeed, in addition to PLP, RS
enzymes have been shown to bind auxiliary Fe/S clusters,
flavins, and cobalamin.57 The cobalamin-dependent RS
enzymes most often catalyze the methylation of unactivated
carbon centers and in some cases phosphinate phosphorus
centers.58 However, there are several known cobalamin-
dependent RS enzymes that do not catalyze methylation
reactions, such as BchE, mentioned above, and OxsB, which is
involved in the biosynthesis of oxetanocin-A.59 The study of
cobalamin-dependent RS enzymes, especially the methylases,
has been the subject of deep interest because they are found in
myriad pathways for the biosynthesis of clinically important
antibiotics and herbicides. However, their characterization was
initially hampered largely by extreme insolubility upon
overproduction.60 Early challenges associated with the
purification and study of cobalamin-dependent enzymes are
outlined in the Perspective from the Townsend laboratory,
which also highlights their outstanding work on RS enzymes
involved in the biosynthesis of the clinically important
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carbapenem antibiotics.58 Other systems discussed include
polytheonamides, which are heavily modified RiPP natural
products (Figure 6). Their maturation involves up to 18 C-
methylations and 21 epimerizations that are catalyzed by just
three RS enzymes! The Perspective by Bridwell-Rabb, Li, and
Drennan is a beautiful overview of cobalamin-dependent RS
enzymes and the extensive scope of reactions that they
catalyze. Some of the enzymes catalyze C-methylations of both
sp2- and sp3-hybridized carbon centers, P-methylation, and
sequential C-methylations to generate ethyl, isopropyl, or t-
butyl groups, while others, like OxsB and BchE, catalyze ring
formations. In particular, this Perspective focuses on three
enzymes that had been structurally characterized at the time:
OxsB, TsrM, and TokK.59

Auxiliary Fe/S clusters also serve as additional cofactors in
myriad RS enzymes, as described above for RS enzymes
containing SPASM or twitch domains. However, Fe/S clusters
in RS enzymes can also be used as substrates. Two examples
include the RS enzymes BioB and LipA. BioB contains an
[Fe2S2] cluster in addition to the radical SAM ([Fe4S4]RS)
cluster, while LipA contains an additional [Fe4S4] cluster. In
each of these enzymes, the auxiliary cluster is sacrificed (i.e.,

degraded) during the reaction to supply the appended sulfur
atom, limiting the enzyme to only one turnover. Recent studies
have shown that the auxiliary cluster in LipA can be
regenerated after each catalytic event by an Fe/S cluster
carrier protein, NfuA.61 An Article in this virtual issue from the
Booker laboratory describes the characterization of the human
form of LipA, called LIAS, as well as the human NfuA
analogue, NFU1. This Article reports that NFU1 binds tightly
to LIAS and, like NfuA’s effect on LipA, can regenerate the
auxiliary cluster of LIAS, allowing the protein to conduct
multiple turnovers.62 A second Article contributed by the
Booker laboratory describes studies on a completely new
system for generating the lipoyl cofactor that is found
predominantly in archaea. Unlike the canonical system (i.e.,
LipA and LIAS), which requires only a protein composed of a
single polypeptide, this new system requires two proteins to
insert both sulfurs. These two proteins, called LipS1 and
LipS2, had been annotated as biotin synthases. LipS2 inserts a
sulfur atom at C8 of an octanoyl chain, while LipS1 inserts a
sulfur atom at C6 of an octanoyl chain. The work by Booker
and colleagues showed that like the reaction catalyzed by
Escherichia coli BioB, sulfur insertion takes place first at the

Figure 6. Structure of polytheonamide A, a RiPP natural product consisting of up to 18 methylations and 21 epimerizations catalyzed by just three
RS enzymes (PoyB, PoyC, and PoyD). RS-dependent methylations are highlighted in orange (both bonds and one-letter codes), and
epimerizations, to generate the D-configured residue, are shown in red (both bonds and one-letter codes).

Figure 7. Two pathways for the biosynthesis of the lipoyl cofactor. The classical pathway involves a protein composed of a single polypeptide
(LIAS or LipA), which attaches sulfur at C6 first and then C8. The alternative pathway involves two proteins. LipS2 installs sulfur first at C8, while
LipS1 subsequently installs sulfur at C6. In both pathways, octanoyllysyl-H-protein serves as the starting substrate.
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terminal carbon of the substrate, while in canonical lipoyl
synthases sulfur insertion takes place first at the internal (C6)
carbon (Figure 7). Unlike E. coli BioB, however, both LipS1
and LipS2 contain auxiliary [Fe4S4] clusters.63

One of the areas of RS enzymology that highlights the
extreme power and versatility of these enzymes is in the
generation of complex metallocofactors, such as the H-cluster
of the [FeFe]-hydrogenase and the molybdenum−iron
(MoFe) cofactor of nitrogenase (Figure 8). The [FeFe]
hydrogenase is one of three subclasses of hydrogenases, which
catalyze the reversible reduction of protons to H2. The H-
cluster is composed of a two-iron subcluster, [2Fe]H, bridged
to an [Fe4S4] cluster by a conserved cysteinyl residue. The
[2Fe]H subcluster is composed of two iron ions, each of which
is ligated by one carbon monoxide (CO) and one cyanide ion
(CN).64−66 In addition, both iron ions are bridged by an
azadithiolate ligand and an additional molecule of CO (Figure
8B). Two RS enzymes are required for the assembly of the
[2Fe]H subcluster. The first is HydG, which, in addition to the
[Fe4S4]RS cluster, contains an auxiliary [Fe4S4] cluster
connected to a free cysteine-coordinated mononuclear
(dangler) iron through the sulfur atom of the cysteine amino
acid. HydG catalyzes an amazing dissection of L-tyrosine to
yield p-cresol and the CO and CN ligands for the [2Fe]H
subcluster as well as the modification of its auxiliary cluster to
an [Fe(CN)(CO)2(cysteinate)]− organometallic complex
called complex B. HydE, the second RS enzyme involved in
the synthesis of the H-cluster, binds complex B and catalyzes
its transformation into an adenosylated intermediate through
the attack of the 5′-dA· on the sulfur atom of the cysteinate
ligand. HydE further transforms this intermediate into a five-
coordinate [Fe(I)S(CO)2CN] complex that is proposed to be
dimerized before binding to HydF, which is not an RS protein.
Thus, the [Fe2S2] core of the [2Fe]H comes from complex B
through two rounds of catalysis by HydG.

In contrast to the [FeFe]-hydrogenase, the biosynthesis of
the MoFe cofactor of nitrogenase requires only one RS
enzyme. However, like HydG and HydE, this enzyme, NifB,
catalyzes an amazing but complex sequence of events.
Nitrogenase catalyzes the reduction of N2 to ammonia,
allowing nitrogen to be taken up by living systems. Nitrogen

reduction takes place on the MoFe cofactor, which has the
chemical formula [MoFe7S9C-R-homocitrate]. It is typically
viewed as a combination of [MoFe3S3] and [Fe4S3] modules
that are connected through three μ2-sulfides and one μ6-
carbide. The identity of the carbide and the mechanism by
which it is installed into the cofactor have been the subject of
intense investigation by numerous laboratories. NifB contains
two auxiliary clusters (called K1 and K2) in addition to the
[Fe4S4]RS cluster. It catalyzes the initial transfer of a methyl
group from SAM to one of the sulfide ions of the K2 cluster via
a traditional SN2 mechanism. A second SAM molecule is used
to abstract an H· from the resulting methyl moiety, which
triggers the synthesis of the carbide ion via a mechanism that is
not well established along with the formation of the [Fe8S8C]
L*-cluster. The incorporation of the last “belt” sulfide results in
the [Fe8S9C] L-cluster, a precursor to the MoFe cofactor.

The Perspective by Britt et al. discusses in detail how the
HydG reaction mechanism was established. In particular, it
focuses on how advanced electron paramagnetic resonance
(EPR), Mössbauer, and Fourier transform infrared (FTIR)
spectroscopic techniques were used to elucidate many of the
key details of the assembly process. The Review by Nicolet,
Cherrier, and Amara discusses both HydG and HydE
mechanisms from a structural point of view as well as the
role of NifB in generating the MoFe cofactor of nitrogenase.
Both Reviews are exciting reads!

■ SUMMARY AND OUTLOOK
The discovery of the RS superfamily has contributed
enormously to the basic understanding of how radicals can
be used in a controlled fashion to catalyze kinetically
challenging reactions that can generate enormously complex
molecules. Indeed, RS enzymology has been at the leading
edge of bioinorganic chemistry as well as bioorganic chemistry,
especially as it pertains to the biosynthesis of complex natural
products, and has spawned new research areas for beginning
investigators as well as those who are more seasoned. The
reactions that RS enzymes catalyze continue to amaze and
even stun. Recently, studies by Zeng et al. and Lloyd et al.
showed that RS enzymes can even be used to join two sp3-
hybridized carbon centers in completely unactivated aliphatic

Figure 8. Structures of the [MoFe]-nitrogenase (PDB: 6N59) (A) and the [FeFe]-hydrogenase (PDB: 1M1N) (B). Insets depict the
metallocofactor that requires the participation of one or more RS enzymes (NifB for the MoFe cofactor and HydG/HydE for the H-cluster) for its
assembly.
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carbon chains, reactions that were theretofore unprecedented
in nature (Figure 9).67,68 There are many unanswered
questions associated with the myriad RS enzymes that have
been already identified and studied, and many of these
questions will require collaborative efforts to address.
However, one of the burning questions that relates to the
entire superfamily is how can we develop strategies to go from
gene sequence to protein function?
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