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Abstract

Radical S-adenosyl-L-methionine (SAM) enzymes are a large and diverse superfamily with

functions ranging from enzyme activation through a single H atom abstraction to complex organic

and metal cofactor synthesis involving a series of steps. Though these enzymes carry out a variety

of functions, they share common structural and mechanistic characteristics. All of them contain a

site-differentiated [4Fe-4S] cluster, ligated by a CX3CX2C or similar motif, which binds SAM at

the unique iron. The [4Fe-4S]1+ state of the cluster reductively cleaves SAM to produce a 5’-

deoxyadenosyl radical, which serves to initiate the diverse reactions catalyzed by these enzymes.

Recent highlights in the understanding of radical SAM enzymes will be presented, with a

particular emphasis on enzymes catalyzing methylation and methythiolation reactions.

Structure and function of radical SAM enzymes

Radical S-adenosylmethionine (SAM or AdoMet) enzymes are part of a rapidly growing and

very large superfamily first identified in 2001.1 This superfamily contains thousands of

enzymes, whose functionality is extremely diverse; known functions include assembly of

complex cofactors, enzyme activation, methylation and methylthiolation, DNA repair, sulfur

insertion, and tRNA modification as well as numerous others.2, 3 Radical SAM enzymes are

characterized by a CX3CX2C motif or variations thereof, in which the Cys thiolates

coordinate three irons of a [4Fe-4S]2+/1+ cluster. The fourth iron of the [4Fe-4S] cluster is

coordinated by the amino and carboxy groups of SAM, and is generally referred to as the

unique iron due to its distinct ligand environment.4, 5 The [4Fe-4S]1+ state of the cluster

reductively cleaves SAM to create a 5’-deoxyadenosyl (dAdo) radical and methionine

(Met).6 The dAdo radical abstracts a hydrogen atom from the substrate to form a substrate-

based radical that functions to carry out specific reactions dependent on each individual

enzyme.

Structurally characterized members of the superfamily reveal a conserved core domain

consisting of a full (α/β)8 or partial (α/β)6 TIM barrel fold (Figure 1).7, 8 The variance of

the TIM barrel completeness and openness correlates with the substrate size, with the less

complete, more open barrels present in enzymes acting upon larger substrates. Within this

barrel the [4Fe-4S] cluster is located on a loop containing the CX3CX2C motif at the N-

terminal end of the core domain. The opening of the barrel that provides access to the active
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site can be closed off by other protein components or the substrate, allowing for a more

controlled reaction of the radical(s) produced during turnover.

Apart from this core domain, radical SAM enzymes can also contain additional elements

that aid in their function. In some instances the enzyme contains a second binding motif for

an additional Fe-S cluster. A second cluster is usually found in radical SAM enzymes

involved in sulfur insertion (Figure 1, right).9-13 Evidence suggests that this second cluster is

in fact the source of the sulfur atom incorporated into the substrate. Secondary clusters could

also be used to transfer electrons. Radical SAM enzymes that modify RNA also have a

supplementary domain at either the N- or C-terminus.14, 15 This domain is thought to be

necessary for substrate recognition and intereaction.14, 15

Regioselectivity of S-C bond cleavage

Although there are three S-C bonds in SAM, one each to the methyl, the methionine γ-

carbon, and the 5’-carbon, until recently it appeared that radical SAM enzymes catalyzed the

reductive cleavage of only the S-C(5’) bond of SAM, and subsequently exploited the 5’-

deoxyadenosyl radical for direct H atom abstraction (Table 1). Evidence for the involvement

of the 5’-dAdo radical includes, in a number of enzymes, the stoichiometric production of

5’-deoxyadenosine and methionine as products of turnover16-20, label transfer from substrate

into 5’-dAdo19-27, and the characterization by EPR of a stabilized allylic 5’-dAdo radical

intermediate formed when the SAM analog 3’,4’-anhydro-SAM (anSAM) was used in place

of SAM in the reaction of lysine 2,3-aminomutase28, 29. Evidence has been mounting,

however, for the involvement of alternate S-C cleavage events upon the enzymatic reductive

cleavage of SAM in certain enzymes.

In Dph2 from Pyrococcus horikoshii, which performs the first step in diphthamide

biosynthesis by addition of an 3-amino-3-carboxypropyl (ACP) group to a specific histidine

residue on the translational elongation factor 2 (EF2), reductive cleavage of SAM by an

iron-sulfur cluster leads to cleavage of the bond between the sulfur and the methionine γ-

carbon (Table 1). This cleavage results in formation of an ACP radical and

methylthioadenosine (MTA). Dph2 does not contain the canonical radical SAM cysteine

motif; rather, the protein is a homodimer with each monomer containing three conserved

cysteines (C59, C163, and C287), each from a different domain, capable of binding a

[4Fe-4S] cluster.30 The reduced [4Fe-4S]1+ state of the cluster cleaves SAM homolytically

between the sulfur and methionine γ-carbon to form the ACP radical.31 The ACP radical

does not mediate an H-atom abstraction, however, and instead attacks C-2 on the imidazole

ring of the modified histidine residue resulting in addition to the ring.30

Evidence suggests that the B12-independent glycerol dehydratase activating enzyme (GD-

AE) also catalyzes cleavage of the S-C(γ) bond rather than the S-C(5’) bond.32 GD-AE is

part of a subset of radical SAM enzymes that activate glycyl radical enzymes (GREs) by H

atom abstraction from a specific glycine residue of their respective substrates.33, 34 When

investigating the activation of glycerol dehydratase (GD), it was discovered that instead of

production of dAdo and Met, the products of SAM cleavage were MTA and 2-

aminobutyrate, implicating the involvement of the ACP radical. 32
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The selective cleavage of SAM between either the sulfur and 5’-carbon bond or the sulfur

and methionine γ-carbon bond may be related to the alignment of the Fe-S cluster and bond

to be broken.35, 36 One proposal by Kampmeier suggests that the cleavage can be thought of

as a displacement reaction at the sulfonium with the unique Fe of the [4Fe-4S] cluster taking

the place of the S-C bond. This would require the unique Fe as well as the S-C bond on

SAM to be broken to be collinear.36 The crystal structures of several radical SAM enzymes

which cleave SAM to produce dAdo and Met support this theory with the observed

geometry of SAM bound in the active site.37-41 However, it remains to be seen whether the

enzymes that utilize the ACP radical bind SAM in an alternate fashion as would be

necessary for the Fe and S-C(γ) bond broken to be colinear. The idea that the type of radical

produced is related to the alignment of SAM with the [4Fe-4S] cluster is intriguing, and

further structural studies of enzymes that use SAM in different fashions will help to either

confirm this hypothesis or give new understanding into how an alternate radical could be

produced.

Radical SAM methylation

It has long been suspected that the radical SAM superfamily contains methylases (MTases),

but it is only recently that two have begun to be characterized. The bacterial enzymes RlmN,

which is endogenous and thought to be important in ribosome function, and Cfr, which is

acquired and confers antibiotic resistance, are methyltransferases that act upon A2503 in

23S rRNA. RlmN methylates the C2 position42, while Cfr methylates C8 preferentially but

can also act upon C2.43, 44 Both of these enzymes contain the typical CX3CX2C motif that

binds a [4Fe-4S] cluster. Both enzymes also utilize two SAM molecules; one is reductively

cleaved to form the dAdo radical intermediate, and the second is used as the source of the

methyl group.44

The mechanism by which A2503 is methylated by RlmN has recently been explored using

isotopic labels. Using S-adenosyl-L-[methyl-3H]methionine it was observed that the tritium

label was incorporated into 23S rRNA, indicating that the methyl group is provided by

SAM; production of dAdo, Met, and S-adenosylhomocysteine (SAH or AdoHcy) during the

reaction was also detected.44 From these results a mechanism was put forth in which SAM is

cleaved to form the dAdo radical.44 This radical then abstracts the C2 H from A2503 to

generate a substrate radical that is then methylated by a second molecule of SAM.44 This

proposal was further revised when the use of A2503 labeled with deuterium at C2 showed

no incorporation of deuterium into dAdo.27 When SAM deuterated at the methyl position

(d3-SAM) was used in the reaction, however, the C2 of A2503 was doubly deuterated while

dAdo was mono-deuterated.27 These results led to a proposal in which the dAdo radical

abstracts a hydrogen atom from the methyl group of the second molecule of SAM, resulting

in a mono deuterated dAdo molecule and a SAM-methyl radical.27 This SAM-methyl

radical was then proposed to attach to C2 of A2503 with a hydride shift from C2 to the

added methyl group giving a doubly deuterated product.27

However, another report published at the same time indicated that the hydrogen abstracted

was neither from the substrate A2503 nor SAM but rather from a modified cysteine

residue.26 Use of d3-SAM in single-turnover conditions showed no deuterium incorporation
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into A2503, and when RlmN was expressed and purified from methionine auxotrophic E.

coli supplemented with d3-Met, which also contains deuterium at the methyl position,

deuterium was detected in the methylated adenosine substrate as well as dAdo.26 This

indicated that the hydrogen abstracted probably came from a protein bound methyl group,

and mass spectrometry on wild-type RlmN revealed that Cys355 contains the methyl

modification.26 The proposed mechanism based on these results begins with the methylation

of Cys355 by the first SAM molecule through a nucleophilic substitution typical of other

SAM methylations. The second molecule of SAM is reductively cleaved by the reduced Fe-

S cluster to produce the dAdo radical which abstracts one of the hydrogens from the methyl

group just added to Cys355. This new methyl radical is what then attacks C2 on A2503; the

product is finally released when Cys118, as a thiolate, attacks Cys355 forming a disulfide

bond (Figure 2, left).26

This mechanism is further supported by additional results from Grove et. al.45; they

demonstrated that all five cysteines, the three cluster ligands as well as two additional

cysteines, are necessary for enzyme functionality. Interestingly, RlmN lacking a [4Fe-4S]

cluster does not contain the methylated cysteine modification, which is only restored with

the addition of SAM as well as the reconstitution of the cluster. This indicates that the

cluster participates in both reductive SAM cleavage as well as the methylation of Cys355.45

The proposed mechanism of Cfr is similar to RlmN26, which is not surprising as Cfr appears

to have evolved from RlmN46. However, the ability of Cfr to methylate not only C8, the

preferential site, but also C2 of A2503 suggests that there is a difference if not in mechanism

then at least in substrate recognition and binding.

The structure of RlmN was just recently solved using x-ray crystallography and showed that,

similar to other radical SAM enzymes, RlmN contains a partial (α/β)6 TIM barrel with the

[4Fe-4S] cluster ligated at the carboxy end of the barrel (Figure 2, right). In addition to this

core radical SAM domain, RlmN contains an N-terminal domain of sixty residues in four

short α-helices arranged in a variation of the HhH2 fold, which is usually involved in

substrate recognition of nucleic acids47, 48; it is attached to the core by three β strands

(β’1-3), which expand the barrel laterally. On the C-terminal end another extension consists

of a β strand (β7), which reaches across the barrel opening and terminates in an α helix.

These two additional β strand extensions are mechanistically important; the β7 strand

contains the catalytically active Cys355 residue, which is methylated in the crystal structure,

and positions it within 3.3 Å of the SAM methyl group and the β’1-3 strand contains the

other cysteine, Cys118, which is thought to be necessary for completion of the catalytic cycle

by releasing the newly methylated substrate.14 The structure of RlmN thus provides further

support for the mechanism proposed by Grove et al. as illustrated in Figure 2.14, 26, 45

Radical SAM methylthiolation

There are only five known naturally occurring methylthio modifications, which occur on

different components of the translation machinery. Four of these occur on tRNA, all on

adenosine, while the fifth occurs on a small ribosomal protein (S12) at an aspartate residue.

The function of the methylthio groups is not completely known, however some insight can

Hutcheson and Broderick Page 4

Metallomics. Author manuscript; available in PMC 2014 May 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



be gained from the positioning of the modifications within the translation machinery. The

tRNA contains the methylthio group at the 3’ nucleotide (A-37) immediately following the

anticodon and the modification on aspartate 89 of S12 projects into the acceptor site of the

ribosome; these locations for the modifications implicate a role in codon-anticodon stability

and translational efficiency and fidelity.49-53

The first methylthiotransferase (MTTase) to be characterized was MiaB54, which converts

i6A to ms2i6A; the time between the characterization of MiaB and the next MTTase was

rather long, however study of this subclass of radical SAM enzymes has gained momentum

in the past few years. Since the initial report on MiaB, two other MTTases have been

identified. RimO is responsible for modifying the ribosomal protein55, and MtaB converts

t6A to ms2t6A.56 What is interesting about this subclass of radical SAM enzymes is the

bifunctional nature of MTTases, combining sulfur insertion with methylation.57 Also, in

addition to the radical SAM Fe-S cluster coordinated by the CX3CX2C motif, MTTases

contain a second [4Fe-4S] cluster coordinated by three other conserved cysteines that is

essential for function.11

Because of the two different functions a single MTTase carries out, it has been difficult to

ascertain a complete mechanism. However, what has been gleaned from biochemical studies

has provided answers to some aspects of the methylthiolation process. Like radical SAM

methyltransferases, MTTases require two molecules of SAM per turnover, one for dAdo

radical production and one to provide the methyl group. The observed products from these

two uses of SAM are methionine and dAdo from SAM cleavage and SAH from methylation.

It is thought, although not biochemically shown for certain, that the second Fe-S cluster is

the source of the inserted sulfur, as is also thought to be the case in other radical SAM

enzymes that catalyze sulfur insertion.9-13

These observations coupled with an understanding of radical SAM reactions in general have

led to mechanistic proposals for MTTases (Figure 3, left). Two of these mechanisms, using

RimO as a model, involve a first step of reductive cleavage of SAM to form the dAdo

radical, which then abstracts a hydrogen atom from the β-carbon of Asp89 on S12.12 The

substrate radical then attacks a μ-sulfido bridging ligand of the non-radical SAM Fe-S

cluster. At this point the two mechanisms diverge; in one pathway, which is believed to be

the more likely, the second molecule of SAM methylates the sulfur to which the Asp residue

is attached causing a release of the methylthiolated Asp from the cluster.12 In the alternate

pathway the Asp bound cluster degrades forming a thiolated Asp intermediate.12 It is this

intermediate that is then methylated by the second molecule of SAM. A third possibility

exists in which a sulfur on the secondary Fe-S cluster is methylated by one SAM molecule.

The methylated sulfur would then be attacked by the Asp radical generated by the other

molecule of SAM, releasing the final product.12

In order to carry out their reactions MTTases contain three domains, an N-terminal

UPF0004 domain, a central radical SAM domain, and a C-terminal TRAM domain.55 The

UPF domain contains three of the conserved cysteines that in MiaB ligate one of the Fe-S

clusters.11 This domain is also most commonly found with the other two present in

MTTases. The radical SAM domain contains the typical CX3CX2C motif ligating the other
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Fe-S cluster. The TRAM domain, which is only found in radical SAM enzymes of the

MTTase subclass, is thought to be involved in substrate recognition.55

The structures of two of these domains, radical SAM and TRAM, were recently revealed in

a crystal structure of RimO from Thermatoga maritima (Figure 3, right).15 The structure

was obtained for the apo-enzyme crystals prepared with the use of subtilisin, which

presumably cleaved the UPF domain from the rest of the protein; however, from the position

of the N-terminus of the radical SAM domain, it can be postulated that the UPF domain can

interact with the radical SAM Fe-S cluster as modeled from other radical SAM structures.15

The radical SAM domain includes a partial (α/β)6 TIM barrel, and a superposition of RimO

with the radical SAM enzyme MoaA (molybdenum cofactor biosynthesis) allowed the likely

positions of the radical SAM Fe-S cluster as well as SAM to be determined.15 The location

of the TRAM domain is at the distal edge of the concave surface of the radical SAM domain

allowing access of the macromolecular substrates to the active site while still closely

interacting with them. In RimO the putative surface of substrate binding is negatively

charged, complementing the positively charged substrate, the ribosomal S12 protein.15

While these results give an insight into MTTases, a better understanding of the mechanism

and the role of the second Fe-S cluster will be possible once the structure of the holo-

enzyme has been determined.

Conclusions

Methyltransferases and methylthiotransferases are two subclasses of an extensive

superfamily of radical SAM enzymes. These two, however, are unique and puzzling in their

ability to use two molecules of SAM in two distinct capacities: as a methyl group donor and

as the source of the dAdo radical. Because of the dual roles of SAM, two adenosyl products,

SAH and dAdo, are formed. Deoxyadenosine is known to inhibit radical SAM enzymes58,

and SAH, while not directly studied in the radical SAM MTases, would likely result in a

similar inhibition as this is the case with MTase enzymes that utilize a direct SN2 methyl

substitution.59 Further, evidence suggests that in vivo ratios of SAM to SAH, sometimes

referred to as the methylation index, affects the activities of MTases.60, 61 An interesting and

as-yet unexplored question is how the methylation index affects the activities of radical

SAM enzymes, particularly those involved in methylation and methylthiolation.

For the MTases it is interesting that the dAdo radical abstracts a hydrogen atom from the

methyl group of the second SAM molecule after the methyl has been added to a conserved

cysteine. Another fascinating implication that deserves further investigation is the role of the

radical SAM [4Fe-4S] cluster in methylation of the cysteine residue. To date no other radical

SAM enzymes show a secondary role for their dAdo radical producing clusters. The dual

role for the radical SAM cluster adds yet another complexity to the ability of radical SAM

enzymes to control difficult and sensitive radical chemistry.

The presence of two Fe-S clusters in the MTTases is not surprising, as radical SAM

enzymes involved in sulfur insertion all have additional clusters that are thought to be the

source of the sulfur. A mechanistic anomaly within this subgroup concerns tRNA

modification: direct hydrogen atom abstraction from the substrate would be from an sp2
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hybridized carbon for which there is no precedence in the radical SAM family. Further

mechanistic studies using labeled substrates as well as a crystal structure of a holo-MTTase

could help to illuminate how MTTases use the second Fe-S cluster as well as whether the

sp2 hydrogen is in fact the one abstracted. Further insights into the biological significance of

the methylthio modifications that these enzymes impart are being revealed. Just recently the

eukaryotic MTTase Cdkal1 was linked to the development of type 2 diabetes. Cdkal1

synthesizes ms2t6A in tRNALys (UUU); mice pancreatic cells that were deficient in this

enzyme misread the Lys codon in proinsulin, which resulted in a reduction of glucose-

stimulated proinsulin synthesis.62

Radical SAM enzymes catalyze a remarkably diverse range of chemical reactions, all of

which are initiated by the reductive homolytic cleavage of an S-C bond of SAM, in order to

generate a carbon-centered radical intermediate. Most radical SAM enzymes characterized

to date appear to cleave only the S-C(5’) bond to generate the 5’-dAdo radical intermediate,

although two enzymes have been recently shown to catalyze reductive cleavage of the S-

C(γ) bond to generate the alternate 3-amino-3-carboxypropyl (ACP) radical.31, 32 Although

reductive homolytic cleavage of the third S-C bond of SAM to generate a methyl radical has

not been demonstrated, the MTases and MTTases discussed in this review do cleave

(presumably in a nucleophilic, heterolytic manner) the S-C(methyl) bond of SAM to provide

the methyl group required for the reaction.44, 57 These enzymes thus represent fascinating

examples of the dual use of SAM (as a methyl donor and a radical precursor) in a single

enzyme.
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Figure 1.
Representative structures of Radical SAM enzymes. Left: Structure of the pyruvate formate-lyase activating enzyme (PFL-AE),

which acts on a 170 kDa protein substrate and has a partial (α/β)6 TIM barrel fold (PDB ID 3CB8). Right: Structure of biotin

synthase (BioB), which acts on a small molecule substrate (dethiobiotin) and has a complete (α/β)8 TIM barrel fold (PDB ID

1R30)
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Figure 2.
Left: Mechanism for the second step in methylthiolation as proposed by Grove et al.45 The methylated cysteine (S355) was

generated by SAM dependent methylation in the first step. Right: Structure of RlmN as determined by x-ray crystallography

with the N-terminal domain in dark purple and the C-terminal extension in blue (PDB ID 3RFA).
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Figure 3.
Left: Two proposed mechanisms for radical SAM methylthiolation.12 Right: Structure of apo-RimO as determined by x-ray

crystallography, with only the radical SAM (purple and maroon) and TRAM (blue) domains visible (PDB ID 2QGQ).
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Table 1

S-adenosylmethionine (SAM), left, has three S-C bonds. The radical produced upon homolytic cleavage of

each of these bonds is indicated (with A representing adenosine), as are representative enzymes where known.

S-Adenosylmethionine Bord Cleaved Radical Produced Enzyme Examples

Radical SAM enzymes: Mtases MTTases

Dph2 GD-AE

None Known
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