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1. Introduction

The Radical SAM enzymes —also referred to as the AdoMet radical enzymes — are a newly
identified enzyme superfamily! capable of catalyzing radical chemistry similar to, but more
extensive than?, that performed by the AdoCbl-dependant enzymes2~’. The Radical SAM
and AdoCbl-dependant enzymes have in common the 5'-dAe intermediate, a highly
oxidizing and unstable radical intermediate that has never been directly observed, though its
existence has been shown in both the Radical SAM and AdoCbl-dependant systems through
the use of an allylic AdoMet analog®11, and indirectly demonstrated in Radical SAM
systems by incorporation of a radiolabel into the C5' position of the 5'-deoxyadenosine
product!2-14 and by its covalent addition to a substrate analog to form a C-adenosylated
product!®. AdoCbl enzymes produce 5'-dAe via homolytic cleavage of the Co-C5' bond of
the corrin cofactor, whereas the Radical SAM enzymes generate the radical by reductive
cleavage of a much simpler cofactor, AdoMet316, Comparison of the two enzyme families
has led to the description of AdoMet by Baker and Frey as the “poor man’s
adenosylcobalamin” on account of its relative simplicity and lower energetic cost of
production317,

Radical SAM enzymes are interesting from an evolutionary perspective for this relative
simplicity and other reasons. They require components that theoretically would have been
available in the ancient world (reviewed in referencel8), and although a primordial precursor
of AdoCbl could also have existed!?, it has been theorized that AdoMet preceded AdoCbl in
the prebiotic world3. Radical SAM superfamily members are found spread across all of the
kingdoms of life and catalyze a highly diverse set of reactions!:6:20, again implying an
ancient origin with ample time over the course of evolution to diversify. Finally, members of
this family are involved in fundamental biological processes that presumably evolved early
on, such as metabolism, ribonucleotide reduction, and cofactor biosynthesisl#.

As mentioned above, Radical SAM enzymes all catalyze radical chemistry and are united as
a superfamily by their common mechanism of radical generation (reviewed in
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references!#5.7.21.22 (Figure 1a). The main hallmark of the superfamily, a conserved
CX3CX¢C motif (¢ = tyrosine, phenylalanine, histidine or tryptophan), coordinates an iron
sulfur cluster that is instrumental in initiation of the radical reaction. Years of research have
unambiguously shown that a [4Fe-4S]* cluster is the active iron-sulfur species in each of
the Radical SAM systems?3-25, The 4Fe-4S cluster, which is typically oxygen-sensitive, is
ligated by the three cysteines of the conserved motif, leaving one iron unligated and
therefore unique®®. The second hallmark of the superfamily is a glycine-rich region involved
in binding a molecule of AdoMet!20. This bound AdoMet ligates the unique iron of the
4Fe-4S cluster?6-30 and serves as the direct source of 5'-dA«25, Experiments have shown that
the [4Fe-4S]1* state of the cluster is the state competent for radical generation, likely via
interaction with and reductive cleavage of AdoMet31:32, Though the detailed mechanism of
this process is still unclear, it is thought to occur by electron transfer from an atom of the
cluster to AdoMet through the AdoMet sulfur atom®:6:26-28.30.33-35_One important question
surrounding this mechanism concerns which cluster atom, a sulfur or an iron, participates in
this step, with density functional theory (DFT)36 studies recently focusing attention on iron
as the likely mediator of electron transfer.

Recently, the Radical SAM superfamily has been further expanded by the recent
characterization of ThiC37-40. While studying thiamine pyrimidine biosynthesis, Downs et
alfound that a protein, ThiC, carries out Radical SAM chemistry but does not contain the
conserved CX3CX¢C motif3”41. Although structures of the apo protein (with disordered
cluster binding loop) are available3®, comparison with other Radical SAM enzyme structures
awaits crystallographic analysis of an iron-sulfur cluster bound form. Further, similar
4Fe-4S-dependent radicalization of SAM has been discovered in a new enzymatic fold with
the characterization of Dph2, of the diphthamide biosynthetic pathway#2-44. Although we
will only discuss ThiC and Dph2 briefly in this review, these findings suggest that the
predicted >2800 unique sequences® already assigned to the CX3CX¢C-containing Radical
SAM superfamily may need to make room for an unknown number of additional Radical
SAM enzymes.

2. Unresolved questions in the Radical SAM enzyme field

Although we have learned a tremendous amount about Radical SAM enzymes in the last 10
years through the determination of the first few crystal structures and through elegant
spectrostropic and biochemical studies, the majority of family members are still
uncharacterized and several significant questions remain. Do members of the Radical SAM
superfamily share a specific mechanism of control over the 5'-dAs intermediate, or does this
vary along with the different reactions each individual enzyme catalyzes and substrates they
bind? How similar will ThiC be to the other Radical SAM enzymes in terms of AdoMet
binding and radical generation? In addition, the specific factors that govern AdoMet usage
as cofactor or cosubstrate are still unclear, even with a range of Radical SAM structures in
hand. Related to this, how one enzyme is capable of using two molecules of AdoMet during
the course of one turnover is controversial. Finally, perhaps the most far-reaching unknown
regarding the Radical SAM family concerns plasticity of the fold; for example, how is the
same basic core fold modified to enable so many different types of chemistry, what are the
detailed mechanisms of each enzyme after radical generation and how does this impact our
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understanding of the evolution of the superfamily? Many of these questions await better
characterization of the individual family members; unfortunately, difficulties in
reconstituting enzymatic activities of the majority of these enzymes in vitrois a fundamental
problem plaguing the field that has yet to be fully resolved45-50,

Since the classification of these enzymes as a superfamily, researchers have elucidated key
details of the radical generation processes, begun characterization of new Radical SAM
enzymes, and published the first few crystal structures of superfamily members. This review
will focus on the key aspects of the first series of Radical SAM structures in order to
highlight the structural features of the superfamily and identify the main elements involved
in substrate binding and catalysis.

3. Highlighted Radical SAM enzymes

The CX3CX¢$C-containing Radical SAM structures now available represent a good cross
section of the superfamily in terms of their diverse reactions and substrates?/-49.51-57
(Figure 1). The methods used to solve each structure along with other relevant information
are summarized in Table 1.

3.1. Pyruvate formate-lyase activating enzyme (PFL-AE)

Along with lysine 2,3-aminomutase (LAM), PFL-AE is one of the most fully characterized
Radical SAM enzyme. This enzyme is a member of the Radical SAM activase subfamily, all
of which perform direct hydrogen atom abstraction from a target Glycyl Radical Enzyme,
forming a catalytically essential glycyl radical (Figure 1b). PFL-AE itself forms a glycyl
radical on G734 of £. coli pyruvate formate-lyase (PFL), activating it for homolytic cleavage
of pyruvate to form acetyl-CoA and formate®8-0, This reaction is very important under
fermentative conditions where it serves as the organism’s source of acetyl-CoA®1,

Recent structural characterization of PFL-AE has yielded two models of the 4Fe-4S bound
form of the enzyme, in both the substrate-free and substrate-bound states®®. The two
structures were solved independently by iron-MAD techniques at 2.25 A and 2.8 A
resolution, respectively (Table 1). The substrate-bound PFL-AE model includes the 4Fe-4S
cluster, AdoMet and a seven-residue peptide substrate ordered in the active site. The
particular peptide used in this study, RVSGYAV, corresponds to the seven residues of the
PFL glycyl radical loop, and has been shown to be a decent substrate for PFL-AE (K, =
0.22 MM, Vnax = 11 nmol/minmg, compared to 1.4 uM and 54 nmol/min’mg for PFL)14.
The substrate-free model contains only the 4Fe-4S cluster and the methionyl moiety of a
partially disordered AdoMet molecule. Any analysis of this model should take into account
disorder in several of the loops near the active site of the substrate-free PFL-AE model, as
well as the medium resolution of the substrate-bound form. The disorder observed in the
substrate-free form is likely physiologically relevant, related to conformational flexibility of
parts of the enzyme in the absence of substrate.

3.2. The oxygen-independent coproporphyrinogen lll oxidase (HemN)

One of the two initial Radical SAM enzymes to be structurally characterized, HemN is one
of the more recently biochemically characterized members of this superfamily. It catalyzes
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two oxidative decarboxylations of the propionate sidechains on rings A and B of
coproporphyrinogen 11 to vinyl groups, yielding protoporphyrinogen 1X, an important heme
precursor (Figure 1)62. This reaction requires cleavage of two molecules of AdoMet#6:63 and
the action of an unidentified electron acceptor. Though HemN has been better characterized
in recent years, full activity is still only obtained with the addition of cell free extract46.63.64,
Presumably the addition of cell extract is necessary in order to provide the unknown electron
acceptor, but the fact remains that the reaction requirements are currently incompletely
defined, as is the case with several other Radical SAM systems?. However, this aspect of the
HemN reaction — the enzyme’s inability to complete the reaction cycle in the absence of the
electron acceptor — has made it amenable to spectroscopic characterization of radical
reaction intermediates®4.

The HemN structure was solved by iron-MAD techniques, refined to 2.07 A resolution
(Table 1), and contains the 4Fe-4S cluster, the cluster-bound AdoMet, and a poorly resolved
additional molecule of AdoMet, termed SAM2, bound within the active site>!. The possible
role of SAM2, which could be physiologically relevant or an artifact of the crystallization
conditions, is discussed in a later section. The actual substrate of this enzyme is not present
in this model, and as mentioned above, the electron acceptor is also absent.

3.3. Biotin synthase (BioB)

Several Radical SAM enzymes catalyze sulfur insertion reactions, with BioB, LipA and
MiaB serving as archetypes for this subfamily. BioB uses two molecules of AdoMet to insert
a sulfur atom into positions C6 and C8 of dethiobiotin, forming the thiophane ring of biotin
(Figure 1), while LipA catalyzes the sulfur insertion step that forms lipoic acid from
octanoate, and MiaB thiomethylates isopentenyladenine, a step in the tRNA maturation
pathway®. RimO is likely a new addition to this group, catalyzing the methylthiolation of a
protein aspartate residue of the S12 protein®’. Although the source of sulfur for biotin was a
point of controversy for some time, there is now general agreement that a protein bound
2Fe-2S cluster is the source. This conclusion is based on 34S isotopic labeling studies®, the
observed destruction of an Fe,S, cluster that accompanies BioB turnover86-68 and a crystal
structure of BioB that shows the 2Fe-2S cluster is close proximity to substrate dithiobiotin®2,
The requisite destruction of the 2Fe-2S cluster raised the issue of whether BioB is a suicide
enzyme. /n vivo studies suggest, however, that BioB does carry out multiple turnovers®®,
requiring that the cluster must be regenerated /n vivo. In addition, recent /n vitro studies
have identified conditions under which BioB can undergo multiple turnovers, when Fe3* and
S2- are added to the reaction mix®C. Components involved in reconstitution of this cluster in
vivo have not yet been fully identified, though this is an area of ongoing research?®,

The 3.4 A resolution model of the BioB homodimer was solved by iron-MAD methods
(Table 1). In the BioB structure, the 4Fe-4S cluster, AdoMet, the dethiobiotin substrate and a
catalytically relevant 2Fe-2S cluster were observed bound to the active site. The resolution
of the BioB structure is moderate, and as mentioned above, the components required for
reconstitution of the 2Fe-2S cluster have not yet been fully identified’%; however, this
structure comprises all of the components required for catalysis and is therefore a complete
model of the BioB pre-turnover Michaelis complex. Turnover is not observed only because
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the crystallization conditions lack the reductant necessary to reduce the [4Fe-4S] cluster to
the 1* oxidation state.

3.4. Molybdenum cofactor biosynthesis protein MoaA

One of the first steps of molybdenum cofactor biosynthesis is the rearrangement of
guanosine-5'-triphosphate (5'-GTP) to form precursor Z (Figure 1b). Subsequent steps
convert this intermediate to molybdopterin by forming the dithiolene group of
molybdopterin that is responsible for coordination of molybdenum. Precursor Z differs from
the intermediates of related pterin biosynthetic pathways in that C8 of the purine is retained
and inserted between C2' and C3' of the ribose’1:72. The formation of precursor Z is
catalyzed by two enzymes, MoaA and MoaC, and though both structures have been solved,
their specific roles during catalysis are presently unclear”>473, The identity of the actual
substrate of each enzyme is also unknown, though 5'-GTP does bind to MoaA>4. Finally, the
question of whether MoaA and MoaC form a protein-protein complex is still unresolved.

Multiple structures of MoaA are available, each packing as a homodimer, with the essential
4Fe-4S cluster and an additional 4Fe-4S cluster at the C-terminus (Table 1). The MoaA
structures solved include the “apo” (AdoMet-free) state, solved by iron-MAD, the AdoMet-
bound state, solved by molecular replacement (MR) using the apo-MoaA structure as the
search model, and the 5'-GTP-bound state with the AdoMet cleavage products in the
AdoMet binding site, formed by soaking preformed AdoMet-bound crystals in a solution
containing 5'-GTP and solved by MR using the MoaA-AdoMet complex structure*’:54, A
structure of the R17/266/268A triple mutant of MoaA has also been solved by MR with the
AdoMet-bound MoaA model®4. The second 4Fe-4S cluster seems to be involved in substrate
binding, ligated at a unique iron by the 5'-GTP or, in the absence of 5'-GTP, dithiothreitol
(DTT). ENDOR studies have confirmed an interaction between this second cluster and 5'-
GTP via N1 of the purine ring’4. Because the specific MoaA reaction has not been fully
biochemically characterized, these structures may not represent a complete description of
the components required for catalysis. MoaC may indeed form a complex with MoaA.
Finally, because the structure of MoaA complexed with AdoMet and 5'-GTP was obtained
by soaking and not cocrystallization, it could be argued that crystal contacts may have
prevented a conformational change required for catalysis.

3.5. Lysine aminomutase (LAM)

Of all of the Radical SAM enzymes, LAM is currently the best
characterized®13.24,30,33,53.75-84 |t catalyzes the migration of the amino group from C2 to
C3 of lysine, using pyridoxal 5'-phosphate (PLP) to bind the substrate through the typical
imine linkage (Figure 1). The reaction, essential components and mechanism of LAM have
been very well characterized; therefore, many details of AdoMet cleavage by the Radical
SAM enzymes have been provided by study of LAMB84. For example, studies of LAM
included demonstration of the allylic-5'-dAs intermediate using 3',4'-anhydro-AdoMet, a
catalytically competent AdoMet analog®. At this point, LAM is the prototypical Radical
SAM enzyme.
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The structure of Clostridium subterminale 4Fe-4S-LAM in complex with AdoMet, substrate
lysine and PLP was solved by iron-MAD techniques to 2.1 A resolution®3 (Table 1). The
model is a homotetramer, with extensive dimerization and tetramerization interfaces. As was
the case in the BioB crystallization conditions, turnover was prevented by omission of a
reductant; therefore, this structure closely represents the Michaelis complex.

3.6. Wye-base biosynthetic protein TYW1

A new putative Radical SAM enzyme, TYW1, was recently identified in a study aimed at
isolating the enzymes involved in the biosynthesis of a specific class of modified tRNA base,
the wye bases®5:86. Wye bases have been found filling position 37, the position next to the
3'-position of the anticodon, in certian archaeal and eukaryotic tRNAs87:88, By stabilizing
codon-anticodon interactions, these modified bases help to reinforce correct basepairing
during translation89-21, An early step of the wye base biosynthetic pathway, formation of the
tricyclic molecule 4-demethylwyosine from N-methylated guanosine base at position 37 of
tRNAPNe (Figure 1b), is catalyzed by TYW186. /7 vivo down-regulation of the iron-sulfur
cluster biosynthetic protein NFS1 in S. cerevisiae results in a reduction of wyobutosine
synthesis, suggesting the requirement for an iron-sulfur cluster in catalysis8¢. Mutagenesis,
crystallographic, and iron-sulfur cluster incorporation studies are consistent with assignment
of TYW1 as a Radical SAM enzyme*8:49.86: however, TYW!1 activity has not yet been
reconstituted /7 vitro and the source of the two carbons that are incorporated is unknown.
Clearly, little is known about catalysis by this enzyme, and it may well require the
involvement of additional proteins#8:49,

Two groups have independently published structures of TYW1 from £ horokishii*®
(PhTYW1, 2.2 A resolution) and M. jannaschi®® (mjTYW1, 2.4 A resolution). Both
structures were solved by Se-MAD techniques and neither contains the 4Fe-4S cluster,
AdoMet, or substrate. TYW1 is a monomeric protein that, as demonstrated by cluster
reconstitution experiments*8:49, probably binds two FeS clusters; the 4Fe-4S cluster
essential to 5'-dAe generation and a second cluster likely involved in substrate binding or
activation. Low resolution anomalous difference maps collected at 1.54 A indicate that
TYW1 does bind two iron-sulfur clusters, although the data was apparently of too low
quality to yield refined cluster-bound models. There is also disagreement as to whether the
cluster at the second site is a 2Fe-2S or 4Fe-4S cluster4849. Both structures have significant
disorder, in particular near the active site, which may be attributed to the absence of
cofactors, substrate, or unknown partner protein(s). In this review, we analyze the phTYW1
structure alone due to a lower amount of disorder than observed in the mjTYW1 structure.
Both groups have modeled the tRNA substrate into the active site849, but no crystal
structure is available of the complex.

3.7. [Fe-Fe] Hydrogenase Maturase Protein HydE

The Radical SAM enzyme HydE from Thermotoga maritima is one of three enzymes
(HydE, HydF and HydG) recently identified as essential for maturation of the [FeFe]
hydrogenase (HydA) from that organism92-94, Complex metallocluster bioassembly is a
notoriously difficult field of study due to, among many things, instability of clusters during
protein purification, the danger of incomplete cluster reconstitution, oxygen sensitivity and

Chem Rev. Author manuscript; available in PMC 2018 May 02.



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1duosnue Joyiny |ANHH

ey and Drennan

Page 7

the existence of redundant assembly systems, which complicates identification of the
specific components necessary9°-97. Despite these difficulties, deconvolution of the specific
functions of HydE, HydF and HydG has successfully begun. It is likely that HydE and
HydG are responsible for formation of the binuclear iron subcluster of the HydA H cluster
(Figure 1b)>6:92.98.99 ysing HydF, a GTPasel%, as a scaffold protein from which the
subcluster can later be transferred to HydA101:102 Recent studies indicate that HydG
catalyzes formation of the CO92 as well as the CN~ ligands!®4. The involvement of Radical
SAM proteins in the complicated hydrogenase maturation system highlights yet again the
versatility of this ubiquitous superfamily.

Two very high-resolution structures of 7. maritima HydE were solved independently by
iron-SAD using anomalous signal from the enzyme’s reconsituted iron-sulfur clustersS6. A
structure of the 4Fe-4S form of the enzyme with bound S-adenosylhomocysteine
(AdoHCys) was solved to 1.35 A resolution, while a structure of the enzyme with these
ligands and an additional 2Fe-2S cluster and a bound thiocyanate molecule was refined to
1.7 A resolution®®. Though the physiological relevance of this second cluster and the
dithiocyanate is currently uncertain, it is this second structure that we discuss below.
Additional structures were recently solved of the (a) AdoMet-bound and (b) the methionine-
and 5'-dA bound forms of the enzyme, and used for QM/MM calculations to investigate the
AdoMet cleavage mechanism in closer detail3¢. As noted above with respect to the HemN
and MoaA structures, analysis of this structure must take into account the fact that the
specific reaction catalyzed by HydE is unknown, as are the components necessary for its full
activity.

4. Overall Fold
4.1. Radical SAM Core

Most Radical SAM enzymes share a common core fold responsible for radical generation to
which additional protein structural elements can be added to tailor the enzyme to a particular
substrate. As mentioned previously (here and elsewhere® 7:2047,51-53,55,56,105.106) 'thjs core
fold is comprised of six p/a motifs arranged in a manner that is reminiscent of a TIM barrel
and is thought to be common to all of the superfamily members on the basis of structure-
based sequence alignments20, It should be noted that despite the difference in cluster-
binding cysteine motifs, ThiC also has a TIM barrel fold3?, while Dph2 adopts a completely
unrelated tertiary structure3. The TIM barrel fold is characterized by an eight-stranded, all-
parallel B sheet made up of repeating f/a. motifs, curved such that the eight strands form a
barrel, surrounded on the outside by the eight helices. The Radical SAM core is similar to
this fold, but contains only six of the eight f/a motifs, resulting in the formation of a
“partial” or “3/4” TIM barrel (Figures 2 and 3). The helices of each p/a unit are located on
one side of the sheet (the “outer” side of the barrel), while the active site is located on the
opposite (or “inner”) side. The curvature of the core B sheet is typically less than that of a
full barrel, except in the cases of BioB, HydE and ThiC, which do form a complete eight-
stranded barrel. In the majority of the structures, the partial TIM barrel has less curvature
(appearing “splayed”), reflecting that the orientation of the B/a motifs can vary slightly
depending on the remaining protein fold. Protein elements outside of the core domain are
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involved in imparting specificity to the individual proteins, and provide surfaces for
oligomerization as well.

The lack of closure of the partial barrel results in exposure of one face of the § sheet, which
forms what is here referred to as the barrel’s lateral opening. This opening can be “covered”
or “plugged” by protein elements outside of the Radical SAM core, typically from the C-
terminal region with some minor contributions from the N-terminus or another molecule
(Figure 2). It is within this lateral opening that the active site resides. The essential 4Fe-4S
cluster and AdoMet bind via loops emanating from core B strands. Except in the case of
ThiC, the cluster binding loop follows B1 and harbors the canonical CX3CX¢C motif
(Figures 2 — 4). Binding of the 4Fe-4S cluster and AdoMet is discussed in more detail in the
following sections.

Superimposition of the Radical SAM core from multiple enzymes shows that the structure of
this domain is very highly conserved (Figure 3). The core domain is defined here as
beginning at the N-terminus of the strand that leads into the cluster-binding loop (PFL-AE
R21, HemN L53, BioB Q41, MoaA D15, LAM RllG! phTYWl C71 and E53 of HydE) and
ending at the C-terminus of the sixth strand (PFL-AE P2gg, HemN Noyq, BioB M3, MoaA
E195, LAM Q2g1, phTYW1 Ay73 and HydE Tgs), at which point the structures begin to
diverge. The first section of the core, the first strand and the cluster-binding loop, differ the
most (Figure 3). The remaining protein fold shows very little variation, with strands f2 — p6
and the helices that follow them almost identically positioned in each structure. The helices
of the core show more variation than the strands, and one helix of note, helix a4A (Figure
3), is missing in the LAM structure (Figure 4). Helix a4A, which is located on the loop
connecting p4 and a4, is positioned along the top of the partial barrel, with the helix C-
terminus pointing towards the cluster. Finally, the structures begin to diverge at strand p6
and the loop following it in order to appropriately accommodate substrate.

4.2. Protein elements outside of the Radical SAM core

The Radical SAM core is typically located at or near the N-terminus of the molecule, and
the length and sequence of the C-terminal region is highly divergent between the different
Radical SAM subfamilies. While the C-terminal regions contribute to substrate specificity,
explaining some of the observed differences between subfamilies, a significant portion of the
substrate binding site is provided by the core itself. Although it is simpler to think of these
enzymes as containing separate domains, with the substrate binding site at the interface of
those domains, examination of the Radical SAM structures (Figure 2) shows that this is not
necessarily true. HemN does appear to have a separate C-terminal domain (Figure 2b), but
PFL-AE, BioB, MoaA, LAM and HydE each contain additional C-terminal (and N-terminal)
protein elements that simply extend or complete the core domain. For example, in BioB and
HydE, two p strands are added to complete a (B/a)g barrel. These additional non-core
regions can complete the binding site of substrate or an additional cofactor (such as the extra
FeS clusters of BioB, MoaA and HydE) and/or form oligomerization surfaces as in the
HemN, BioB, MoaA and LAM structures. See the Supporting Information and Figures S1—
S7 for a detailed discussion of the overall fold of each enzyme.
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5. The FeS cluster

5.1. Location of the 4Fe-4S cluster binding site

The most recognized Radical SAM enzyme feature is the highly conserved CX3CX¢C
motif, which binds an anaerobically stable, site-differentiated 4Fe-4S clusterl. The unique
iron of the cluster is coordinated by the methionyl moiety of a bound molecule of
AdoMet26-28,

The 4Fe-4S cluster is bound at the top (C-terminal end) of the Radical SAM partial p-barrel
core domain, located above the lateral opening discussed above (Figures 2 and 3). The
CX3CX¢C motif resides on the loop following the first p strand of the Radical SAM core
(termed the cluster-binding loop). The length of the cluster-binding loop varies from enzyme
to enzyme, depending on the spacing of the p/a motifs surrounding it. PFL-AE and LAM
have cluster-binding loops of similar length and orientation, but those of the other enzymes
differ widely (Figure 3). The loop winds around the cluster from “behind” to the front of the
cluster, towards the lateral opening of the Radical SAM core. Residues following the
CX3CX¢C motif are therefore located near the substrate. This loop may also provide part of
the interaction surface for binding of the physiological reductant (see below).

5.2. The environment surrounding the cluster

The nature of the chemistry catalyzed by the Radical SAM enzymes suggests that the
4Fe-4S cluster should be fully protected from solvent, and this seclusion is for the most part
observed in all of the structures (with the exception of MoaA, which may undergo further
conformational changes in the presence of additional reaction components). The cluster is
typically located approximately 7-10 A from the nearest protein surface, which is formed
opposite the lateral opening by the cluster-binding loop. Because the 4Fe-4S cluster binds at
the C-termini of the core B strands but inside the ring of helices, it is buried by the loops at
the top of the partial barrel. Conserved protein elements involved in burial of the cluster
include helix a4A and the aromatic residue of the CX3CX¢C motif. This aromatic residue is
observed in all Radical SAM enzymes except the aRNR activase. Helix a4A is structurally
conserved in all of the Radical SAM enzymes with an interesting variation in LAM, where
this helix is not part of the Radical SAM core; rather, it is replaced by a helix contributed by
the N-terminal helical domain of this enzyme. Finally, several of the enzymes, PFL-AE and
HemN in particular, have additional long loops immediately following the Radical SAM
core that fold over and presumably help bury the cluster.

5.3. Interactions between the 4Fe-4S cluster and AdoMet

These Radical SAM enzyme crystal structures confirmed the results of several spectroscopic
studies that showed that AdoMet binds directly to the 4Fe-4S cluster26-30:34 through its
amino nitrogen and carboxylate group. Ligation to the cluster presumably helps to secure
AdoMet in the binding site and properly position it for radical generation. Superimposition
of six AdoMet-bound 4Fe-4S clusters reveals similar positioning with some variation
(Figure 5); the biggest differences being in the position of the methyl group of AdoMet
(Table 2). Some of this variation may be artifactual, due to differences in the resolution of
the structures (1.62 to 3.4 A) or discrepancies in refinement procedures. Other variation may
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reflect the manner in which protein side chains in each enzyme contact the AdoMet. Overall,
the postion of the sulfur of AdoMet fairly constant, consistent with the theory that electron
transfer occurs between an atom of the cluster and the AdoMet sulfur®27.28:30,34,36
Interestingly, the average distance between the AdoMet sulfur and the closest Fe of the
cluster is shorter (3.4 A) than the average distance between the AdoMet sulfur and the
closest sulfur (3.8 A), in agreement with recent DFT calculations that point to Fe as the
likely mediator of electron transfer38. In the following section, the AdoMet binding site is
examined in more detail to understand more fully how the enzymes ligate AdoMet in order
to produce 5'dAe.

6. AdoMet binding

6.1. AdoMet conformation

The conformation of AdoMet observed bound to the Radical SAM enzymes is similar in
each structure (Figure 5). The molecule always adopts an anti conformation at the glycosidic
bond in these enzymes, but varies in terms of the puckering of ribose (3'-endo in the
majority of the enzymes, with PFL-AE and MoaA as the exceptions). In terms of the
position of the AdoMet methionine with respect to the 5'-dA moiety, AdoMet can assume a
variety of conformations, either “folded” or “extended” based on the torsional angle at atoms
04'-C4'-C5'-SB (referred to as the  torsional angle)1%7. The lowest energy extended
conformation of AdoMet has a y torsional angle of ~180°, compared to <90° for folded
conformations. In contrast to the majority of protein structures with bound AdoMet, all of
the structures of Radical SAM enzymes bind AdoMet in the folded conformation, with the
sulfonium located close to O4' of the ribose ring. HemN is the outlier of the group on this
point, binding AdoMet with a  torsional angle of -112.80°, compared to —64.29° (PFL-
AE), -48.75° (BioB), —73.96° (MoaA), —60.42° (LAM), and —80.78° (HydE). The
implications of the conformation of AdoMet bound by an enzyme are unclear, though it has
been observed that when AdoMet is bound with the purpose of serving a reactive role
(transfer of one of the groups bound to the sulfonium), it adopts an extended conformation,
and when bound as an activator or substrate, as in MetJ and AdoMet decarboxylase, it binds
without a preference for the extended v torsional angles'%7. The overall conformation
AdoMet adopts when bound to a Radical SAM enzyme is likely important to allow correct
positioning of the AdoMet sulfur atom and enable electron transfer from the cluster to that
sulfur atom (Figure 5, discussed above).

The anchoring of AdoMet by an iron-sulfur cluster via the methionyl amino and carboxyl
atoms had, of course, never been observed in a protein before structural characterization of a
Radical SAM enzyme, all of which employ a unique structural motif for binding AdoMet.

6.2. General properties of the AdoMet binding site

In all of the Radical SAM enzyme structures discussed here*”-51-56 AdoMet is observed
bound across the top of the partial or full TIM barrel in a binding site made up of residues
from each of the core B strands (Figures 4 and 6). The binding site is hydrophilic and
provides residues for several specific interactions with AdoMet (see below). Although little
conservation is observed across the superfamily, many of the residues involved in binding
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AdoMet and/or substrate are highly to fully conserved within individual Radical SAM
subfamilies, such as the BioB protein subfamily.

As discussed above, the chemistry performed by the Radical SAM enzymes suggests that the
active site would require burial within a protected protein environment during catalysis to
prevent quenching of the radical. This sequestration of AdoMet from solvent is indeed
observed in the BioB, LAM, HydE and substrate-bound PFL-AE structures®2:53.55.56 The
HemN and MoaA structures do not provide a complete view of the substrate-bound forms of
those enzymes (Table 1 and above), and as one would expect, their active sites are solvent
exposed?’:51.54_ Further investigation of these two enzymes, and structural characterization
of more of the Radical SAM superfamily members, will clarify this aspect of catalysis.

6.3. Overall description of the AdoMet binding site

Low sequence conservation within the Radical SAM superfamily may arise in part from the
location of the AdoMet binding site in these proteins. Because AdoMet binds across the top
of the P barrel-like sheet, the residues of the binding site originate from loops following each
B strand, and are therefore dispersed throughout the primary sequence (Figure 4). This
dispersion hinders identification of a specific AdoMet binding motif beyond the previously
identified glycine-rich region?, or GGE motif20. Low sequence similarities notwithstanding,
comparison of available CX3CX¢C-containing Radical SAM structures shows that they
employ remarkably similar modes of interaction with AdoMet (Figure 6, see Figure S8 for
stereoviews of the AdoMet binding site). Examination of the dendrogram visualization of
the Radical SAM core domains constructed by Sofia er /.l demonstrates that the Radical
SAM structures we now have are distantly related within the superfamily and represent a
good cross-section of the sequence space covered by the individual members. Therefore, the
structural comparison conducted here allows us to provide a general description of AdoMet
binding in this superfamily that is likely applicable to all members that are not in the ThiC-
like subclass (Figure 4). TYW1 is excluded from the following discussion as AdoMet is not
observed bound in the active site.

6.3.1. The AdoMet methionyl moiety—The methionyl carboxylate and amino groups
of AdoMet ligate the unique iron of the Radical SAM 4Fe-4S cluster?6-28 in order to help
anchor and orient the molecule for electron transfer, and possibly to alter the redox potential
of the 4Fe-4S cluster and/or AdoMet82:84, In each structure, the amino group is observed
binding close to the C-terminus of strand f2, making hydrogen bonds with residues of the
“GGE motif” — also termed the “glycine rich region” — located on that strand (Figures 4, 6,
and Figure S8; PFL-AE G77, Grg, E7g; HemN G112, G113, T114; BioB Aqgg, A101, W102;
MoaA G74, G7s, E76; LAM G179, G171, D172; HydE S108, G109, EllO)- The hydrogen bonds
provided by this motif are the only interactions observed to the amino group, and ensure the
correct orientation of this part of AdoMet in the active site, as well as proper coordination of
the unique iron by the methionyl moiety. In contrast, much more variation is observed with
respect to contacts with the AdoMet carboxylate by the Radical SAM enzymes. In fact, it is
this particular interaction with AdoMet that varies the most between the individual enzymes
in terms of location within the primary sequence of the residues involved, with residues
originating from B3, the loop following B3, B4 and a4 (Figures 4, 6, and S8). The majority
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of the enzymes use a conserved arginine, lysine or histidine (PFL-AE Kj31; HemN Rygy;
BioB R173; LAM Hy3g; HydE R1gp) to bind and orient the carboxylate, while the MoaA
binding site provides threonine and serine hydroxyls for hydrogen bonding (MoaA T1gy,
S126). Positioning of this portion of AdoMet is further fine tuned by interactions with
backbone atoms (PFL-AE T1gs5; HemN sV146 and G17g; BioB G132; MoaA Nyg4), additional
sidechain atoms (PFL-AE D1g4 and Dy5g) o, via protein-bound water molecules (Qosg of
LAM; HydE Eq19, L157, R159, and R177). These variations in binding likely yield the
somewhat different conformations of the AdoMet methionine in the structures discussed
here (Figure 6 and S8).

6.3.2. The AdoMet ribose—Some variation in the Radical SAM enzymes is also evident
in the details of their interactions with the AdoMet ribose. Residues responsible for
interacting with the ribose originate mainly from strands p4 and p5 (Figures 4, 6, and S8).
Though in some of the structures the hydroxyl of the CX3CX¢C motif tyrosine (PFL-AE
Y3s; BioB Ysg; MoaA Y3g) is within 4 A of a ribose hydroxyl, it is unlikely that this residue
plays a major role in ribose binding. This residue is not fully conserved (though it is always
aromatic) and appears to be most important in terms of adenine binding (see below) and
protection of the cluster from solvent. The ribose hydroxyls can interact with charged or
polar protein sidechains directly (PFL-AE D129; HemN Q172, Dogg; BioB Ni53, D155; MoaA
S126; LAM Q25g; HYdE R159, E161) Or via protein-bound water molecules (MoaA D12g;
HydE R1s5g). Finally, with the exception of both BioB and HydE, these Radical SAM
enzymes have a highly conserved charged or polar residue within strand g5 that interacts
with or is located very near the AdoMet ribose and/or substrate (PFL-AE R1g6; HemN Dyqg;
MoaA N1g5; LAM Q»s5g). Within each enzyme subfamily, that residue is positioned close to
the ribose hydroxyls and C5' of AdoMet, as well as to the substrate. Moreover, many Radical
SAM enzyme subfamily members, not just those with known structure, appear to have a
similarly conserved residue at the same place in 85 (data not shown). The high conservation
and position of that residue in the structures suggests an important role during catalysis such
as in the orientation of 5'dAe and/or substrate for proper hydrogen atom abstraction. Recent
mutagenesis studies on BioB are consistent with this ideal%.

6.3.3. The AdoMet adenine moiety—When bound to a Radical SAM enzyme, the
adenine moiety rests against 3-5 hydrophobic residue sidechains and is specifically
recognized by 3-4 hydrogen bonds made to protein backbone atoms. This portion of the
binding site is made up mainly by residues from p strands 5 and 6, with contributions from
the CX3CX¢C motif of the cluster-binding loop (Figures 4, 6, and S8). The interactions with
adenine are maintained in the superfamily and are more easily predicted than other
interactions, though enzyme evolution has resulted in a variety of compensatory mutations,
particularly at those residues involved in protein backbone to AdoMet hydrogen bonds.
Hydrophobic interactions are invariably provided by three specific regions of the primary
structure (Figures 4, 6, and S8): (1) the conserved aromatic residue of the CX3CX¢C motif
(Y35 in PFL-AE; Fes in HemN; Y59 in BioB; Y3g of MoaA; Hqa1 of LAM; Y9 of HydE),
(2) aresidue from B5, located at position 2 of a conserved motif utilized in part for adenine
binding, termed the GxIXGXXE motif (V1gg of PFL-AE; 1517 of HemN; l1g, of BioB; V157 of
MoaA; Vg0 of LAM; M1gg 0f HydE) and (3) one or two residues located at the end of p6
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that form a conserved structural motif (Lygg, Hogp 0f PFL-AE; Fy40, Agg3 0f HemN;
N222,Vor5 of BioB; l194, M197 of MoaA,; Y290, D293 of LAM; lo31 of HydE). Hydrogen
bonds are made to atoms N1 and N6 of AdoMet by backbone atoms. These backbone
hydrogen bonds are made by the aromatic residue of the CX3CX¢C motif and by a residue
from the adenine-binding structural motif of 6 (Hypp of PFL-AE; A3 of HemN; Vo5 of
BioB; M1g7 of MoaA; Dyg3 of LAM; 31 of HydE). Lastly, N7 of AdoMet is in some cases
hydrogen bonded by a backbone atom from the residue in the CX3CX4¢C motif (PFL-AE
Y35, Haz; HemN Gyo).

6.4. AdoMet binding motifs in the Radical SAM superfamily

The solution of a Radical SAM structure was crucial for identification of the AdoMet-
binding protein fold and these motifs. The current availability of several structures has
allowed identification of a conserved structural motif in p6, as well as clarification of a
sequence motif in B5 that had been previously identified (GxIXGxxE)20, both of which
interact with the AdoMet adenine (Figure 4). The very low sequence homology between
members of the Radical SAM superfamily prevents unambiguous naming of the motifs in a
manner incorporating residue names. Therefore, the motif names do not always correspond
to the sequence of each enzyme. The AdoMet binding motifs will be referred to in this
discussion by the names they have already been given, and this section will attempt to clarify
the function of each motif.

The CX3CX¢C motif of the Radical SAM superfamily functions mainly in ligation of the
cluster and formation of the AdoMet adenine binding site (see above). The “GGE motif” or
“glycine-rich region” observed at the end of strand B2 invariably binds the amino group of
AdoMet, aiding in proper ligation of the cluster’s unique iron. This motif also forms the wall
of this side of the active site and maintains the structure of the loop region after p2.

The GxIXGxxE motif (85) and the 6 structural motif of the Radical SAM superfamily form
most of the AdoMet adenine binding site. The GXIXGxXE motif, named in reference to the
BioB sequence, provides hydrophobic interactions to the adenine portion of the binding site
at its second conserved position (Figures 4, 6, 7, S8 and S9). Also, through one or more
conserved sidechain-to-backbone interactions, this motif helps to preserve the structure of
the AdoMet binding site as well (Figures 7 and S9). For example, the interaction observed in
BioB from E1g7 (position 5) to the backbone nitrogen of G194 (position 3) is found in each
of these seven structures, though the residue at position 5 in the other structures (with the
exception of HydE) also interacts with the carboxyl backbone atom of the residue at position
2 (Figures 4 and 7). In addition, PFL-AE, MoaA and LAM share a conserved sidechain-to-
backbone interaction from position 6 (PFL-AE D175; MoaA D174; LAM Dyg7) to the
backbone amino group of the residue in position 4. Sequence alignments suggest that this
particular interaction may be conserved in several other Radical SAM enzymes, such as
PyIB, NifB, BssD and possibly ThiH (data not shown). Finally, position 1 of the GXIXGXXE
motif is more difficult to characterize, as it is highly conserved but its identity differs in the
individual Radical SAM subfamilies. As discussed above, the positioning of this residue
near the AdoMet ribose and/or substrate in most of the known structures (Figure 7), along
with its high conservation within each subfamily, implicates it as an important residue.

Chem Rev. Author manuscript; available in PMC 2018 May 02.



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1duosnue Joyiny |ANHH

Vey and Drennan Page 14

The B6 structural motif, which does not have a consensus sequence, provides hydrophobic
interactions to the adenine from the residue in position 1 (with the exception of BioB, which
uses this residue to interact with substrate, and HydE). The residue in the second position of
this motif hydrogen bonds to the AdoMet adenine N1 and N6 atoms via its backbone amino
nitrogen and carboxyl oxygen atoms (Figures 4 and 6).

6.5. Deviations and variations in AdoMet binding between the subfamilies

The major differences in AdoMet binding between these enzymes are readily apparent from
Figures 4 and 6. The modes of interaction adopted by these enzymes to bind the AdoMet
ribose and carboxylate groups specifically vary widely. As mentioned above, AdoMet
carboxylate binding by these enzymes governs the position of the methionyl moiety,
resulting in the elongated or compact conformations observed (Figure 5). For example, R173
of BioB is located at a distance farther away from the binding site, resulting in a more
elongated methionyl conformation, while the location of LAM Hy3g in the center of the
binding site causes the methionyl group to bend inwards (Figures 5 and 6). Comparison of
the ribose binding interactions are less straightforward, with water mediating the contacts in
MoaA and LAM, involvement of backbone atoms in LAM, and the use of both charged and
polar residues in HemN and BioB. Beyond use of residues from the same strands, and the
presence of a Glu or Asp nearby (with the exception of LAM), the Radical SAM enzymes
share little similarity in this region of the AdoMet binding site.

Several minor differences are observed between these structures in their mode of interaction
with the adenine of AdoMet, including the number and identity of the contacting
hydrophobic residues. The details of the hydrogen bonding to N6 and N7 of the adenine ring
also differ slightly. These differences are likely a result of experimental differences such as
presence or absence of substrate, the resolution at which the structure was refined, or effects
of the crystallization conditions. Overall, the AdoMet adenine binding sites are more or less
the same.

7. Implications of AdoMet binding site architecture on function and
reactivity

7.1. Tailoring the reaction to specific substrates

The parts of the AdoMet binding site that are conserved across the Radical SAM enzymes
are limited to those interactions that are made to the adenine and methionyl amino group.
This conservation results in a similar placement of those parts of AdoMet in all of the
structures (Figure 5) and variations in the other groups, with the exception of the sulfur
atom. The sulfur atom in each structure is located in roughly the same position, presumably
to allow and optimize electron transfer to AdoMet from the cluster. The placement of the
ribose and carboxyl portions of AdoMet differ more significantly in each enzyme than do
the AdoMet adenine and methionyl amino groups, which likely allows each enzyme to tailor
the reaction to its unique substrate. This theory is consistent with mutagenesis studies
conducted on BioB, which showed that mutation of N153 or D155 (both of which interact
directly with the AdoMet ribose) resulted in altered or abrogated activity198, Conformational
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flexibility of AdoMet presumably allows careful control over the position of the molecule to
ensure proper hydrogen atom abstraction from substrate upon generation of 5'-dAe.

7.2. AdoMet usage as cofactor or cosubstrate

An interesting question concerning the AdoMet binding site of these enzymes is whether
any specific structural features accompany use by some Radical SAM enzymes, LAM’9 and
SPL109 in particular, of AdoMet as a cofactor instead of as a cosubstrate. Comparison of
AdoMet binding sites has not identified any obvious structural features that are related to
this question. AdoMet does not appear to have more extensive interactions in LAM as
compared to the other enzymes; indeed, the HemN and MoaA binding sites seem to provide
more numerous contacts to AdoMet. Rq34 of LAM does appear capable of physically
restricting movement of AdoMet out of the binding site by folding across the methionyl
moiety of the cofactor to contact substrate (Figure 6 and S8) and spectroscopic studies have
shown that Met remains bound to the cluster after cleavage of AdoMet during turnover33,
However, Ry34 is not conserved in SPL, and the crystal structure of MoaA with 5'-GTP
shows the AdoMet cleavage products 5'-dA and Met bound to the enzyme, demonstrating
that the simple ability to retain the AdoMet cleavage products does not alone determine how
the enzyme uses AdoMet. Other factors such as the requirements of the specific chemical
reaction being catalyzed must govern this difference in AdoMet usage. For example, in the
LAM reaction, there is no net change in oxidation state of the substrate, whereas in the PFL-
AE reaction, a proton and electron are transferred irreversibly from substrate to 5'-dAe, and
in the HemN reaction, two of the propionate side chains of coproporphyrinogen Il are
oxidized by two electrons each, thus requiring an additional electron acceptor46:64.110,
Structural characterization of SPL or identification and characterization of another Radical
SAM enzyme that uses AdoMet as a cofactor will be necessary to clarify the AdoMet
binding site characteristics, if any exist, involved in this aspect of catalysis.

7.3. AdoMet reaction stoichiometry

While some Radical SAM enzymes, such as LAM213 and PFL-AE®?, require one AdoMet
to generate a single radical species, others - such as RImN - appear to require two: one for
radical generation and one for methyl transferl11. Although initially controversiall12:113
still other enzymes such as BioB114-117 |ipA118 and HemN83 appear to require two
AdoMet molecules per single turnover, both for radical generation. Three theories have been
proposed to explain the observed stoichiometry of AdoMet cleavage in BioB, LipA and
HemN. First, as originally proposed for LipA, each individual protein monomer could carry
out AdoMet cleavage once, releasing a stable intermediate and the AdoMet cleavage
products!8, A second possibility is that each enzyme binds and cleaves one molecule of
AdoMet at a time, releasing the cleavage products and then binding a second AdoMet
molecule, all the while retaining the substrate intermediate. This possibility is the most
consistent with what we know of BioB. There does not appear to be room in the BioB active
site for a second AdoMet molecule to bind®2, and only minor readjustments of the BioB
structure would be needed to allow release of the AdoMet cleavage products®2. Further, the
first radical generation yields an intermediate, 9-mercaptodethiobiotin, which is not released
by the enzyme, requiring the binding of a second molecule of AdoMet to the same active
site to complete the reactionl17:119, Consistent with this aspect of the second theory, both
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sulfur atoms incorporated into LipA’s lipoate product are likely derived from the cluster of
the same LipA polypeptide?®, suggesting that one monomer binding a total of two AdoMet
molecules is responsible for one full turnover. The final possibility, suggested by the
observation that two AdoMet molecules bind within the active site in the HemN structure®l,
is that there are two distinct AdoMet binding sites on the enzyme. This second AdoMet
molecule (termed SAM251) is either physiologically relevant or an artifact of the
crystallization conditions, binding where substrate would normally bind. Layer et a/. have
proposed that SAMZ2 is involved in catalysis based on their modeling of the
coproporphyrinogen 111 substrate in the active site, both with and without presence of
SAM251, In their analysis, the propionate sidechains could be better accommodated in the
presence of SAM2°1, Additionally, mutation of the residues contacting the structure’s
SAM?2 affects AdoMet cleavage®3. However, the decreased AdoMet cleavage observed is
also consistent with the theory that those specific residues form the substrate binding site
(discussed in detail below). Although not fully resolved, growing sentiment in the field
supports the second proposal discussed here, in which AdoMet is bound and cleaved
sequentially, while the enzyme retains the substrate intermediate.

7.4. HemN'’s second AdoMet (SAM2)

Several factors suggest an artifactual explanation of AdoMet binding to the SAM2 site. First,
each of the four other structures with substrate present shows that substrate binds in a very
specific location with respect to AdoMet, with the substrate atom from which hydrogen
atom abstraction should occur approximately 4A from the C5' atom of AdoMet (Figure 8).
SAM2 of HemN is observed binding in this location. Second, the nature of the chemistry
catalyzed requires close control of the orientation of each AdoMet as well as the substrate
molecule involved in the reaction, and the structure of the SAM2 site (Figure S10) does not
indicate the same high level of conformational control as exercised over the cluster-bound
AdoMet. Although SAM2 is recognized reasonably well by HemN through six possible
hydrogen bonds mainly to the ribose hydroxyls and through hydrophobic interactions with
three HemN residues (Figure S10a), there are fewer direct contacts to SAM2 than to the first
AdoMet, suggesting that recognition of SAM2 is less specific; indeed, the methionyl moiety
of SAM2 is partially disordered®! (Figure S10b). If SAM2 binding were physiologically
relevant, one would expect to see a tighter conformational control, as is wielded over the
cluster-bound AdoMet (Figure 6) and the substrates in the other structures. Third, writing a
mechanism for the reductive cleavage of the second AdoMet in the SAM2 site is
challenging®1:64, requiring either an electron transfer through the first AdoMet or an electron
transfer from a substrate intermediate. Both of these modes of electron transfer are
unprecedented, and due to the low reduction potential of a typical trialkylsulfonium ion84,
seem unlikely. On the other hand, model systems have confirmed that iron-sulfur clusters
can mediate electron transfer to and subsequent cleavage of AdoMet120.121 Fyrther, studies
on LAM indicate the value of the iron-sulfur cluster in lowering the barrier for reductive
cleavage of AdoMet in an enzyme active site84. Since components of the HemN reaction
such as the physiological electron acceptor have not been identified, a full mechanistic
description for this enzyme awaits further biochemical and structural studies for
clarification.
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8. Substrate binding to Radical SAM enzymes

8.1. Positioning of the substrate

Tight conformational control over substrate position is also likely to be necessary to afford
correct hydrogen atom abstraction. Structural superposition shows that substrates bind in a
very similar site on all of the enzymes (Figure 8). The Radical SAM substrate binding site is
located within the lateral opening of the core’s partial TIM barrel, which corresponds to the
center of the full TIM barrel of BioB. As discussed above, the substrate binding site is
formed between the core region and structural motifs located outside the core, mainly at the
C-terminus (Figure 4). The combined interactions between protein, cofactors and substrate
result in a similar position of the substrate abstraction point (Figure 8b). Overall, the
orientations of the substrates observed in the structures of PFL-AE, BioB and LAM result in
similar distances between the AdoMet C5' atom and the atom from which a hydrogen atom
is abstracted (PFL-AE, Ca of peptide G7s4, 4.1 A; BioB, C6 and C9 of the dethiobiotin, 4.1
A and 3.9 A respectively; LAM, CB of lysing, 3.8 A).

Other than their position with respect to the Radical SAM core, there are virtually no
similarities between the substrate binding sites, reflecting the diversity of the substrates and
reactions of the Radical SAM enzymes (see Figures S10 — S15 for stereoviews of the
individual substrate and cofactor binding sites of HemN, PFL-AE, BioB, MoaA, LAM and
HydE). The enzymes have very different protein motifs outside of the Radical SAM core,
and the size and protein sidechain makeup of the substrate binding sites are also dissimilar.
There is also no conservation noted in the locations of additional bound cofactors (Figure 8,
discussed below). These variations are presumably necessary in order to ensure that the
various substrates bind properly to allow the correct hydrogen atom abstraction. From a
structural point of view, the substrate conformation is certainly one of the most important
aspects of catalysis.

8.2. Additional cofactors in some Radical SAM substrate binding sites

In addition to protein sidechain interactions, some of the enzymes use a separate cofactor to
help anchor their substrate, such as the PLP of LAM and the second 4Fe-4S cluster of
MoaA. However, the role of additional cofactors is not always for substrate binding. For
example, the 2Fe-2S cluster of BioB serves as a source of sulfur for biotin production52:119,
While the role of the HydE 2Fe-2S cluster is less clear, it has recently been purposed to also
serve as a sulfur source in the formation of the H cluster on HydF192, The positions of the
additional cofactors differ accordingly between the enzymes (Figure 8), reflecting the
plasticity of the Radical SAM fold in its ability to accommodate different substrates.

8.3. Conformational changes associated with substrate binding in Radical SAM enzymes

As discussed above, the radical reactions catalyzed by Radical SAM enzymes would likely
require sequestration of the active sites from solvent during catalysis, as in the active sites of
BioB and LAM. This assumed requirement for sequestration implies that conformational
changes will occur upon substrate binding in most of the Radical SAM enzymes, as has been
observed for PFL-AE upon comparison of the substrate-free and substrate bound structures
of the enzyme®®. In PFL-AE, the loop preceding the core plays a major role in substrate
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binding, providing what appears to be a critical interaction between a protein sidechain
(D16) and the amino group of the peptide glycine residue (which corresponds to PFL G734),
as well as steric interactions with the peptide (Figure S11). This loop, which carries a motif
specific to all of the Radical SAM activases, (D/N)GXGxR, undergoes a major
conformational change, swinging up into the active site and becoming fully ordered to
properly bind substrate®®. The arginine of this motif interacts with neighboring g strands,
preserving the structural integrity of the Radical SAM core during the loop’s conformational
change. However, the HemN and MoaA active sites appear particularly solvent exposed®1:4,
In the case of MoaA, no major conformational change is observed between the substrate-free
and substrate-bound forms, leaving the active site very solvent exposed4’>4. However, an
additional protein, MoaC, is required for activity, and its function during catalysis is as of
yet unclear. It is possible that MoaC helps to bury the active site in some way, either directly
or by enabling a conformational change. Obviously, further structural studies are required to
identify conformational changes associated with substrate binding in the Radical SAM
enzymes, as only PFL-AE and MoaA have more than one structure available for
identification of changes.

9. Reductant binding in Radical SAM enzymes

The physiological reductants for most of these enzymes are flavodoxin and ferredoxin, and
they serve to reduce the 4Fe-4S cluster from the 2+ to the 1+ state. Since so many other
aspects of the initial radical generation are conserved, the general location of the reductant
binding site could be similar in each enzyme. Our laboratory®2° and that of Dieter Jahn®!
have proposed that the reductant binding site is the surface nearest the cluster-binding loop,
formed mainly by this loop, with in some cases additional residues from loops following
strands B2 and p4. Although this surface is conserved in most of the structures (Figures 9a—
d, g and S16a-d,g), an extensive pattern of high conservation is not present on the surface of
LAM or phTYWL1 (Figures e, f and S16e, f). In the latter structure, disorder may prevent
visualization of the full reductant binding site. In LAM, the N-terminal helical domain sits
atop the partial barrel above the 4Fe-4S cluster, obstructing the putative reductant-binding
interface. It is not clear whether a conformational change could expose more of this surface,
or a different surface on LAM interacts with the reductant. In fact, LAM may not require a
reductant, as the [4Fe-4S]1* cluster is regenerated during turnover®79,

For most of these enzymes, the surface highlighted with an arrow in Figure 9 is an ideal
candidate to interact with the physiological reductant. It is typically the closest surface to the
cluster, within 7 to 10 A in each of the structures, which is a reasonable distance for electron
transferl22, Also, in order to prevent nonproductive cleavage of AdoMet, one would expect
the reduction of the 4Fe-4S cluster to occur after substrate binds, when the active site is
ready for catalysis. The location of this particular surface, on the opposite side of the
enzyme from the lateral opening of the Radical SAM core and active site, allows for
substrate to be bound to the enzyme at the same time as the reductant. Also the presence of a
distant binding surface for reductant allows for multiple Radical SAM enzymes to use the
same reductants while maintaining flexibility in their substrate preference.
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10. Other known AdoMet-binding protein folds

The PDB (at the RCSB, http://www.rcsh.org/pdb) contains more than 290 total protein
structures of known AdoMet-binding proteins, about half of which are unique (<95%
identical by sequence), whose coordinates include AdoMet (88 total, 72 unique) or
AdoHCys (207 total, 105 unique). The large majority of these proteins are
methyltransferases (MTases). As discussed by Kozbial and Mushegianl23, there are 15
distinct folds capable of binding AdoMet or AdoHCys, which can be divided into the
following 4 categories: (1) Rossmann-like, (2) B barrel-like, (3) “Double-p” and (4) folds
derived from other ligand-binding domains.

The most common fold utilized to bind AdoMet is the Rossmann-like domain. The typical
MTase AdoMet-binding fold is a 7-stranded P sheet, adopting a mainly parallel orientation
with one strand, typically 7, oriented antiparallel to the others (Figure S17). AdoMet binds
straddling the top of the B sheet, at the C-terminal loops following strands 1, f2, 3 and
B4. The Rossmann-like AdoMet-binding fold includes most of the MTases, such as catechol-
O-MTase (COMTase)!24 and the DNA:m5C MTases!25, as well as some enzymes that bind
AdoMet but are not MTases, like spermidine synthase!28, the bacterial fluorinating
enzyme!27 and cyclopropane mycolic acid synthase!?8. Additionally, several classes of
MTases employ a similar fold, such as the SPOUT MTases, thus named for the first
identified enzymes of this class, SpoU and TrmD MTases129130, The Rossmann-like domain
is similar to the B barrel-like domain observed in the Radical SAM enzymes in that the loops
near the C-terminal end of the B-sheet structure are responsible for binding AdoMet. Also,
these fold types are both commonly found in the context of larger protein chains that contain
both an AdoMet-binding region and a variable substrate-binding region. Low sequence
conservation like that observed between members of the Radical SAM superfamily is also
observed between the Rossmann-like AdoMet binding proteins.

The double-g fold can bind AdoMet between its two p sheets. Examples of the double-f
fold include the SET domain (named because the first proteins identified with this conserved
domain were the Su(var)3-9, E(Z) and Trithorax chromatin remodeling proteins123.131.132),
such as that found in PrmA MTasel33 (Figure S18), a class of MTases that transfer a methyl
group to a nuclear protein lysine residue (Figure S18). Still other folds were generated by
recruitment of broad-specificity ligand-binding folds to bind AdoMet, such as in the case of
ACC synthase (AdoMet methylthioadenosine lyase, a member of the diverse PLP-dependant
transferase family)134 and the MetJ repressor (Figure S18, a ribbon-helix-helix DNA-
binding protein that uses AdoMet as a co-repressor)13°. Finally, several enzymes, such as the
methionine synthase (MetH) reactivation domain (Figure S18)136, do not fit easily into any
of these categories. The usual “cup-like” shape of the MetH reactivation domain probably
evolved to specifically recognize the MeCbl-binding domain of MetH. The Radical SAM
enzymes clearly form their own unique class of AdoMet-binding proteins with little
similarity to the other known AdoMet-binding folds.
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11. Conclusions

Even with the exclusion of the structure of ThiC and RimO, structures of PFL-AE, HemN,
BioB, MoaA, LAM, TYW1, and HydE provide an excellent cross-section of the superfamily
allowing for a detailed description of the protein fold used for 5" dAe radical generation from
AdoMet. These structures have allowed an analysis of the similarities and differences
between the enzymes in terms of the core fold, AdoMet binding sites, overall AdoMet
conformation, and tailoring of the protein chain to specific substrates. The Radical SAM
core, with its observed (p/a)g topology, is well-conserved and contains the canonical 4Fe-4S
cluster binding motif and four low sequence identity AdoMet binding motifs. Though
specific 4Fe-4S to AdoMet and protein to AdoMet interactions vary, the combined effects of
these interactions appear to result in placement of the AdoMet sulfur atom in approximately
the same position with respect to the 4Fe-4S cluster in each enzyme, which suggests a
conserved mechanism for the radical-generating electron transfer step, consistent with recent
calculations®®. Examination of structures solved in the presence of substrate suggests that
the substrate is bound by each enzyme such that the atom that undergoes hydrogen atom
abstraction is located in approximately the same place with respect to C5' of AdoMet.
Location of the second bound molecule of AdoMet at this particular place in the HemN
structure suggests that this second AdoMet binding site is artifactual. Similar to the
methyltransferases, the substrate binding sites of the Radical SAM enzymes are diverse and
can involve various cofactors. Finally, a putative reductant binding site on the enzyme
surfaces behind the 4Fe-4S cluster and opposite the substrate binding site is further
suggested by analysis of the sequence conservation of surface residues. Our structure based
sequence alignment, refined further by analysis of the additional structures, can now be used
to predict more residues involved in AdoMet binding and catalysis in other superfamily
members.

Although analysis of the available Radical SAM structures has yielded interesting insights
into catalysis by the superfamily, important aspects such as the alteration of the 4Fe-4S and
AdoMet reduction potentials to allow electron transfer, and the factors that govern AdoMet
usage as a cofactor or cosubstrate, clearly need more study. Further, for the majority of these
enzymes, catalysis beyond the initial radical generation step is only in the initial stages of
characterization. The discovery of a new class of Radical SAM enzymes in the forms of
ThiC and Dph2 is an important recent advance. The next few years will surely provide many
new discoveries in terms of resolution of the remaining mechanistic questions and
identification of diverse new Radical SAM enzyme functionalities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Radical SAM reactions

(a) The general reaction each Radical SAM enzyme catalyzes to initiate radical chemistry.
(b) Selected reactions catalyzed by the Radical SAM enzymes: PFL-AE, HemN (R1 and Ry

in this reaction scheme correspond to the remainder of the coproporphyrinogen I11

tetrapyrrole macrocycle), BioB, MoaA/MoaC, LAM TYW!1 and HydE/F/G. The hydrogen

atom abstracted, if known, is shown in red type. Adapted from references® and®.
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Figure 2. Ribbon diagrams of Radical SAM enzymes
Shown are the top view of each monomer with the 4Fe-4S cluster, AdoMet and substrate, if

present, in stick representation: (a) PFL-AE, (b) HemN, (c) BioB, (d) MoaA, (e) LAM, (f)
phTYW1 (g) HydE and (h) ThiC. The Radical SAM core domain is colored as follows:
helices, teal; strands, yellow; loops, dark grey; cluster-binding loop harboring the CX3CX¢$C
motif, magenta. The AdoMet, 4Fe-4S cluster and substrate atoms are colored as follows:
iron, ruby; sulfur, gold; AdoMet carbons, green; substrate carbons, teal; oxygen, red,
nitrogen, blue. Protein elements outside the core are colored light grey.
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Figure 3. Superposition of seven Radical SAM core domains, colored as in Figure 1
Here are shown two side views of the Radical SAM cores of PFL-AE, HemN, BioB, MoaA,

LAM, TYWL1, and HydE, from (a) the front and (b) the back.
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Figure 4. Structure based sequence alignment of the Radical SAM enzymes
The seven sequences, including both structurally characterized TYW1 sequences, are

aligned with the main secondary structural elements labeled above the alignment. The
Radical SAM core is highlighted in yellow (strands) and teal (helices). Residues of interest
are colored as follows: the CX3CX¢C motif cysteines are in red; residues that contact
AdoMet (or the TYW1 residues that are expected to contact AdoMet based on an analysis of
the structures) in green; residues that contact the substrate, blue; residues that contact a
cofactor, pink; and residues that contact both AdoMet and the substrate, orange. For clarity
and with the exception of PFL-AE, each sequence was truncated as follows: HemN (33 —
331), BioB (23 - 313), MoaA (1 - 285), LAM (96 — 381), phTYW1 (30 — 342), mjTYW1
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(30 — 311) and HydE (35 — 335). Residues of the four motifs (see text) are boxed in red and
identified as follows: red stars correspond to the cysteines of the cluster-binding loop; red
circles, the GGE motif; red triangles, the GxIXGxXE motif; and red squares, the conserved
structural motif. A previously published alignment20 was used as a starting point for this
alignment. It was then adjusted manually to reflect the exact structural elements of each
enzyme and, in the case of the GxIXGxxE motif, to align the residues involved in conserved
hydrogen bonding networks.
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Figure 5. Overlay of 4Fe-4S clusters and bound AdoMet from six Radical SAM enzymes, shown
in stereoview
Colors are as follows: iron, ruby; sulfur, gold; oxygen, red; nitrogen, blue. In order to

distinguish the six enzymes, the AdoMet carbons of each enzyme are colored as follows:
teal, PFL-AE; magenta, HemN; orange, BioB; green, MoaA; purple, LAM; grey, HydE.
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Figure 6. Details of Radical SAM enzyme AdoMet binding site
The protein backbone is shown as grey cartoons, with AdoMet and the 4Fe-4S cluster shown

in sticks (AdoMet, green carbons; iron, ruby; sulfur, gold) and core B strands labeled 1 - 6.
Protein sidechains that interact with AdoMet are shown as lines with carbons colored dark
grey. Hydrogen bonding contacts are shown as red (within 3.2 A distance), green (3.2 — 3.7
A) or yellow (more than 3.7 A) dashed lines. Shown in this figure are the AdoMet binding
sites of (a) PFL-AE (b) HemN (c) BioB (d) MoaA (e) LAM (f) the putative AdoMet binding
site of phTYWZ1, shown with the superimposed 4Fe-4S cluster and AdoMet of the MoaA
structure and (g) HydE. See Figure S8 for these images in stereoview.
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Figure 7. The GxXIXGXXE motif
AdoMet and the 4Fe-4S cluster and the protein residues making up this motif are shown in

sticks, colored as in Figure 6. Shown are (a) PFL-AE (b) HemN (c) BioB (d) MoaA (e)
LAM (f) phTYW?1 with the 4Fe-4S cluster and AdoMet of the superimposed MoaA
structure (shown as transparent sticks) and (g) HydE. Note that, with the exception of BioB
and HydE, the sidechain of the first residue of the motif is positioned similarly with respect
to the AdoMet ribose and atom C5'. Each protein also has a similar sidechain-to-backbone
hydrogen bond in the loop following 5 (shown as red dashed lines). Three bound chloride
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ions observed in the HydE structure are displayed as green spheres. See text for more details
and Figure S9 for these images in stereoview.
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Figure 8. Stereoview of the substrate binding sites of the Radical SAM enzymes
In (a), five structures with substrate bound are superimposed based on their Radical SAM

cores. Shown is the Radical SAM core, 4Fe-4S cluster and AdoMet of PFL-AE only, with
AdoMet carbons colored teal. The five “substrates™ of the enzymes are shown in sticks,
colored as follows: teal, PFL-AE; magenta, HemN; orange, BioB; green, MoaA; purple,
LAM. PLP of LAM and the BioB 2Fe-2S, MoaA 4Fe-4S and HydE 2Fe-2S clusters are also
shown, displayed as in other figures. In (b), five enzyme structures are superimposed on their
4Fe-4S clusters and AdoMet only, to give a more accurate comparison of the relative
positions of the substrates with respect to AdoMet. The core backbone, 4Fe-4S cluster and
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AdoMet of PFL-AE are shown, and colors are as described in (a). C5' of AdoMet is shown
as a sphere. The atoms from which hydrogen abstraction is known to occur (i.e. Ca of G734
of the peptide, C6 and C8 of dethiobiotin, and Cp of lysine) are also shown as spheres.
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Figure 9. Surface conservation of Radical SAM enzymes suggests putative binding site for
physiological reductant
Shown are the cartoon representations and transparent surfaces of (a) PFL-AE, (b) HemN,

(c) BioB, (d) MoaA, (e) LAM, (f) phTYW1 and (g) HydE, from the the opposite side of the
partial barrel with respect to the lateral opening of the Radical SAM core, in roughly the
same view as in Figure 3b. The transparent surface is colored as a rainbow according to the
extent of sequence conservation with respect to the protein’s individual family, with red
being 100% conserved and blue as 0% conserved. A BLAST search was conducted via the
ExPASYy proteomics server using the sequence of the enzyme that is structurally
characterized as the query. The top matching sequences (up to 100 in number) were input for
alignment by ClustalW. The alignment output by ClustalW was then used as input to
ESPript, which calculated the extent of conservation of each residue. Arrows indicate
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proposed surface for interaction with reductant. See Figure S16 for stereoviews of each
surface.
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