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The Radical SAM Superfamily

ABSTRACT The radical S-adenosylmethionine (SAM) superfamily currently
comprises more than 2800 proteins with the amino acid sequence motif
CxxxCxxC unaccompanied by a fourth conserved cysteine. The charcteristic
three-cysteine motif nucleates a [4Fe-4S] cluster, which binds SAM as a ligand
to the unique Fe not ligated to a cysteine residue. The members participate in
more than 40 distinct biochemical transformations, and most members have not
been biochemically characterized. A handful of the members of this superfamily
have been purified and at least partially characterized. Significant mechanistic
and structural information is available for lysine 2,3-aminomutase, pyruvate
formate-lyase, coproporphyrinogen III oxidase, and MoaA required for molyb-
dopterin biosynthesis. Biochemical information is available for spore photo-
product lyase, anaerobic ribonucleotide reductase activation subunit, lipoyl
synthase, and MiaB involved in methylthiolation of isopentenyladenine-37 in
tRNA. The radical SAM enzymes biochemically characterized to date have in
common the cleavage of the [4Fe-4S]'*-SAM complex to [4Fe-4S]?*-Met
and the 5'-deoxyadenosyl radical, which abstracts a hydrogen atom from the
substrate to initiate a radical mechanism.

KEYWORDS radical SAM superfamily, S-adenosylmethionine, iron-sulfur clusters, 5'-
deoxyadenosyl radical

DISCOVERY OF THE RADICAL SAM SUPERFAMILY
Lysine 2,3-Aminomutase

Early research on lysine metabolism in Clostridium subterminale revealed the in-
terconversion of 1-lysine and 1-B-lysine—hereafter lysine and -lysine—catalyzed
by the enzyme, lysine 2,3-aminomutase (LAM) (Chirpich et al., 1970; Zappia
& Barker, 1970). The enzyme was sensitive to air and was initially purified and
assayed under a blanket of argon at the laboratory bench. Like many amino
acid metabolizing enzymes, LAM was found to contain pyridoxal-5"-phosphate
(PLP), and addition of PLP to purified LAM enhanced the activity. LAM also
contained traces of iron, and activity was enhanced by addition of ferrous ions.
Most significantly, the activity absolutely depended on the addition of dithion-
ite and S-adenosylmethionine (SAM).

The coenzyme-dependence of LAM was surprising at the time. The re-
action proceeded according to Eq. (1), with the a-amino group of lysine
migrating to the B-carbon in B-lysine. Careful stereochemical experiments
showed the stereochemistry to be as in Eq. (1), the amino group migrat-
ing with inversion of configuration at C3 and the 3-pro-R hydrogen of
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lysine migrating to the 2-pro-R position of B-lysine
(Aberhart ez al., 1983).
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Unlike other PLP-dependent enzymes (Frey &
Hegeman, 2007a; Eliot & Kirsch, 2004), LAM did not
catalyze the exchange of substrate-protons with solvent-
protons; thus, in D,O there was no incorporation of
deuterium into lysine or B-lysine. The activity was en-
hanced when the enzyme was subjected to reductive
pre-incubation with glutathione, ferrous ions, and PLP
for more than 1 hour before assaying. Even then, no ac-
tivity could be detected unless both SAM and dithion-
ite were added with lysine to start the reaction, and the
apparently homogeneous enzyme then displayed activ-
ities between 3 and 6 U mg~! at pH 8 and 37°C. Unlike
other SAM-dependent reactions, LAM employed SAM
as a true coenzyme to facilitate catalysis, not as a sub-
strate as in methyltransferases (Frey & Hegeman, 2007b;
Tagusagawa et al., 1998).
of Eq. (1) was typical of
adenosylcobalamin-dependent rearrangements (Frey &
Hegeman, 2007a; Reed, 2004), in which a functional
group underwent a 1,2-migration concomitant with
the cross-2,1-migration of a hydrogen atom, but
the reaction of LAM did not require a vitamin Bj,
coenzyme. Should the 5-deoxyadenosyl moiety of
SAM function in the same way in the action of
LAM as it does in reactions of adenosylcobalamin in
coenzyme B12-dependent reactions, then SAM might
be an evolutionary predecessor of adenosylcobalamin.
A predecessor could be expected to exist because the
biosynthesis of adenosylcobalamin required some
thirty steps (Scott & Roessner, 2002). The end-product
of such a long biosynthetic pathway could not be
expected to arise solely from the survival benefits
of organisms acquiring it for metabolism unless the
biosynthetic intermediates were themselves beneficial
to life. The very early heme and cobalamin precursor
uroporphyrinogen III would have been beneficial, but
subsequent cobalamin intermediates were not known to
be biologically important. A predecessor such as SAM
could provide a biochemical context for radical mech-
anisms involving the 5’-deoxyadenosyl radical: It was
pointed out that “...lysine 2,3-aminomutase may also
shed light on the evolutionary origin of coenzymes that

The reaction

64

potentiate free radical formation” (Frey & Moss, 1987).
Within such a context, a much more complex molecule
than SAM, such as adenosylcobalamin, could arise
through evolution in incremental steps (Frey, 1993).

Furthermore, the requirement of LAM for PLP could
not be explained on the basis of the traditional role of
PLP in catalysis, namely the stabilization of amino acid
carbanions (Frey & Hegeman, 2007a; Eliot & Kirsch,
2004). A new mechanistic principle for the action of
PLP was required. The ability of PLP to facilitate radi-
cal rearrangements came to light in the mechanism of
action of LAM.

The foregoing considerations stimulated interest in
mechanistic analysis, leading to the discovery that the
5’-deoxyadenosyl moiety of SAM mediated hydrogen
transfer in the action of LAM (Moss & Frey, 1987; Bara-
niak et al., 1989), just as the 5'-deoxyadenosyl moiety of
adenosylcobalamin had been found to mediate hydro-
gen transfer in coenzyme Bj;-dependent enzymatic re-
actions. The postulate was put forward that SAM served
as a source of the 5'-deoxyadenosyl radical in the action
of LAM.

When purified in an anaerobic chamber, the activ-
ity of LAM was more than tenfold higher than when
purified at the bench under Ar. The resulting protein
displayed a visible absorption spectrum typical of iron-
sulfur proteins, and it released hydrogen sulfide when
treated with acid. EPR analysis revealed the presence
a [4Fe-4S] cluster (Petrovich et al., 1991; 1992). Thus,
LAM functioned with SAM and a [4Fe-4S] cluster
to catalyze a process analogous to those facilitated by
adenosylcobalamin.

Pyruvate Formate-Lyase Activase.

Under conditions of anaerobic growth, Escherichia coli
was found to metabolize pyruvate differently than in
aerobic growth. Aerobically, the pyruvate dehydroge-
nase complex catalyzed the NAD- and CoA-dependent
decarboxylation and dehydrogenation of pyruvate into
CO;, NADH, and acetyl-CoA. However, in anaerobic
growth pyruvate was converted with CoA into acetyl-
CoA and formate in a reaction catalyzed by pyruvate-
formate lyase (PFL). PFL appeared to be activated by
SAM (Knappe & Schmitt, 1976), and this was traced to
the action of a PFL activase (Knappe et al., 1984), which
catalyzed the Fe’*-dependent cleavage of SAM into
methionine and 5'-deoxyadenosine concomitant with
the generation of a free radical signal in PFL (Knappe
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et al., 1984). The PFL activase was postulated to act
by generating the 5'-deoxyadenosyl radical from SAM,
with the PFL-radical arising from abstraction of a C,(H)
from Gly734 by the 5-deoxyadenosyl radical according
to Eq. 2 (Wagner et al., 1992).

PFL - Gly”* —H + SAM—>PFL - Gly"**.
+ Met + 5 -dAdo  (2)

PFL was the first glycyl-radical enzyme, and the gly-
cyl radical participated in catalyzing the cleavage of
pyruvate into acetyl-CoA and formate. The PFL acti-
vase proved to be the first SAM-dependent activase in
a family of activases for glycyl-radical enzymes. When
cloned, overexpressed in E. coli and purified, PFL acti-
vase turned out to be an iron-sulfur protein (Broderick
et al., 1997; Kulzer et al., 1998; Broderick ez 4l., 2000;
Krebs et al., 2000).

Biotin Synthase

Biotin synthase was discovered as the product of
bioB, a gene required for the biosynthesis of biotin
from dethiobiotin (Sanyal ez al., 1994; Florentin, et al.,
1994). The purified protein contained iron and acid-
labile sulfide. Studies were made difficult by the in-
ability to observe catalytic turnover of biotin synthase
and actual catalysis of the formation of D-biotin from
dethiobiotin. However, the slow transformation of de-
thiobiotin into D-biotin could be observed in less than
one turnover of biotin synthase in a reaction that re-
quired the presence of SAM and led to the production
of methionine and 5’-deoxyadenosine. Biotin synthase
was found to be a [4Fe—4S] protein (Duin et al., 1997,
Ollagnier-De Choudens ez al., 2000).

Ribonucleoside Triphosphate
Reductase lli

E. coli grown under anaerobic conditions could not
use the Class I ribonucleotide reductase to produce
deoxyribonucleotides because of the requirement for
molecular oxygen to produce the tyrosyl radical in the
Class I reductase (Nordlund & Reichard, 2006). Un-
der anaerobic growth conditions, E. coli produced a dif-
ferent reductase, an anaerobic ribonucleotide reductase
(ARR), a Class III reductase, which turned out to be a
glycyl radical enzyme (Eliasson ez al., 1990; ibid, 1992;
Harder et al., 1992). One subunit of the ARR proved to
be an ARR activase, which following the precedent of

The Radical SAM Superfamily

PFL activase, catalyzed the radicalization of Gly681 in
the catalytic subunit in a SAM-dependent process ac-
cording to Eq. (3) (King & Reichard, 1995). ARR activase
also contained a [4Fe-4S] cluster (Mulliez et al., 1993;
Ollagnier etal., 1996; Ollagnier et al., 1997; Tamarit e al.,
1999; 2000; Liu & Graslund, 2000).

ARR - Gly*®" — H 4+ SAM —> ARR - Gly®®!,
+ Met +5’-dAdo  (3)

As in the action of PFL activase, the 5'-
deoxyadenosyl radical from reductive cleavage of SAM

was implicated in the abstraction of an «-hydrogen from
Gly681.

Lipoyl Synthase

The discovery of lipA as required for the biosynthe-
sis of lipoic acid opened the way for the identification
of its product, lipoyl synthase or LipA, as the enzyme
that catalyzed the transformation of an activated, oc-
tanoyl form of octanate into the dihydrolipoyl group
(Hayden et al., 1993; Reed & Cronan, 1993; Miller ez al.,
2000). Lipoyl synthase proved to be an iron-sulfur pro-
tein as well (Busby ez al., 1999; Ollangier-De Choudens
& Fontecave, 1999). Like biotin synthase, lipoyl syn-
thase catalyzed the insertion of sulfur into unreactive
C-H bonds. Unlike biotin synthase, two sulfur atoms
were inserted, one each into the C6-H and C8-H bonds
of the octanoyl group.

The foregoing SAM-dependent enzymes catalyzed
diverse reactions but had mechanistic properties in
common (Frey & Magnusson, 2003). All contained
iron-sulfur clusters, all cleaved SAM into methionine
and 5'-deoxyadenosine, and all appeared to use the 5'-
deoxyadenosyl radical in a hydrogen abstraction role.
By the year 2000, the amino acid sequences of these
enzymes were available from translation of the cloned
genes and could be compared. Inspection of these se-
quences led to the identification of a common cysteine
motif, CxxxCxxC shown below,

LAM ...CSMYCRHCTRR...
PFL activase ...CLMRCLYCHNR...
ARR ...CVHECPGCYNK...
BioB ...CPEDCYKCPQS...
LipA ...CTRRCPFCDVA...

comprising three conserved cysteine residues separated
by three and two nonconserved residues, respectively,
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with no fourth conserved cysteine (Ruzicka ez al., 2000;
Wong et al., 1993; Reed & Cronan, 1993). This motif
was consistent with and explained the physicochemi-
cal properties of the [4Fe-4S] cluster in LAM, which
seemed to include a ligand other than cysteine for one
iron (Petrovich ez al., 1992). A search of the protein se-
quence database for this motif, together with a SAM
binding motif, netted more than 580 proteins in 2001,
and this group was named the radical SAM superfamily
(Sofia ez al., 2001). Some of the original members were
species variants of LAM, PFL activase, biotin synthase,
ARR, and lipoyl synthase. Nevertheless, the superfam-
ily included many other proteins that had not before
been related to SAM, nor to iron-sulfur proteins, nor
to radical biochemistry. Since the discovery of the su-
perfamily, new members have been found through the
widespread recognition of the significance of the motif
CxxxCxxC and the release of new genomic sequences.
At this writing, at least 2845 proteins with the motif
CxxxCxxC can be identified in 781 microbial genomes.

Currently recognized members of the radical SAM
superfamily are listed in Table 1, together with what
is known of their biological functions. The mem-
bers are engaged in promoting a remarkably di-
verse collection of biochemical processes, including
aminomutase-action; radicalization of glycyl residues
in glycyl radical enzymes; repair of thymine dimers in
DNA, formylglycine formation in sulfatases; biosyn-
thesis of vitamins and coenzymes such as thiamine,
lipoic acid, biotin, molybdopterin, pyrroloquinoline
quinone, and cysteinyltopaquinone; the thiomethyla-
tion of N®-isopentenyladenine in tRNA; the biosynthe-
sis of a number of antibiotics, and the maturation of
metallocofactors associated with enzymes. More than
40 distinct enzymatic functions are currently attributed
to members of the radical SAM superfamily.

STRUCTURES OF RADICAL SAM
ENZYMES

Structures of four Radical SAM enzymes are cur-
rently available, those of HemN; biotin synthase (BioB),
MoaA, and LAM (Figure 1). All four display subunit-
folds related to the B-barrel or TIM barrel, in which 8-
strands are arranged in a barrel-like array, with periph-
eral helices intervening between B-strands. The [4Fe—
4S] clusters and substrates are bound within the barrels,
as is typical of TIM barrel enzymes. Of the available
structures, only biotin synthase has a complete TIM
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barrel, with eight B,a-pairs, shown in a side-view in Fig-
ure 1. HemN, MoaA, and LAM incorporate 3/4-barrels
resembling crescents when viewed along axes down the
center, as shown in Figure 1. The structures of several
members have been compared (Layer ez al., 2005; Marsh
et al., 2004).

In a correlation of fold with amino acid sequences
among family members, it was concluded that most
members would be likely to be 3/4-barrels, («B)6
(Nicolet & Drennan, 2004), as in HemN, MoaA, &
LAM (Figure 1). The most primitive members were
predicted to have 1/2-barrel structures, («B)4, with a
few recently evolved members displaying full TIM bar-
rels, (@B)8. The analysis indicated that the activating
subunit of ARR would be a very primitive 1/2-barrel,
(¢B)4-enzyme and an evolutionary precursor of other
radical SAM enzymes. Because of the requirement for
2'-deoxyribonucleotides in the DNA world, ARR might
have been required for DNA biosynthesis in anaerobic
evolution, and if so it could have been the origin of free
radical mechanisms involving SAM. Thus, ARR might
have established the biochemical context for the evo-
lution of enzymes catalyzing reactions initiated by the
5’-deoxyadenosyl radical. In this way, SAM could have
been a true predecessor of adenosylcobalamin.

MEMBERS THAT USE SAM
CATALYTICALLY AS A COENZYME

Radical SAM enzymes use SAM either catalytically
or as an oxidizing substrate. In its catalytic reactions,
SAM participates chemically as a reversible source of
the 5-deoxyadenosyl radical; and SAM is regener-
ated in each catalytic cycle. In these reactions, the 5'-
deoxyadenosyl radical from SAM is a reversible oxi-
dizing agent. SAM also functions noncatalytically as a
substrate and net oxidant in many reactions of Radical
SAM enzymes (Wang & Frey, 2007). This section deals
with enzymes that use SAM as a reversible source of the
5'-deoxyadenosyl radical.

Aminomutases

Aminomutases catalyze the reversible intramolecular
migration of an amino group between adjacent carbon
atoms of a substrate. Lysine 2,3-aminomutase, a found-
ing member of the Radical SAM superfamily, is the
most intensively studied and most thoroughly charac-
terized aminomutase. Originally described as a hexam-
eric enzyme (Chirpich et al., 1970), based on analysis

P. A. Frey et al.

RIGHTS

ir



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

TABLE 1 Radical SAM enzymes and associated biological functions

Protein Function Reference

LAM Lysine 2,3aminomutase Ruzicka et al., 2000
BlsG Arginine 2,3-aminomutase Cone et al., 2003
Eam Glutamate 2,3-aminomutase Ruzicka & Frey, 2007
SpiB Spore photoproduct lyase Rebeil et al., 1998
Desll Desosamine biosynthesis Trefzer et al., 1999

Littorine mutase

PFL activase

ARR activase

BssD

Glycerol dehydratase
activase

Hydroxyphenylacetate

decarboxylase activase

BioB
LipA
BchE
HemN
MoaA
MiaB
TYW1
ThiH
PqqE

NifB
AtsB

ExsD

SpcY

AlbA

SanA

BcpD
MitD/MmcD
OxsB

Fms7

Fom3

CloN6
Nclk-binding
Best5
HydE/HydG

AviX12
ORF2

Elp3
CofG/CofH
PcfB

Alkaloid biosynthesis
Glycyl radicalization
Glycyl radicalization
Glycyl radicalization
Glycyl radicalization

Glycyl radicalization

Biotin synthase

Lipoyl synthase
Bacteriochlorophyll biosynthesis
Coproporphyrinogen Il oxidase
Molybdopterin biosynthesis
Methylthiolation of tRNA

Wybusine biosynthesis in tRNAPhe
Biogenesis of thiazole in thiamine

Pyrroloquinoline quinone
biosynthesis

Nitrogenase FeMoCo maturation

Formylglycine formation in
sulfatases
Succinoglycan production
Spectinomycin biosynthesis
Subtilosin biosynthesis
Nicomycin biosynthesis
Bialaphos biosynthesis
Mitomycin C biosynthesis
Oxetanocin biosynthesis
Fortimicin biosynthesis
Fosfomycin biosynthesis
Clorobicin biosynthesis
CdkS5 activator binding
Interferon inducible protein
Cofactor maturation/[FeFe]
hydrogenase
Epimerization in Avilamycin A
Cofactor maturation/amine
dehydrogenase
Elongator complex function
Coenzyme F(420) biosynthesis
Maturation of propionicin F

Ollagnier et al., 1998
Wong et al., 1993
Eliasson et al., 1990
Heider et al., 1999
O’'Brien et al., 2004

Yu et al., 2004

Duin et al., 1997

Reed & Cronan, 1993
Suzuki et al., 1997

Akhtar, 1994

Rieder et al., 1998

Esberg et al., 1999

Nona et al.., 2006

Begley et al., 1999
Goodwin & Anthony, 1998

Allen et al., 1995
Fang et al., 2004

Becker et al., 1995
Lyutzkanova et al., 1997
Zhang et al., 1999
Mohrle et al., 1995
Thompson & Seto, 1995
Mao et al., 1999

Morita et al., 1999
Kuzuyama et al., 1995
Kuzuyama et al., 1992
Westrich et al.., 2003
Ching et al., 2000
Grewal et al., 200
Posewitz et al., 2004

Boll et al., 2006
Ono et al., 2006

Paraskevopoulou et al., 2006
Graham et al., 2003
Brede et al., 2004

by SDS-PAGE (47 kDa) and ultracentrifugation (280
kDa), it crystallizes as a tetramer composed of two
intimate dimers in the unit cell (Lepore e al., 2005).
The tetrameric unit cell is not inconsistent with alter-
native structures in solution, which are suggested by

The Radical SAM Superfamily

the original ultracentrifugation data. The specific ac-
tivity of LAM declines at high concentrations, which
is attributed to aggregation (Ballinger ez al., 1992a),
and cross-linking experiments reveal the presence of
dimers, tetramers, and hexamers in solution (Song &
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BioB ‘[2Fe-2$]
Dethiobioti
([?TB? oé‘
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? § %7 e 0

HemN

mixture of
R an.d se® :

LAM

PLP-Lys
aldimine

[4Fe-4S]

MoaA

N-[4Fe-4S]

Met

FIGURE 1 Subunit structures of four Radical SAM enzymes. BioB is biotin synthase, and the subunit is folded in a («/3)8 (TIM barrel),
shown in a side view. The images are created from PDB 1R30 (Berkovitch et al., 2004). HemN is coproporphyrinogen oxidase lll, and the
subunit fold is («3)6 (3/4-barrel), shown down the barrel axis. The images are created from PDB 10LT (Layer et al., 2003). LAM is lysine
2,3-aminomutase, and the subunit fold is («,3)6 (3/4-barrel), shown down the barrel axis. The images are created from PDB 2A5H (Lepore
et al., 2005). MoaA is required in molybdopterin biosynthesis, and the subunit fold is («3)6 (3/4-barrel), shown down the barrel axis. The
images are created from PDB 2FB3 (Hanzelmann et al., 2006).
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FIGURE 2 Structures of three antibiotics incorporating g-aminoacyl groups. Streptothricin F and capreomycin IB contain s-lysyl groups
in amide linkages to the core structures (Thiruvengadam et al., 1983; DeMong & Williams, 2003), and blastcidin S contains a 3-arginyl

group (Prabhakaran et al., 1988; Cone et al., 2003).

Frey, 1991). All things considered, the basic functional
unit is likely to be the tetramer found in the unit cell.

The biological role of LAM is twofold, the
metabolism of lysine in anaerobes (Stadtman, 1973) and
the production of B-lysine for antibiotic biosynthesis
(Figure 2). The metabolism of lysine in eukaryotes is
a complex affair, requiring a dozen steps for its degra-
dation to acetyl CoA and succinyl CoA. In anaerobes,
degradation to acetyl CoA is simplified by the action of
LAM. Lysine is sufficiently functionalized to allow for
metabolism; however, the placement of amino groups
is not optimal for degradation to acetyl CoA. Trans-
formation into B-lysine overcomes the chemical bar-
rier to acetyl CoA-formation. With the amino group
in the B-position, the molecule is in condition for de-
hydrogenation or transamination to a B-ketoacid, acti-
vation to the CoA ester, and B-ketothiolase-like break-
down into acetyl CoA. The biological roles of B-lysine
and B-arginine, produced by lysine and arginine 2,3-
aminomutases, in antibiotic biosynthesis is illustrated
by the structures in Figure 2, showing three antibiotics
incorporating B-aminoacyl groups. The exact role of -
lysine and B-arginine in the actions of the antibiotics is
not known; however, we note that these -aminoacyl
groups contribute positive charges to the core struc-
tures and may thereby facilitate their cellular absorp-
tion. It might be that B-aminoacyl derivatives are less
susceptible to hydrolytic breakdown by enzymes in the
cell than the corresponding ¢-aminoacyl substituents
would be.

The Radical SAM Superfamily

The mechanism of action of LAM is well estab-
lished through chemical, radiochemical, spectroscopic,
crystallographic, mutagenic, and electrochemical exper-
imentation. The mechanism of hydrogen and amino
transfer is as illustrated in Figure 3, as originally put
forward on the basis of trittum and deuterium tracer ex-
periments (Moss & Frey, 1987; Baraniak ezal., 1989). The
product-related radical 3 in Figure 3 is the dominant rad-
ical in the steady state and is readily observed and char-
acterized by electron paramagnetic resonance (EPR)
spectroscopy (Ballinger ez al., 1992a,b). Radical 3 in Fig-
ure 3 is stabilized by delocalization of the unpaired
electron into the carboxylate group and so is the most
stable radical in the mechanism, and rapid-mix-freeze-
quench EPR experiments verify its kinetic competence
as an intermediate (Chang ez al., 1996). The other radical
intermediates in Figure 3 are not stabilized by spin de-
localization and cannot be observed in the steady state.
However, analogs of lysine or/and SAM that can be
synthesized incorporate functional groups that delocal-
ize the unpaired electron, and they are often reactive as
substrates or coenzymes. In such cases, the free radical
intermediates stabilized by spin delocalization can be
observed and characterized by EPR in the steady state.
Thus, the 4-thia-analog of radical 1 in Figure 3 is an in-
termediate in the reaction of L-4-thialysine as a substrate,
and as the dominant radical it is observable by EPR in
the steady state (Wu et al, 1995; Miller et al., 2001).
The 5'-deoxyadenosyl radical ( H;C-Ado in Figure 3)
is too high in energy to be observed by EPR. However,
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FIGURE 3 The mechanism of radical isomerization in the reaction of LAM. Reaction begins with the internal PLP-aldimine and proceeds
clockwise. Reaction with lysine produces the external PLP-aldimine of lysine. The reversible reductive cleavage of SAM produces the 5’'-
deoxyadenosyl radical, which abstracts the 3-pro- R hydrogen from the lysyl side chain to form the substrate-related radical intermediate
1. Isomerization proceeds by internal cyclization to the azacyclopropylcarbinyl radical 2, and ring opening to the product-related radical
intermediate 3. Abstraction of hydrogen from the methyl group of 5-deoxyadenosine by radical 3 generates the external PLP-aldimine of
Blysine, and transaldimination releases 3-lysine and restores the internal PLP-aldimine

the SAM-analog 3’,4’-anhydroadenosyl-.-methionine
(anSAM), with a double bond between ribosyl-C3" and
C4/, is a true coenzyme; and the resultant allylic 3',4'-
anhydro-5'-deoxyadenosyl radical is spin delocalized. It
is the dominant radical in the steady state of the reaction
with azSAM as the coenzyme, and it is readily observed
and characterized by EPR as a kinetically competent in-
termediate (Magnusson ez al., 1999; 2001).

The most likely mechanism by which SAM is cleaved
reversibly to the 5’-deoxyadenosyl radical is shown in
Figure 4 (Chen et al., 2003). Alternative mechanisms
have been reviewed elsewhere (Fontecave ez al., 2001;
Jarrett, 2003). The mechanism in Figure 4 is consistent
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with the original characterization of the [4Fe-4S] cluster
in LAM as one with a unique iron lacking a cysteinyl
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FIGURE 4 The mechanism of reductive cleavage of SAM to the
5’-deoxyadenosyl radical by LAM.
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ligand (Petrovich ez al., 1992) and with the observation
of [4Fe-4S]'* as the oxidation state for the active en-
zyme (Lieder ez al., 1998). Experiments employing sele-
nium x-ray absorption spectroscopy (XAS) directly sup-
port the mechanism (Cosper et al., 2000). Se-adenosyl-
r-methionine (SeSAM) is a good coenzyme in place of
SAM. Using SeSAM as the coenzyme, XAS experiments
show that Se in SeSAM is not ligated to atoms other
than carbon when bound to LAM. However, when-
ever SeSAM is cleaved into seleno-i-methionine and
5’-deoxyadensine at the active site, selenium is ligated
to iron in the [4Fe-4S] cluster. In one method of cleav-
age, reaction of the complex of SeSAM and LAM with
dithionite and the suicide inactivator trans-4,5-dehydro-
1-lysine cleaves SeSAM to seleno-L-methionine and the
5’-deoxyadenosyl radical, which in turn abstracts a hy-
drogen atom from C4 of the suicide inactivator to form
the ultra-stable allylic analog of radical 1 in Figure 3 (Wu
et al., 2000). XAS data show that selenium in the cleav-
age complex is ligated to iron at a distance of 2.7 A.
Cleaved SeSAM can be simulated by adding selero-1-
methinonine and 5'-deoxyadenosine directly to LAM,
and selenium XAS again shows the selenium to be
ligated to iron (at 2.7 A). Experiments employing °N-
and 17O-electron nuclear double resonance (ENDOR)
spectroscopy, patterned after research on PFL activase
(Walsby ez al., 2002b), implicate the amino and carboxy-
late groups of the methionyl moiety in SAM as ligands
to the unique iron whenever SAM is present with LAM,
as illustrated in Figure 4 (Chen ef al., 2003). The x-ray
crystal structure of the complex of LAM with the [4Fe-
4S] cluster, PLP, SeSAM, and lysine consolidates the
structural aspects of the mechanism in Figure 4 (Lepore
et al., 2005). The crystal structure shows the unique iron
of the [4Fe-4S] cluster to be the nearest neighbor to
selenium in SeSAM at a distance of 3.2 A. The close
approach of selenium to iron is illustrated by the ball
and stick model in the structure of LAM in Figure 1.
The energetics in the reductive cleavage of SAM to
the 5’-deoxyadenosyl radical and methionine is an im-
portant issue in the field of Radical SAM enzymes.
The midpoint reduction potential for [4Fe-4S]>*/1* in
LAM varies from —516 mV to —430 mV, depending
on the ligand to the unique iron. With SAM as the lig-
and, the midpoint potential is —430 mV (Hinckley &
Frey, 2006). The potential required to reductively cleave
a generic trialkylsulfonium ion (e.g., SAM) in aque-
ous solution is ~ —1.8 V (Colichman & Love, 1953;
Grimshaw, 1981; Saeva & Morgan, 1984). The differ-

The Radical SAM Superfamily

ence of ~1.4 V corresponds to 32 kcal mol~! (AG®
= —nJF AE®). The barrier must be decreased at the en-
zymatic site for the reaction to occur: were it not de-
creased, the equilibrium constant for electron transfer
would be so small that the rate constant governing the
slowest step in the mechanism would have to be &£ ~
1022 s~1, many orders of magnitude larger than a bond
vibrational frequency. Recent experiments indicate that
the binding of lysine to LAM lowers the midpoint re-
duction potential of [4Fe-4S]>*/1*by ~170 mV, and
the binding of SAM to the [4Fe-4S] cluster raises the
reduction potential required for reductive cleavage by
~810 mV (Wang & Frey, 2007b).

Binding of SAM to Fe*T in the [4Fe-4S] cluster can
be expected raise the potential purely on electrostatic
grounds; however, the mechanism in Figure 4 further
drives electron transfer because of the favorable change
in coordination about the unique iron, from pentava-
lent to the favored hexavalent coordination. The com-
bined effects of lysine binding to LAM and SAM bind-
ing to the iron-sulfur cluster in the configuration of
Figure 4 dramatically decrease AE° to ~ 0.4 V and
facilitate electron transfer.

In any enzymatic radical mechanism, a question that
arises is how side reactions of the radical with enzy-
matic groups are avoided. In the case of LAM, the
5’-deoxyadenosyl radical is highly reactive and can be
expected to abstract a hydrogen atom from any alkyl
groups with which it may adventitiously come in con-
tact within the protein structure, thereby inactivating
the enzyme. LAM is not subject to inactivation in its
reaction with lysine. Results of 3 C-ENDOR experi-
ments answer the question of how destructive side re-
actions are prevented in the case of LAM. The experi-
ments show that the reacting radical atoms of interme-
diates 1 and 3 in Figure 3 are held in van der Waals
contact with the methyl group of 5-deoxyadenosine
(Lees ez al., 2006). It is reasonable to expect that the the
5-methylene group of the 5'-deoxyadenosyl radical is
also held in van der Waals contact with the substrate
by substrate and coenzyme binding interactions. Such
immobilization would prevent side reactions from in-
terfering with catalysis.

More than 280 species variants of 2,3-aminomutases
appear in the genomic database, all of which show
that the essential active site residues of LAM from
Clostridium subterminale SB4 are conserved. These in-
clude Lys337, which binds PLP in the internal aldimine;
Cys125, Cys129, and Cys132 in the cysteine motif; and
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Argl34, which binds the lysyl carboxylate group. The
residues Asp293 and Asp330 bind the e-aminium group
of lysine in clostridial LAM, and corresponding residues
are found in more than 275 currently known variants.
Mutation of any of these residues completely abolishes
activity (Chen et al., 2006; Chen & Frey, 2001). A few
very close homolog of LAM lack one or both of Asp293
and Asp330 and cannot act on lysine. They are now
known to be glutamate and arginine 2,3-aminomutases
and are new members of the radical SAM superfamily
(Coneetal., 2003; Ruzicka & Frey, 2007). In arginine 2,3-
aminomutase, an aspartate corresponding to Asp293 of
clostridial LAM is conserved, but Asp330 is replaced by
threonine. In the glutamate 2,3-aminomutases, Asp293
and Asp330 of clostridial LAM are replaced by Lys
and Asn residues, respectively. Sequence alignments in
Figure 5 show the differences and similarities in the ac-
tive site residues of the 2,3-aminomutases.

B-Lysine mutase and ornithine 4,5-aminomutase are
adenosylcobalamin- and PLP-dependent enzymes and
are not members of the radical SAM superfamily (Baker
et al., 1973; Chen et al., 2001). The adenosylcobalamin-
dependent aminomutases function similarly to the rad-
ical SAM-aminomutases, except that adenosylcobal-
amin is the source of the 5’-deoxyadenosyl radical,
which serves as the initiator in the mechanism.

Other aminomutases that are not radical SAM
enzymes include tyrosine and phenylalanine 2,3-
aminomutases, which incorporate the amino acid-based
4-methylideneimidazole-5-one (MIO) moiety within
their amino acid sequences (Christenson ez al., 2003;
Walker et al., 2004). Tyrosine and phenylalanine 2,3-
aminomutases catalyze aminomutation by a completely
different mechanism, in that the MIO moiety within
the amino acid sequence facilitates the elimination of
the a-amino group from the substrate, as it does in
phenylalanine ammonia-lyase (PAL) (Frey & Hegeman,
2007a; Langer et al., 2001). Unlike PAL, tyrosine and
phenylalanine aminomutases do not allow the ammo-
nia to escape but instead catalyze its re-addition to the
B-carbon to produce the S-amino acid.

Spore Photoproduct Lyase.

Certain lesions in DNA are thymine dimers of
the type 5-thyminyl-5,6-dihydrothymine, in which the
bases are covalently linked through a methylene bridge
originating with the methyl group of one thymine ring.
These lesions are repaired by the action of spore pho-
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toproduct lyase, a Radical SAM enzyme (Rebeil ez 4.,
1998; Rebeil & Nicholson, 2001). There is one optical
center in the 5-thyminyl-5,6-dihydrothymine-moiety in
the dihydrothymine ring, and only the 5S-steroisomer
is repaired (Friedel ez al., 2006). The enzyme from Bacil-
[us subtilis is monomeric and contains a [4Fe—4S] cluster
typical of Radical SAM enzymes (Buis ez al., 2006).

Figure 6A shows the overall reaction and an attrac-
tive repair mechanism. The process begins with bind-
ing the 5-thyminyl-5,6-dihydrothymine moiety of the
DNA lesion at the active site adjacent to SAM ligated
to the [4Fe-4S]'t cluster. Reversible electron trans-
fer from the [4Fe-4S]'* cluster to SAM concomi-
tant with cleavage of the C5-S bond generates the
5’-deoxyadenosyl radical, which abstracts a hydrogen
atom C6(H) from the dihydrothymine ring to form
5'-deoxyadenosine and the substrate-related radical 5-
thyminyl-5,6-dihydrothymin-6-yl. Radical fragmenta-
tion generates one thymine moiety and a thymine-5-
carbinyl radical. Abstraction of a hydrogen atom from
the methyl group of 5-deoxyadenosine generates the
methyl group of the second thymine moiety. Exper-
imental evidence supporting the mechanism in Fig-
ure 6A includes the observation that enzymatic repair
of a substrate containing 5-thyminyl-5,6-dihydro[6-
SH]thymine leads to incorporation of tritium into
SAM, and repair using [5'-*H]SAM leads to incorpo-
ration of tritium into repaired thymine (Cheek & Brod-
erick, 2002). These experiments directly support the
mechanism and would be very difficult to explain in
any other way.

A simple substrate for spore photoproduct lyase is
the dinucleoside-3,5-monophosphate shown in Figure
6B (Chandor et al., 2006). Repair of the dinucleoside
monophosphate shows that the enzyme does not re-
quire the structural context of DNA be active. Activity
on the simple substrate is interpreted to imply that the
lesion is flipped out of the DNA double helix when
bound to the repair enzyme.

MEMBERS THAT USE SAM
STOICHIOMETRICALLY AS A
SUBSTRATE

Glycyl Radical Activases

SAM is an oxidizing substrate in the transfor-
mation of active site-glycyl residues to glycyl radi-
cals in enzymes such as PFL, ARR, benzylsuccinate
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FIGURE 5 Amino acid sequence relationships among amino acid 2,3-aminomutases. The amino acid sequences of four of the 276
species of LAM are shown at the top encoded in the left column as: CS, Clostridium subterminale SB4; BS, Bacillus subtilis; DR, Deinococ-
cus radiodurans; and EC, Escherichia coli. The amino acid sequence of arginine 2,3-aminomutase is fifth from the top and encoded as
SG, Streptomyces griseochromogenes. The five sequences at the bottom are variants of glutamate 2,3-aminomutase encoded in the
left column as: CD, Clostridium difficile; DH, Desulfitobacterium hafniense DCB-2; SW, Syntrophomonas wolfei str Goéttingen; TT, Ther-
moanaerobacter tengcongensis MB4; and MT, Moorella thermoacetica. The residues conserved among all amino acid 2,3-aminomutases
are marked with asterisks. The active site residues are marked with the following numerals: 1, for the conserved cysteine motif CxxxCxxC;
2, for R134 in Clostridial LAM that binds the a-carboxyl group; 3 and 4, for D293 and D330 in Clostidial LAM that bind the lysyl side chain;
and 5, for K337 in Clostridial LAM that binds PLP. In arginine 2,3-aminomutase (SG), 3 and 4 are Asp and Thr, respectively; and in all
glutamate 2,3-aminomutases 3 and 4 are Lys and Asn, respectively. The C-terminal sequences of CS, BS, and DR are truncated (1 to 30
residues).

The Radical SAM Superfamily 73

RIGHTS LI MN Kiy



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

A 0, 0,

>~NH >~NH

{—N_ 0

H —_— H O (FH

H2|C. H CH3 HG? . CHg
Ado [—N o Ado [—N o
“ )—NH )—NH

o} o}

B o} 0

CHg
NH | NH

O)\N uH N’J%o

[0}

LK

HO O\P/o OH

O/’ \0-

O, (0]
%NH >—NH
{—N 0 {—N\_?:c
+ CHa CHs
HsC HsC »
Ado
H CHs
W
}—NH >—NH
(o]

(o]

FIGURE 6 A radical mechanism for SAM-mediated repair of a thymine dimer in DNA. A. Spore photoproduct lyase reductively cleaves
SAM to the 5'-deoxyadenosyl radical, which abstracts a hydrogen atom from C6 of the dihydrothymine ring of the bridged dimer to form
5’-deoxyadenosine and a substrate-radical. Radical fragmentation proceeds to cleave the dimer to thymine and a thymine-carbinyl radical,
which abstracts a hydrogen atom from the methyl group of 5’-deoxyadenosine. B. A simple dinucleoside substrate for spore photoproduct

lyase.

synthase, B12-independent glycerol dehydratase and
others (Selmer et al., 2005). The role of SAM as an
oxidant is made clear in Eq. 2, showing the net re-
duction of SAM to methionine and 5'-deoxyadenosine
concomitant with radicalization of Gly734 in PFL. Hy-
drogen abstraction from C2 of a glycyl residue by
the 5'-deoxyadenosyl radical is a one-electron oxida-
tion, but the reduction of SAM to methionine and 5-
deoxyadenosine is a two-electron reduction. The sec-
ond electron in the reduction of SAM comes from the
iron-sulfur cluster. Figure 7 shows how the two-electron
reduction of SAM is mechanistically coupled to the
one-electron oxidation of Gly734 in PFL, one electron
is derived from the [4Fe-4S]!* cluster upon reductive
cleavage of SAM to the 5’-deoxyadenosyl radical, and
the second is derived from Gly734 in the hydrogen ab-
straction. The mechanistic sequence for PFL activase is
regarded as general for glycyl radical enzyme activases.

[4Fe—4S]'*-SAM

II

[4Fe—4SPP*-Met ( CH,-Ado

H i Ha
> _Tyr-Ala-Val

Arg-Val-Ser— H 7 \C

|
o}

Figure 7 also shows the stereochemistry of hydrogen
abstraction from Gly734 in the action of PFL activase
(Frey et al., 1994). A heptapeptide with the sequence
surrounding Gly734 in PFL is a substrate for the acti-
vase. Two lines of evidence implicate C2(Hjy) of Gly734
as the hydrogen abstracted by the 5’-deoxyadenosyl
radical. Reaction of the heptapeptide labeled with 25-
[2H;]Gly leads to 5'-[?H;]deoxyadenosine. And the
chemically mutated heptapeptide with D-Ala in place of
Gly is a substrate, whereas the heptapeptide with 1-Ala
is not a substrate. Both results implicate the hydrogen
in the 2-pro-§ position of Gly734 as mobilized in the
activation process.

The octapeptide Succinyl-Arg-Val-Pro-dehydroAla-
Tyr-Ala-Val-Arg-NHj; inactivates PFL activase in a SAM-
dependent reaction, in which SAM is cleaved and
the adenosyl moiety becomes covalently linked to the
peptide (Wagner et al., 1999). The dehydroalanyl residue

[4Fe—4S]?*~Met HsCHp-Ado

Hp
|

/CE\ /Tyr—AIa—VaI

Arg-Val-Ser—N
H

(@]

o

FIGURE 7 Chemistry and stereochemistry in the action of PFL activase.
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of the peptide replaces the glycyl residue that would
become radicalized in a substrate, and the methyli-
dene group (H,C=C,) could react by radical addition
with the 5'-deoxyadenosyl radical. The results are con-
sistent with and support the intermediate formation
of the 5'-deoxyadenosyl radical in the action of PFL
activase.

All glycyl radical enzymes studied to date use the
glycyl radical as a haven for an unpaired electron. The
captodative effects of the glycyl-carbonyl and glycyl-
a-N stabilize the unpaired electron and attenuate its
reactivity. The glycyl radical does not itself react di-
rectly with a substrate. Instead, as illustrated in Figure 8,
each glycyl radical enzyme incorporates at least one
cysteine residue in the active site that chemically com-
municates with the glycyl radical, and several of them
have two cysteine residues in the site. Hydrogen trans-
fer from the cysteine to the glycyl radical generates a
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cysteine-thiyl radical and temporarily quenches the gly-
cyl radical. The thiyl radical in each enzyme then initi-
ates one of the diverse radical mechanisms. The radical
mechanisms of PFL, ARR, B12-independent glycerol
dehydratase, and benzylsuccinate synthase are outlined
without details in Figure 8. PFL converts pyruvate to
acetyl-CoA in bacteria grown anaerobically, ARR gen-
erates 2-deoxyribonucleoside triphosphates for DNA
biosynthesis in bacteria grown anaerobically, and B12-
independent glycerol dehydratase acts in place of the
adenosylcobalamin-dependent enzyme in bacteria lack-
ing B12 (O’Brien et al., 2004). Outlines of the chem-
ical mechanisms are shown in Figure 8A, B, and
C.

Alkane metabolism encounters a chemical barrier
because of the absence of functional groups. Aerobic
bacteria overcome this by carrying out hydroxylation
(monooxygenation) on alkanes to introduce alcoholic
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FIGURE 8 Representative reactions catalyzed by glycyl radical enzymes. Shown in outline are diverse mechanistic sequences initiated
by glycyl radical in four enzymes. The exact mechanisms are not known definitively, and the steps shown here are representative of the
mechanisms under consideration. The figure is composed to illustrate the mechanistic diversity in this class of enzymes. A. PFL; B. ARR;
C, B12-independent glycerol dehydratase; D. benzylsuccinate synthase.
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groups as leverage for further metabolism (van Beilin &
Funhoff, 2007). Anaerobic bacteria, which cannot use
oxygen, chemically functionalize alkanes through the
actions of glycyl radical enzymes (Spormann & Wid-
del, 2000; Krieger et al., 2001). Figure 8D shows how
the methyl group of toluene is chemically functional-
ized by attachment to fumarate through the action of
the glycyl radical in benzylsuccinate synthase (Krieger
et al., 2001; Qiao & Marsh, 2005). The functionalized
product can be metabolized in more conventional en-
zymatic processes. The glycyl radical in benzylsuccinate
synthase originates through the action of the SAM-
dependent activase, BssD in Table 1, a radical SAM
enzyme.

A wealth of data from ENDOR and Mossbauer spec-
troscopy implicate complexation between SAM and the
[4Fe-4S] cluster in PFL activase (Walsby ez al., 2002a,b;
Krebs ez al., 2002). A mechanism for the reductive cleav-
age of SAM in this enzyme inspired by this research
is shown in Figure 9. This mechanism includes liga-
tion of SAM to the unique iron of the [4Fe-4S] cluster
and inner sphere electron transfer concomitant with the
cleavage of SAM, in common with the mechanism in
Figure 4 in the action of LAM. Unlike the latter mech-
anism, reductive cleavage in Figure 9 does not lead to
ligation of the methionyl-sulfur to the unique iron in
the [4Fe-4S] cluster. Instead, the methionyl sulfur is
shown associated with a sulfide ion in the [4Fe-4S]
cluster. Unlike the reaction of LAM, reductive cleavage
of SeSAM by PFL activase does not permit the observa-
tion of an interaction between the [4Fe—4S] cluster and
seleno-.-methionine, which dissociates from the enzyme
(Cosper et al., 2003). This result has been interpreted to
imply the existence of two mechanisms for the gener-
ation of the 5’-deoxyadenosyl radical, the mechanism
in Figure 4 by enzymes that use SAM catalytically and
the mechanism in Figure 9 by enzymes that use SAM
irreversibly as a substrate and release methionine with

HoN=Fg S 11+ HzN-Fe—"s 2+
{ S=——Fe~ ] { §=——Fe¢~ }

2 S--‘---Fe 8l Fe
Fe——8§~~ Fe s~

FIGURE 9 A mechanism for reductive cleavage of SAM by PFL
activase.
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each catalytic turnover. Sulfur in both methionine and
sulfide have inert gas electronic configurations, so that
it is not clear how strong their interaction would be
and whether it would potentiate electron transfer and
cleavage of the C5-S bond in SAM. A structure of
PFL activase with SAM bound to the cluster could clar-
ify the issue. Such a structure is available for HemN,
which cleaves SAM irreversibly, and the conformation
of SAM ligated to the [4Fe-4S] cluster is similar to that
in LAM,; 7.e., the sulfur is in position to become ligated
to the unique iron (Figure 1).

Sulfur Inserting Enzymes

Biotin synthase (BioB) and lipoyl synthase (LipA)
promote the insertion of sulfur atoms into unreactive
C—H bonds of dethiobiotin and the octanoyl moiety,
respectively, as illustrated in Figure 10. This is a diffi-
cult process, and no detailed chemical mechanism is
available for either enzyme. However, considerable in-
formation about these enzymes place them in the rad-
ical SAM superfamily and show that the reactions are
initiated by the 5’-deoxyadenosyl radical derived from
SAM (Cosper et al., 2002; 2004; Jarrett, 2005; Lotierzo
et al., 2005).

A chemical barrier in the reaction of biotin synthase
is the necessity to cleave two unreactive C—H bonds,
between which one sulfur atom is inserted. Two 5'-
deoxyadenosyl radicals can surmount these barriers by
abstraction of hydrogen atoms from the two alkyl-type
C—H groups. Careful stoichiometric analysis indicates
that at least two moles of SAM are cleaved per mole of
d-biotin formed (Shaw ez al., 1998; Guianvarc’h et al.,
1997), allowing the reaction in Figure 10A to be written
for the reaction of biotin synthase. In practice, more
than two moles of SAM are cleaved, and this excess
SAM consumption is regarded as arising from a degree
of uncoupling between SAM cleavage and biotin syn-
thesized (Lotierzo et al., 2005).

A source of sulfur in biotin formation was found to
be a second iron-sulfur center, a [2Fe—2S] cluster, in
biotin synthase (Ugulava et al., 2001a,b; Ugulava ez al.,
2002; Tse Sum Bui ezal., 2003 ; Jameson et al., 2004). The
structure with both SAM and dethiobiotin bound to the
active site is shown as BioB in Figure 1. The ball-and-
stick diagram shows the spatial relationships in the ac-
tive site. SAM ligated to the [4Fe-4S] cluster lies on one
side of dethiobiotin, with the [2Fe-2S] cluster nearby
on the other side. The structure is compatible with the
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FIGURE 10 Reactions of biotin synthase (BioB) and lipoyl synthase (LipA). A. Biotin synthase catalyzes the SAM-dependent insertion
of a sulfur atom between C6 and C9 of dethiobiotin. This process requires the abstraction of hydrogen atoms C6-H and C9-H by 5’-
deoxyadenosyl radicals derived from two molecules of SAM. B. Lipoyl synthase catalyzes the insertion of two sulfur atoms into two C—H
bonds of octanoyl-ACP, C6-H and C8-H, to form lipoyl-ACP. Two molecules of SAM are required for this process, presumably because

one 5’-deoxyadenosyl radical is required to abstract a hydrogen atom from each of the two carbon atoms.

[2Fe-2S] cluster serving as the immediate source of
sulfur for biotin synthase. The ultimate sulfur source
is likely to be cysteine, the source of sulfide for the
biosynthesis of iron-sulfur clusters. A mechanism by
which the [2Fe-2S] cluster is regenerated with sulfur af-
ter a cycle of biotin synthesis is not currently available
and is a subject of continuing research.

An unusual feature of the [2Fe-2S] cluster in biotin
synthase is the presence of arginine-260 as one ligand in
place of cysteine. Mutation of this residue to a variety
of other residues does not abolish or seriously impair
biotin synthesis, leading to the conclusion that arginine-
260 does not play an important role in the function of
this enzyme (Broach & Jarrett, 2006).

The reaction mechanism for sulfur insertion is not
known definitively, although there is general agreement
that the 5'-deoxyadenosyl radical derived from SAM ab-
stracts hydrogen atoms from C9 and C6 to generate rad-
ical intermediate species. Unresolved is the mechanism
of sulfur insertion, although 9-mercapto-dethiobiotin
might be an intermediate (Tse Sum Bui ez 4l., 2004). It
seems likely that the dethiobiotin-radical intermediates
capture, or are quenched by, sulfide ions in the [2Fe-2S]
cluster. Recent reviews probe this subject more deeply
(Lotierzo et al., 2005; Jarrett, 2005).

Several of the mechanistic barriers in the reaction
of lipoyl synthase are similar to those in the reaction
of biotin synthase. Two unreactive C—H bonds, the
octanoyl-C6-H and C9-H bonds in Figure 10B, must
be broken in lipoyl synthesis: As in biotin synthase this

The Radical SAM Superfamily

requirement is overcome by the reduction of two moles
of SAM per mole of lipoyl groups formed (Cicchillo
et al., 2004a). A source of sulfur for insertion into the
cleaved C—H bonds is needed for lipoyl synthase, and
as in biotin synthase there are two iron-sulfur clusters in
lipoyl synthase, one of which is the SAM-binding clus-
ter typical of radical SAM enzymes. The second cluster
is a [4Fe-4S] cluster, unlike the [2Fe-2S] center in bi-
otin synthase (Cicchillo ez al., 2004b).

Several aspects of lipoyl formation are fundamentally
different from biotin biosynthesis. Free octanoic acid is
not a substrate for lipoyl synthase, which functions on
the octanoyl-dihydrolipoyl transacetylase component
of the pyruvate dehydrogenase complex (Miller ez al.,
2000). Lipoyl synthase inserts two sulfur atoms to trans-
form the octanoyl into the lipoyl group, and both sulfur
atoms are derived from the same polypeptide chain in a
given turnover (Cicchillo & Booker, 2005). Insertion of
the two sulfur atoms takes place in distinct steps (Dou-
glas ez al., 2006).

To date, immediate sources of sulfur for biotin and
lipoyl synthases are the auxiliary iron-sulfur clusters in
these proteins. If these are the true biological sulfur
donors, there must be a mechanism for reconstituting
the auxiliary iron-sulfur centers if these enzymes are to
undergo multiple turnovers. Biotin synthase functions
catalytically 7z wivo (Choi-Rhee & Cronan, 2005), so
that replenishment of sulfur in the [2Fe-2S] center ap-
pears likely. The subject is under intensive investigation
(Fontecave et al., 2003; Marquet, 2001).
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FIGURE 11 Reaction of coproporphyrinogen oxidase Ill (HemN). HemN catalyzes the anaerobic oxidative decarboxylation of the pro-
pionate side chains on both rings A and B to vinyl groups, concommitant with reductive cleavage of two moles of SAM into methionine
and 5-deoxyadenosine. Two oxidants are required, SAM and another one-electron acceptor X that has not been identified. The reductive
cleavage of two molecules of SAM requires four electrons, two from the iron-sulfur clusters and two from the propionate side chains. Two

more electrons must be removed by the electron acceptor X.

Coproporphyrinogen Oxidase
(HemN)

Heme contains vinyl groups on rings A and B, and
they are derived from propionate side chains in the
biosynthetic intermediate coproporphyrinogen, shown
in Figure 11. In aerobic organisms, oxidative decar-
boxylation of the propionate side chains is catalyzed
by coproporphyrinogen oxidase, an enzyme that uses
molecular oxygen as an electron acceptor (Brekau e al.,
2003). Heme is also biosynthesized in anaerobes, but
molecular oxygen is not available as an electron accep-
tor. In anaerobes, the reaction takes place as shown in
Figure 11 and is catalyzed by HemN, a radical SAM
enzyme (Layer et al., 2003; 2005; 2006). HemN uses
SAM as an oxidizing agent and radical initiator. As an
oxidizing agent, SAM accepts one electron from the
substrate in one catalytic turnover, and an electron ac-
ceptor X, not yet identified, accepts another electron.
In vitro, the latter electron acceptor function can be car-
ried out by o-phenanthroline/Fe3*. Electron donation
by the Radical SAM-[4Fe-4S]'* in HemN is required
to generate the oxidizing 5'-deoxyadenosyl radical from
SAM. Thus, in the overall reaction SAM is reduced by
two electrons, one from the [4Fe-4S]!* cluster and one
from the substrate. Overall, SAM is a one-electron oxi-
dant in the oxidative decarboxylation, and the electron
acceptor X is the other one-electron oxidant.

Hypothetical oxidation and decarboxylation steps in
the mechanism are outlined in Figure 12. The exact se-
quence of steps is not known. Two steps are reason-
ably well understood; the reductive cleavage of SAM
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into methionine and the 5'-deoxyadenosyl radical by
the [4Fe-4S]'* cluster, and the abstraction by the 5'-
deoxyadenosyl radical of a hydrogen atom from the 8-
carbon of the propionate side chain. The structure of the
SAM-[4Fe-4S] complex, shown in a ball-and-stick dia-
gram in Figure 1, is compatible with the SAM-cleavage
mechanism in Figure 4. The B-propionate-radical is
known to be an intermediate through its observation
and characterization by EPR spectroscopy (Layer ez 4l.,
2006).

Two mechanisms, A and B in Figure 12, may be
considered for the oxidative decarboxylation of the 8-
propionate-radical. In mechanism A, the radical is ox-
idized by the one-electron acceptor, designated X in
Figure 12, to the cationic intermediate, which readily
undergoes decarboxylation to form the vinyl group. In
mechanism B, the -propionate-radical undergoes frag-
mentation to the vinyl product and formate radical, and
the latter is oxidized to CO; by the electron acceptor
X. A decision between these mechanisms awaits further
research.

Also to be resolved is the question of how HemN car-
ries out oxidative decarboxylations in both ring A and
ring B in Figure 11. Outstanding questions are the fol-
lowing: Which ring is processed first? Is the enzyme pro-
cessive; that is, are rings A and B of a substrate molecule
processed together in a single turnover of the enzyme?
If catalysis is processive, how is the substrate reoriented
to allow the second ring to react with the SAM-[4Fe—-4S]
center? The structure suggests the possibility of proces-
sivity by showing the presence of two molecules of SAM
in adjacent locations in the unit cell. In a processive
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FIGURE 12 Two mechanisms for oxidative decarboxylation of
propionate groups by HemN. Oxidative decarboxylation of propi-
onate side chains in heme biosynthesis is carried out by copropor-
phyrinogen oxidase (HemF) in aerobes, which employ dioxygen
as the electron acceptor. In anaerobes, the reaction is catalyzed
by the Radical SAM enzyme HemN, and the electron acceptors
are SAM and an unidentified biological acceptor designated X in
the figure. Two mechanisms are shown, both of which begin with
the reductive cleavage of SAM to the 5-deoxyadenosyl radical,
which abstracts a 3-hydrogen from the propioate moiety to form
the corresponding radical intermediate. In mechanism A, the radi-
cal intermediate is oxidized by X to a cationic intermediate, which
undergoes decarboxylation to the vinyl product. In mechanism
B, the radical intermediate undergoes fragmentation to the vinyl
product and the formyl radical. The electron acceptor X oxidizes
the formyl radical to CO,.

mechanism, the molecule of SAM in complex with the
[4Fe-4S] cluster would react with one ring of the sub-
strate, methionine and 5-deoxyadenosine would disso-
ciate, and the second molecule of SAM would then
bind to the [4Fe—4S] cluster for the second cycle of re-
action with the other ring of the re-oriented substrate.
These questions remain for further research.

MoaA and Molybdopterin
Biosynthesis

GTP is the biosynthetic precursor of molybdopterin
(Moco), which is essential for life and is produced in

The Radical SAM Superfamily

a complex and poorly understood series of enzymatic
reactions. The radical SAM enzyme MoaA from E. coli
acts together with another protein MoaC to catalyze
the first step of the process. The overall transforma-
tion of GTP leads to the production of Moco precur-
sor Z, shown in Figure 13A (Santamaria-Araujo ef al.,
2004), and is accompanied by the cleavage of SAM into
methionine and 5'-deoxyadenosine. In this reaction of
GTP, C8 of the guanine ring is inserted between C2’ and
C3’ of the ribosyl ring, N7 of the guanine ring becomes
bonded to C2’ of the ribosyl ring, and the 3’-OH dis-
places PP; to form the 3',5'-cyclic phosphodiester. The
mechanism of this process is not known.

In humans, molybdopterin biosynthesis requires the
protein MOCSIA, a radical SAM enzyme with two
[4Fe-4S] clusters (Hinzelmann et al., 2004). Molyb-
dopterin deficiency in humans is a pleiotropic genetic
disorder resulting in loss of the activities of sulfite ox-
idase, xanthine dehydrogenase, and aldehyde oxidase.
Moco precursor Z rescues Z-deficient knock-out mice
displaying the human phenotype (Schwarz ez al., 2004).

A structure of MoaA is shown in Figure 1 with GTP
bound. MoaA contains two [4Fe-4S] clusters, both nu-
cleated by three-cysteine motifs, one of which is typ-
ical of the radical SAM superfamily and binds SAM
(Hinzelmann & Schindelin, 2004). The second [4Fe-
48] cluster, like the Radical SAM cluster, has three cys-
teine ligands and a unique iron. The structure in Figure
1 shows the guanine ring of GTP ligated to the unique
iron in the second cluster, which is located across the
barrel from the radical SAM-type cluster (Hinzelmann
and Schindelin, 2006).

MiaB and Methylthiolation of tRNA

The maturation of tRNA requires the chemical
modification of adenine-37. The first step in mod-
ification is isopentenylation of N6 by isopentenyl
pyrophosphate. MiaB catalyzes the SAM-dependent
second step, methylthiolation of isopentenyladenine-
37, as illustrated in Figure 13B (Pierrel ez al., 2002;
2003; 2004; Hernandez et al., 2007). The enzyme con-
tains two [4Fe-4S] clusters, one of which is typical
of radical SAM enzymes. SAM serves as the source
of the methyl group in thiomethylation, and it is
also cleaved to 5-deoxyadenosine. Experiments with
selenium-reconstituted MiaB containing Fe-selenium
clusters showed the incorporation of selenium into the
product, presumably as the methylseleno group. The
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FIGURE 13 Reactions of MoaA and MiaB. A. MoaA is required for the SAM-dependent transformation of GTP into the Moco precursor Z.
One of the two [4Fe—4S] clusters in MoaA participates in the cleavage of SAM into 5’-deoxyadenosine and methionine in the course of the
reaction. The other [4Fe—-4S] cluster binds the guanine ring of GTP (Figure 1). B. MiaB facilitates the thiomethylation of isopentenyladenine
at position 37 in tRNA in a SAM-dependent reaction. One of the two [4Fe-4S] clusters in MiaB participates in the cleavage of SAM into
methionine and 5’-deoxyadenosine. The other cluster might serve as the proximal source of sulfur for the methylthio group.

experiments ruled out SAM as the source of sulfur in
methylthiolation and implicated the MiaB protein it-
self as the source of sulfur. It is possible that, in analogy
with biotin and lipoyl synthases, the second iron-sulfur
cluster in MiaB can serve as the source of sulfur. The
mechanism of methylthiolation is not known, and its
revelation is certain to be a novel and interesting chapter
in biochemistry.

Wybusine in Eukaryotic tRNAP®

Hypermodification of guanine at position 37 of eu-
karyotic tRNAPP produces the tricyclic base wybusine,
shown at the bottom of Figure 14 (Noma e al., 2006).
Wybusine biosynthesis requires at least five enzymes, all
of which require SAM. The first step in the proposed
biosynthetic sequence shown in Figure 14 is methyla-
tion of guanine-37 by SAM, catalyzed by the methyl-
transferase TRS5. A gene deletion search coupled with
mass spectrometric analysis of tRNAPR in Saccharomyces
cerevisiae led to the identification of four genes required
to convert N8-methylguanine-37 into wybusine (Noma
et al., 2006). The proposed functions of gene products
TYW1 — 4 are shown in Figure 14. Although the struc-
tures of the intermediates in Figure 14 have not been
rigorously assigned, they are consistent with the ex-
act masses of intermediates produced in gene deletion
strains.

TYW1 incorporates a Radical SAM domain and a
flavodoxin domain, and it requires SAM, and presum-
ably flavin mononucleotide (FMN) for electron trans-
fer. TYW1 incorporates a two-carbon fragment into
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N8-methylguanine between the N8-methyl group and
5-amino group of guanine. The biosynthetic origin of
the two carbons is not known but might be an acetyl
compound such as acetyl-CoA. Elucidation of chem-
istry in this process awaits the identification of the two-
carbon donor. TYW?2 catalyzes the alkylation of the
TYW 1-product by SAM, in which the alkyl group trans-
ferred is the ¢-amino-a-carboxypropyl group of the me-
thionyl moiety in SAM. This alkylation is analogous to
methyltransfer or adenosyltransfer by SAM (Frey and
Hegeman, 2007b) but with transfer of the a-amino-a-
carboxypropyl group. TYW3 catalyzes SAM-dependent
methylation at N4 of the guanine ring. The actions
of TYW4 complete the wybutosine structure by SAM-
dependent methylation of the carboxylate group and
methyloxycarbonylation of the amino group. Obvious
precedents for the chemistries of the radical SAM and
methoxycarbonylation steps are not available, and the
explication of these processes will enhance biochemical
knowledge.

MEMBERS WITH CHEMICALLY
UNCHARACTERIZED FUNCTIONS

Most of the enzymes in Table 1 have not been char-
acterized, and the chemical mechanisms by which they
act are not known. Hypotheses have been advanced
for some of them, and more could be put forward for
others. Here we consider a few of the uncharacterized
systems and the current ideas regarding how they might
function.
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FIGURE 14 Proposed assembly of wybusine in eukaryotic
tRNAPPe_ Wybusine at position 37 of eukaryotic tRNAPhe arises
from the hypermodification of guanine by five enzymes in Sac-
charomyces cerevisiae. SAM plays a key role in each step, be-
ginning with the methylation of guanine-37 to N&-methylguanine
by TRS5, a SAM-dependent methyltransferase. N8-Methylguanine
undergoes a multi-step transformation into wybusine in a process
requiring four gene products designated TWY1 — 4 (Noma et al.,
2006). TWY1 is a radical SAM enzyme with a flavodoxin domain,
and so probably also requires FMN to function in electron trans-
fer. The diverse roles of SAM in each of the steps is discussed in
the text.

The Radical SAM Superfamily

SAM as a Catalytic Coenzyme

Currently, the 2,3-aminomutases and spore photo-
product lyase are the only radical SAM enzymes that
use SAM as a reversible source of the 5'-deoxyadenosyl
radical as an oxidant and radical initiator. More are
likely to be found. DeslI in the desosamine biosynthetic
pathway is thought to function as an aminomutase (Szu
etal.,2005; Zhao et al., 2001). The plant enzyme littorine
mutase catalyzes a rearrangement in cell extracts simi-
lar to that catalyzed by methylmalonyl-CoA mutase,
an adenosylcobalamin-dependent enzyme (Figure 15).
Littorine mutase might use the SAM-[4Fe-4S] system
in place of adenosylcobalamin, which is not found in
plants, as the reversible source of the 5'-deoxyadenosyl
radical (Ollagnier ez al., 1998; Layer ez al., 2005). Al-
ternatively, littorine mutase might be a glycyl radical
enzyme that is activated in cell extracts by a radical
SAM activating enzyme. The latter is the role of SAM in
the function of adenosylcobalamin-independent glyc-
erol dehydratase (O’Brien ez al., 2004). The question of
the biochemical role of SAM in the function of littorine
mutase remains to be determined through biochemical
characterization of the enzyme and the role of SAM in
activating it.

Methylation by Radical SAM Enzymes

Experiments on the biogenesis of antibiotics indi-
cate that certain methylation reactions do not take place
by the nucleophilic displacement mechanism typical of
standard SAM-dependent methyltransferases, such as
catechol methyltransferase and DNA methylases. Ge-
nomic information implicates radical SAM enzymes in
several instances where the methylated atom is not in-
trinsically nucleophilic.

Structural formulas for three antibiotics in which
Radical SAM proteins appear to participate in

N N
”ﬁc/m ”Scfﬁ
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Littorine

Hyoscyamine

FIGURE 15 The isomerization catalyzed by littorine mutase.
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FIGURE 16 Radical SAM enzymes in methylation of antibiotics. A. Structures of three antibiotics methylated on non-nucleophilic
atoms. B. A mechanism that rationalizes the role of the radical SAM enzyme Fom3 in the methylation step of fosfomycin biosynthesis.
The enzyme is thought to comprise radical SAM and cobalamin binding domains.

methylation are shown in Figure 16A, with the methyl
groups in question marked by asterisks. Fom3 appears
to catalyze methyl transfer to carbon in the biosynthesis
of fosfomycin (Kuzuyama et al., 1992). Bialaphos is an
herbicide (Thompson & Seto, 1995; Hoerlein, 1994),
and BepD in the biosynthetic pathway appears to be
a Radical SAM enzyme. BepD is thought to methy-
late a phosphinate group, producing the only known
biological C-P-C linkage. Fms7 appears to be a Rad-
ical SAM enzyme required in the biosynthesis of the
aminoglycoside fortimicin, where the methyl group is
bonded to carbon (Kuzuyama ezal., 1995). While Fom3,
BepD, and Fms7 do not share high degrees of similar-
ity in amino acid sequences, all have the CxxxCxxC
motif in one domain, and they all have hypothetical
cobalamin-binding sites, analogous to methionine syn-
thase, in another domain.

BepD, Fom3, and Fms7 appear to require methyl-
cobalamin, which serves as the source of methyl
groups in the antibiotics (Kuzuyama ez al., 1992; Seto
et al., 1982; Okumura, 1981). These proteins might
act by mechanisms that draw from the rescue prop-
erty of methylcobalamin-dependent methionine syn-
thase, MetH (Matthews, 2001). Met H catalyzes methyl
transfer from methyltetrahydrofolate to cob(I)alamin,
producing tetrahydrofolate and methylcob(IIT)alamin.
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Subsequent transfer of the methyl group to homocys-
teine regenerates cob(I)alamin and produces methion-
ine. Separate protein domains bind cobalamin, methyl-
tetrahydrofolate, and homocysteine. The intermediate
cob(I)alamin is highly reactive with molecular oxygen
and is occasionally oxidized to cob(II)alamin, inacti-
vating the enzyme. This event calls into play a fourth
domain, which binds SAM. Reductive methylation of
cob(IT)alamin by SAM regenerates methylcobalamin
and reactivates the enzyme (Matthews, 2001; Bandarian
etal., 2001).

The differences between the radical SAM methyl-
transferases and MetH indicate that they are unlikely
to share a mechanism. Although MetH is dependent
on both cobalamin and SAM, it is not a radical SAM
enzyme. Feeding experiments show that methyltetrahy-
drofolate is not used as a methyl group donor by either
BcepD or Fom3 (Kuzuyama ez al., 1992; Seto, H. et al.,
1982; Okumura, 1981). It remains unclear whether radi-
cal SAM methyltransferases generate methylcobalamin
as an intermediate or whether methylcobalamin arises
from an outside source.

Although methylcobalamin is a methyl donor for
Fom3, BclD, and Fms7, the putative substrates are un-
reactive carbon atoms or electrophilic atoms, making
it unlikely that they will engage in nucleophilic attack.
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Recent results have led to the suggestion of a suitable
mechanism for carbon methylation by Fom3 (Woodyer
etal.,2007). The experiments show that the substrate for
Fom3 is hydroxyethyl phosphonate, shown in Figure
16B. Abstraction of a hydrogen atom from the alcoholic
group by the 5’-deoxyadenosyl radical in the radical
SAM domain would generate a hydroxyethyl phospho-
nate radical, which could be methylated by methycobal-
amin in the cobalamin binding domain to form hydrox-
ypropyl phosphonate (Figure 16B). Fom4 could then
catalyze epoxidation of hydroxypropyl phosphonate to
produce fosfomycin. Biochemical evidence bearing on
the mechanism of methylation in the biosynthesis of
fosfomycin would test the hypothetical mechanism in
Figure 16B.

SAM in Cofactor Biosynthesis

Studies of other radical SAM enzymes are in early
stages. For example, ThiH is under intensive bio-
chemical and genetic analysis of its participation in
thiamine biosynthesis in E. coli (Kriek et al., 2007;
Martinez-Gomez et al., 2004). Tyrosine, cysteine, and
1-deoxyxylulose-5-phosphate are required to assemble
the thiazole ring, and current information suggests that
the 5'-deoxyadenosyl radical generated by ThiH may
initate the fragmentation of tyrosine into a glycyl radi-
cal for incorporation into the ring (Leonardi & Roach,
2004; Park et al., 2003). Future research should eluci-
date the beautiful chemistry of thiazole biosynthesis in
E. coli. Radical SAM enzymes are implicated in bacteri-
ochlorophyll and pyrroloquinoline quinone biosynthe-
sis as well. The explicit chemistry of the steps in which
the radical SAM enzymes participate remain to be elu-
cidated.

Radical SAM enzymes participate in the assembly
of the complex metallocofactors cluster H in FeFe hy-
drogenase (Leach & Zamble, 2007; Peters et al., 2006)
and the iron-molybdenum cofactor FeMoCo in nitroge-
nase (Curatti e al., 2006) structures of which are shown
in Figure 17. Both clusters incorporate unusual fea-
tures. The H-cluster includes cyanide, carbon monox-
ide, and a chemically uncharacterized dithiol as ligands
to iron. It has been postulated that HydE and HydG
catalyze the biosyntheses of these ligands in the as-
sembly of the H-cluster (Peters et al., 2006). NifB is a
radical SAM protein that catalyzes the assembly of the
FeMoCo cluster in nitrogenase (Curatti et al., 2006).
Among the unusual features of this cluster, in addition
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FIGURE 17 Structures of complex iron clusters in hydroge-
nase and nitrogenase. The structures of cluster H in FeFe hy-
drogenase and of FeMoCo in nitrogenase are illustrated here as
determined by x-ray crystallography. The dithiolate ligand in clus-
ter H has not been chemically characterized. The interstitial atom
in FeMoCo has not been chemically identified. Two radical SAM
enzymes, HydE and HydG participate in the biosynthesis of clus-
ter H, and NifB participates in the biosynthesis of FeMoCo.

to the presence of molybdenum and homocysteine, is
the presence of an unidentified interstitial atom, simi-
lar in electron density to C, N, or O. SAM stimulates
the assembly process in the presence of NifB, Fe?*,
sulfide, and homocitrate. Assembly is inhibited by S-
adenosylhomocysteine (SAH), and SAH-inhibition is
overcome by high concentrations of SAM. The explicit
function of SAM is under investigation.

CONCLUSION

Available information about radical SAM enzymes
indicates that they are of ancient origin, and were
among the earliest biological catalysts to function by
radical mechanisms. While the biochemical functions
of radical SAM enzymes are highly diverse, those that
have been investigated to date have in common the one-
electron reductive cleavage of SAM into methionine
and the 5’-deoxyadenosyl radical, which initiates a radi-
cal mechanism by abstraction of a hydrogen atom from
a substrate. The subsequent radical chemistry is well
understood for aminomutases, glycyl radicalization of
glycyl radical enzymes, and spore photoproduct lyase.
The initial SAM-dependent hydrogen abstraction steps
in the reactions of biotin synthase, lipoyl synthase, and
HemN are established, while basic questions remain
about subsequent steps in the overall transformations.
Little is known about the chemistry of the remaining
reactions of radical SAM enzymes. Future research is
likely to reveal a rich universe of radical mechanisms in
the actions of radical SAM enzymes.
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