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Abstract

Over the past ten years, considerable progress has been made in our understanding of the
mechanistic enzymology of the Radical-SAM enzymes. It is now clear that these enzymes appear
to be involved in a remarkably wide range of chemically challenging reactions. This review article
highlights mechanistic and structural aspects of the methylthiotransferases (MTTases) sub-class of
the Radical-SAM enzymes. The mechanism of methylthio insertion, now observed to be
performed by three different enzymes is an exciting unsolved problem.

The selective transformation of inert C-H bonds in order to introduce functional groups has
been considered to be one of the most challenging problem in bioinorganic chemistry during
the last two decades. Indeed, this transformation is fundamentally important to life and
immensely useful in industry [1]. It is now established that the functionalization of the C-H
bonds is intricately linked to the presence of a metal ion and appears to fall mainly into two
broad categories. The first one uses the reductive activation of molecular oxygen by metal
ions —most notably iron- with the involvement of high-valent iron—oxo intermediates
(Scheme 1A) [2-4]. In this case, the chemistry is restricted to aerobic organisms and the
generally accepted mechanism is associated with that established for cytochrome P-450 and
referred to as the haem paradigm (Scheme 1A-1). This paradigm is also applicable for a
great variety of non-haem iron enzymes. The highly challenging hydroxylation reaction of
methane to methanol, as performed by the soluble di-iron-containing methane
monooxygenase, is a prototype of such chemistry (Scheme 1A-2) [5]. The second category
uses the reductive activation of S-Adenosylmethionine (SAM) by a special [4Fe-4S]2+/1+
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cluster to generate an elusive but highly oxidizing 5’-deoxyadenosyl radical (Ado®)
intermediate [6]. The high reactivity of the Ado° radical is then be transferred to the
substrate through (stereo)selective abstraction of a hydrogen atom of the C-H target, which
facilitates progression of chemically difficult reactions (Scheme 1B) [7]. This chemistry
occurs in both aerobic and anaerobic organisms and is achieved by the Radical-SAM
superfamily of enzymes [8].

A bioinformatic survey published in 2002 initially revealed more than 600 different
sequences of putative Radical-SAM enzymes in the database [8]. Since then this number has
grown steadily and includes many thousands of sequences. Radical-SAM enzymes share a
conserved CysXXXCysXXCys sequence, whose cysteines are the ligands of the [4Fe-4S]
cluster. However, two variations have been reported in the cluster-binding motif: a
CysXXCysXXXXCys motif near the C-terminus of the ThiC enzyme, which is required to
convert 5-aminoimidazole ribonucleotide (AIR) into 4-amino-5-hydroxymethyl-2-
methylpyrimidine phosphate (HMP-P) [9], and a CysXXXXXCysXXCys motif in the
HmdB protein. Which is involved in the maturation of the cofactor for the hydrogen forming
methylene-H,-methanopterin dehydrogenase (HmdA) [10].

Since the discovery of this superfamily, many excellent reviews have been published and
different subfamilies have been proposed [7, 11, 12]. Indeed, investigations of this topic
have illuminated key details of the radical generation processes and now, many new highly
challenging Radical-SAM enzymes are under characterization by different groups. In light
of these new developments, we decided to focus the present review on three related enzymes
families that catalyze a similar methylthio transfer reaction. The MiaB family catalyzes
formation of the 2-methylthio-6-isopentenyl adenosine (ms2i®A) in some tRNAs. The
MtaB/e-MtaB family catalyzes formation of 2-methylthio-6-threonylcarbamoyl adenosine
(ms2t8A) in other tRNAs. Finally, the RimO family catalyzes formation of a methylthiolated
aspartate residue, ms-D89, in the ribosomal protein S12. These enzymes define a
methylthiotransferase (MTTase) family, which is a subclass of the large Radical-SAM
enzyme superfamily [8]. Its members thus catalyze the chemically challenging C-H to C-
SCH3 bond conversion, through a radical mechanism that remains poorly understood.
Furthermore, these reactions are part of an active new field of research related to
epigenetics, because they all involve post-transcriptional and post-translational and
modifications that increase the expand the chemical repertoire of proteins beyond the
canonical amino-acids and nucleobases [12].

The purpose of this review is to discuss the mechanistic and structural information gained
from recent investigation of these fascinating radical-based enzymes and to point out new
avenues of investigation which may help to understand some unresolved questions such as:
(i) how primary free radicals can be generated in one protein and directed to specific sites in
a macromolecular target, (ii) how intermediate free radicals are controlled to generate the
desired product, and (iii) how all these radicals avoid deleterious redox-quenching reactions
releasing reactive oxygen species.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 September 01.
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A- Phylogenetic and sequence Analysis of the MTTase Family

A previous bioinformatics analysis showed that there are five families of homologous
MTTases encoded in vertebrate and bacterial cells [13]. The conclusions from this analysis
have been confirmed in a recent re-analysis of a larger database containing over 971 fully
sequenced eubacterial and archaebacterial genomes (Figure 1). The substrate and products
for four of these families has been identified.

The first family or clade contains E. coli MiaB, which stands for
methythioisopentenyadenosine synthesis enzyme B, and its homologs are found in
eukaryotic and eubacterial but not archeaebacaterial organisms. The second family contains
B. subtilis MtaB, which stands for methythiothreonylcarbamoyladenosine enzyme B, and its
homologs are found exclusively in eubacterial organisms. This family shows slightly more
sequence diversity than the others, as evidenced by having a branch-point located closer to
the root of the phylogenetic tree in Fig. 1. This diversity might reflect a greater degree of
functional diversification, e.g., in substrate specificity or regulatory interactions. The third
characterized sequence family is called e-MtaB. This family has been demonstrated to
catalyze the same reaction as MtaB despite its sequence divergence (Figure 1). It is found in
higher eukaryotes and archaebacteria and has the murine CDKAL-1 gene as a prototype [13].
These first three MTTase enzyme families all act on tRNA substrates. The fourth
characterized family contains the T. maritima and E. coli enzyme RimO, which modifies
aspartate residue 89 (*D89) in ribosomal protein S12 [14, 15]. This MTTase family and the
ribosomal protein modification that it catalyzes are found exclusively in eubacteria. The fifth
and final MTTase family has been named for the time being the methylthiotransferase-like 1
(MTTL1) family. This family is restricted to four species of e—proteobacteria, including all
species of Helicobacter pylori included in the analysis. This family has yet to be
characterized enzymologically. The genomes in which it is found do not encode any MiaB
or MtaB homologs, although most encode a RimO homolog. However, it is approximately
as far diverged from the MtaB and MiaB families as they are from RimO, and it is more
diverged from them than they are to each other. Therefore, phylogenetic analysis does not
provide a preferred hypothesis concerning the chemical nature of its substrate.

Sequence analysis of MiaB, the first MTTase to be experimentally characterized, suggested
a modular structure [16]. This inference has been proven by the recent structure
determination of apo-RimO from Thermotoga maritima (Figure 2) [15]. All MTTases
comprise an N-terminal UPF0004 (uncharacterized protein family 0004) domain which is ~
135 residues in length, a central Radical-SAM domain which is ~ 235 residues in length and
contains the Radical-SAM cysteine triad, and a C-terminal TRAM (TRM2 and MiaB)
domain which is ~ 60 residues in length (Scheme 2). The UPF0004 domain has not been
structurally characterized, but it contains invariant cysteines in a CysXzs_3CysXog_37Cys
motif, which is likely to ligate the second [4Fe-4S] recently demonstrated to be present in
Radical-SAM MTTases [15-17].

Biochim Biophys Acta. Author manuscript; available in PMC 2014 September 01.
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B- Structural organization of MTTase enzymes

To date, structures have been determined for the Radical-SAM domains from nine different
enzyme families [18]. All of them contain an a/p core with topological similarity to the
well-known TIM barrel fold, in which eight successive a/B supersecondary structural units
form a topologically closed p-barrel. The SCOP database (http://scop.mrc-Imb.cam.ac.uk/
scop) classifies Radical-SAM domains as either complete or incomplete TIM barrel folds
depending on whether the barrel is topologically closed or open. In a complete or closed 8-
stranded B-barrel, as observed in the BioB enzyme, the first -strand hydrogen-bonds to the
last to form a topologically complete barrel. In an incomplete or open B-barrel, as observed
in the MoaA and RimO (Figure 2) enzymes, the barrel is opened up and flattened out so that
the first and last -strands no longer contact one another. The enzymes with open p-barrel
structures often have fewer than eight a/p supersecondary structural units. They also tend to
have a larger number of additional secondary structural elements, some of which typically
fold back to complete the active site adjacent to the catalytic [4Fe-4S] cluster. The
conserved CysXXXCysXXCys motif that ligates the [4Fe-4S] cluster is located in the loop
between the B-strand and a-helix in the first a/B supersecondary structural unit in the
primary sequence of the domain.

Although these general architectural features are shared among all Radical-SAM enzymes,
there is remarkably little conservation in active-site stereochemistry between enzymes with
different activities. For example, only a single aromatic amino-acid residue (phe or tyr) is
conserved in the active sites of the MoaA, HemN, and RimO enzymes, even though all have
a similar incomplete barrel structure. In the SAM-bound crystal structures of MoaA and
HemN, the sidechain of this residue makes van der Waals interactions with adenine base of
SAM in a perpendicular interaction geometry. The lack of additional conserved residues in
the active site suggests that the catalytic properties of Radial-SAM enzymes are determined
primarily by the intrinsic chemical properties of the SAM complex with the [4Fe-4S]
cluster. In the available crystal structures, the carboxylate and amino groups of the
methionine moiety are ligated in a consistent geometry by one of the Fe atoms in the cluster
[19-21]. In some structures, the sulphur of this moiety also makes van der Waals contacts to
the cluster. The general lack of sequence conservation in the surrounding amino acids
between enzymes with different activities suggests that their evolution is controlled by
constraints related to substrate recognition rather than catalytic efficiency.

In the MTTase family of Radical-SAM enzymes, the other two conserved domains are
located in close proximity to the catalytic [4Fe-4S] cluster in the Radical-SAM domain
(Figure 2). The crystal structure of apo RimO shows the exact location of the TRAM
domain, which interacts with the loops on the opposite side of the open B-barrel from the
loops ligating the [4Fe-4S] cluster. Given the established role of some TRAM domains in
binding RNA, this domain is likely to help mediate binding of macromolecular tRNA
substrates to MiaB and e-MtaB/MtaB. The TRAM domain in RimO is generally acidic,
consistent with being adapted to help mediate binding of its basic macromolecular substrate,
ribosomal protein S12.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 September 01.
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A structure is not yet available for the UPF0004 domain, either alone or as part of an intact
MTTase enzyme. However, the location of the N-terminus of the Radical-SAM domain in
apo RimO suggests that the UPF0004 domain is also likely to interact with the catalytic
[4Fe-4S] cluster in the Radical-SAM domain (Figure 2). Therefore, conserved [4Fe-4S]
cluster bound to this domain could potentially participate directly in catalyzing the
methylthiolation reaction performed by the MTTase enzymes in the Radical-SAM
superfamily.

C- Mechanisms of the methylthiolation reactions

-tRNA as a substrate

One of the best characterized biosynthetic pathways for tRNA hypermodification is the one
leading to ms2i®A37 (Figure 3-A). In E. coli, this hypermodified adenine is found next to the
anticodon motif at position 37 of tRNAs reading triplets starting with uridine, except
tRNASr(GGA) [22]. In some bacteria, such as Salmonella typhimirium, ms2i8A37 is further
modified into ms2io®A37 (also called 2-methytlhio-cis-ribozeatin), catalyzed by the MiaE
enzyme [23].

The first committed step in the biosynthesis of ms2i(0)6A37 is catalyzed by MiaA and
involves the transfer of a dimethylallyl group from dimethylallyl diphosphate (DMAPP) to
the exocyclic Ng of adenosine 37 [24]. The MiaA enzyme does not contain any cofactor but
requires the presence of Mg2* cation [25]. The second step in the biosynthesis pathway,
which is catalyzed by MiaB, involves the methylthiolation of i®A37 at carbon 2 [16, 26].
Both in vivo and in vitro experiments indicate that the methylthiolation reaction depends on
the presence of the isopentenyl group at position 6 (Figure 3-A) [26, 27]. Given the strong
similarity in the tRNA modification mechanism used by all MTTases, it seems likely that
the presence of the threonylcarbamoyl group at position 6 similarly will be an essential
prerequisite for the methythiolation reaction catalyzed by MtaB/e-MtaB (Figure 3-A).

The fundamental chemical step common to all radical SAM enzymes is the reductive
cleavage of SAM to generate the Adoe radical, which then abstracts a hydrogen atom from
substrate to enable its transformation into product (scheme 1B). In the case of MTTases,
there are two additional steps needed to complete the reaction. The first of these is the
insertion of a sulfur atom into the activated substrate, in order to generate a putative
thiolated intermediate “s2x8A” (x = i or t), while the second is the methylation of the
“s2x6A” intermediate by a second molecule of SAM. The methylation reaction is proposed
to occur through a standard Sy2 reaction mechanism, as in SAM-dependent
methyltransferases.

The “s2i%A” compound was first suggested to accumulate as an intermediate in the way to
ms2i8A during experiments conducted under conditions of methionine starvation which was
known to produce methyl-deficient tRNA [28]. Incubation of this intermediate with E. coli
crude extracts and [methyl-14C]-SAM under aerobic conditions resulted in incorporation of
the radiolabelled derivative and the conversion of the uncharacterized intermediate into
ms2i®A [28]. This reaction sequence was also supported by in vitro experiments

Biochim Biophys Acta. Author manuscript; available in PMC 2014 September 01.
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demonstrating that MiaB is a bifunctional enzyme involved in both thiolation and
methylation of i®A [26].

The sulfurating mechanism of MiaB is believed to be common with other Radical SAM
enzymes catalyzing sulfuration reactions such as biotin synthase (BioB) and lipoic acid
synthase (LipA) [29, 30]. This inference is supported by the observation that they all contain
two Fe-S clusters. One [4Fe-4S] cluster is involved in SAM reduction and cleavage, whereas
the other, a [4Fe-4S] in all cases except in BioB which contains a [2Fe-2S] cluster, is
proposed to provide the sulfur for the sulfuration step [30]. This step is a critical feature of
the mechanism that has been debated extensively in the literature but still remains to be
confirmed. Experimental investigation of this step is complicated by the fact that no more
than a single catalytic cycle can be achieved in vitro even in the presence of an excess of
exogenous sulphide (or a mixture of cysteine and cysteine desulfurase). Inactivation of the
enzyme during the first cycle of turnover is consitent with the N-terminal [4Fe-4S] cluster of
MiaB found in the UPF0004 domain functioning as a sacrificial S-donor during single
turnover experiments [16, 30]. A similar role has been suggested for the [2Fe-2S] cluster in
BioB and the second [4Fe-4S] cluster in LipA [30]. The direct sulphur donor could be a
derivative of that cluster, as suggested in the case of BioB, for which the decay of the
[2Fe-2S] cluster in the C-terminal domain during catalysis was found to be much faster than
biotin formation [31]. In this case, the nature of this derivative and of the chemistry
converting the precursor Fe-S cluster into this sulfurating species would be to be elucidated.
Whether the sulfur transfer is direct or indirect, because the MTTases probably function
catalytically in vivo, it is absolutely essential to find the mechanism of regeneration of an
active sulfurating species after each cycle as well as the nature of the pool of sulphur atoms
used for this regeneration. Elucidating thses features of the enzyme mechanism represents
one of the major issues to be addressed in the future research on MTTases.

There are other mechanistic issues to consider regarding methylthiolation reactions. First,
the methylation reaction could occur on the second cluster prior to insertion of a pre-formed
methylthio group into the primary substrate. This alternative to the mechanistic hypothesis
to the one described above also deserves consideration. Second, activation of the substrate
theoretically implies abstraction of a H atom from C, of the aromatic base generating, an
energetically unfavorable o-radical. To circumvent this problem Booker et. al. have shown
in the case of the enzymes RImN and Cfr, which catalyze a methylation at C, and C8 of a
nucleic base of rRNA, that the reaction proceeds via addition of an intermediate radical at
C,, a thermodynamically more favourable process [32, 33]. In the case of methylthiolation
reactions discussed here, this possibility clearly merits consideration. On the other hand,
whereas the C-H bond dissociation energies (BDES) in methane (+439 kJ/mol) and in AdoH
(+433 kJ/mol) are much lower than the C-H BDE in benzene (+472 kJ/mol), that of the Co
position in pyridine is +439 kJ/mol [34, 35]. This lower BDE reflects the strongly stabilizing
nature of the adjacent lone pair on the unpaired spin. Therefore, the adenosine-C, radical,
with two adjacent nitrogen atoms, might be significantly more stable than anticipated, which
makes a standard H atom abstraction at C, by Ado® as a reasonable possibility. Finally, anot
her interesting question to investigate is the mechanism of recognition of the same cofactor,
SAM, by one polypeptide at what is likely to be two different sites serving two completely
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different enzymatic purposes. This situation appears to be unique in biochemistry and
represents a fascinating illustration of how the MTTase enzymes controls their reactivity
towards the same cofactor

- Ribosomal protein S12 as a substrate

The initially reported amino-acid sequence of protein S12 from E. coli, determined from
peptide mapping and subsequent sequencing by Edman degradation, failed to define the
identity of the amino acid at position 89 [36]. Later, the DNA sequence of the gene that
encodes protein S12 revealed that position 89 is an aspartate residue [37]. In 1996 Kowalak
et al. showed that protein S12, analyzed by MALDI-TOF MS technique, displayed a
molecular mass of 13,652.0 Da, 46.1 Da larger than the predicted masse from its gene
sequence (13,605.9 Da) [38]. The authors proposed that the modification associated with
D89 was consistent with a thioether structure (-~SCHs) probably at the p-carbon of the
aspartyl residue [38]. Ten years latter, Anton et al. identified the yliG gene in E. coli as
encoding the enzyme, designated RimQO, responsible for the methylthiolation of the S12
protein [14]. Shortly afterwards, RimQO proteins from E. coli and Thermotoga maritima were
purified by two different groups, and in both studies shown to bind two [4Fe-4S] clusters per
polypeptide and to catalyze the methylthiolation of a peptide substrate containing an Asp
residue in the appropriate sequence context [15, 17]. RimO has not been characterized as
extensively as MiaB. However, the putative mechanism of the reaction also invovles H atom
abstraction at the § carbon on the aspartate residue by the 5’-deoxyadenosyl radical,
followed by sulfuration of the substrate radical to generate an intermediate thiol compound,
and finally by nucleophilic methylation using SAM as demonstrated by isotopic labelling
experiments [17]. Thus RimO, like MiaB, catalyzes two successive chemical reactions, both
SAM-dependent (Figure 3-B). First, it catalyzes a radical C-H to C-S bond conversion that
is likely to share a common sulfurating mechanism with MiaB, BioB and LipA. This
mechanism presumably uses the second [4Fe-4S] cluster in the enzyme as the source for
sulphur delivery. Second, it functions as a SAM-dependent methyltransferase, although
there is not an established SAM-binding site responsible for this activity. Obviously, the
same question raised in the case of MiaB is also relevant for RimO, i.e., whether
methylation of sulfur occurs before or after sulfation of the primary substrate. Since the
thiolation and methylation activities have not yet been successfully decoupled for any
MTTase via mutagenesis, both pathways remain possible.

D- Conclusions and future prospects

Many Radical-SAM enzymes have been identified and characterized to varying extents by
different groups during the last decade. Nonetheless, important gaps remain in our
understanding of these enzymes. In particular, the Radical-SAM enzymes that catalyze C-S
bond formation continue to fascinate chemists and require further investigation. For these
enzymes, it is not yet known how they insert the sulfur atom into their substrates, essentially
because none of these proteins (BioB, LipA, MiaB, and RimQ) operate catalytically in vitro
(i.e, they are all limited to single cycle of turnover). However, it has been established that
beside the [4Fe-4S] Radical-SAM cluster responsible for substrate activation, all of these
proteins contain a second Fe-S center. In this division of the Radical-SAM family, there is as
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yet no exception to the requirement for two iron-sulfur clusters, although variations have
been observed regarding the type of clusters bound to the proteins. This observation
combined with the inability to observe more than a single cycle of turnover in vitro has led
to the general dogma that the bridging sulfur atoms of the second cluster are the source of
sulfur atoms during the thiolation reaction in all these enzymes.

On the other hand, it should be noted that Radical-SAM enzymes not involved in sulfur
insertion often contain two clusters that absolutely required for the activity, including the
enzymes TYW1 that participates in the biosynthesis of wybutosine [39, 40], MoaA that
particpiates in the formation of molybdopterin cofactors [20], and BtrN that catalyzes the
third step in the biosynthesis of the 2-deoxystreptamine-containing aminoglycoside
antibiotic butirosin B [41]. It has been shown that the second cluster in MoaA binds to and
activates the GTP substrate; a similar role in substrate activation was proposed for the BtrN
enzyme. On the basis of these recent developments, our laboratory currently is testing a
similar hypothesis for the MiaB enzyme, namely that the subsite irons in the [4Fe-4S]2*/1*
cluster in the UPF0004 domain may participate in the activation of the co-substrate (“S”,
sulfur-containing species) before being incorporated into their substrates. If this hypothesis
is validated, it has far-reaching implications because it should open new approaches in the
quest for an in vitro catalytic system capable of multiple turnovers. The availability of such
an efficient in vitro catalytic system for the biosynthesis of essential sulfur-containing
cofactors like biotin would have a major impact on mechanistic studies of Radical-SAM
enzymes as well as related areas of economic importance including the nutrition, food-
processing and biotechnology industries.
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ORF & organism name

Enzyme Organism
count

name

CPE2025 Clostridium perfringens
CB02955 Clostridium botulinum
AMET3044 Alkaliphilus metal.
CCEL2241 Clostridium cellul.

DRED2492 Desulfotomaculum red.
yqeV Bacillus subtilis
AACI1992 Alicyclobacillus acid

CVIB1510 Prosthecochloris vibr.

BF3627 Bacteroides fragilis NC
SMDSEM141 Candidatus Sulcia
FJOHS5039 Flavobacterium johns.

DOLE1749 Candidatus Desulfoc.
TMO0830 Thermotoga maritima MSB
THA914 Tt ipho africanus
,7CPJO477 Chlamydophila pneumon.
L ccAoo0266 Chlamydophila cav.

[ BR1933 Brucella suis 1330
L MPOP2843 Methylobacterium pop.

HP0269 Helic pylori 266
CAUR2414 Chloroflexus Y 400

BT3195 B:

LBL0882 L ira borgpeters.

MIAB Homo sapiens
TMO0653 Thermotoga maritima MSB
M FNODO0454 Fervidobacterium nod.
TMEGO03409 Mycobacterium tuberc.
SSJG03551 Shigella sp. D9
BR2153 Brucella canis ATCC 233
CYANB88022835 Cyanothece PCC
BT97273513 Bacillus cereus ZK
CDKAL1 Homo sapiens
41—‘ PF1912 Pyrococcus furiosus DSM
MTH826 Methanobacterium thermo.
— ~ HPAG10287 Helicobacter pylori
L HP0285 Helicobacter pylori
~ JHPO671 Helicobacter pylori J9
L HP0734 Helicobacter pylori 266
| E— SAV2508 Streptomyces avermitil.
L AMIR5800 Actinosynnema mirum
LI0678 Lawsonia intracellulari
| — ALR1222 Nostoc sp. PCC 7120
L Am11701 Acaryochloris marina
SFVA61263 Shigella flexneri VA
BF2425 Bacteroides fragilis NC
TM1862 Thermotoga maritima MSB
CHY1164 Carboxydothermus hydro.
NTHER1467 Natranaerobius therm.
AQ849 Aquifex aeolicus
ATHEOQ983 Anaerocellum thermoph.

06 05 04 0.3 02 01 00

CLLA0897 Clostridium botulinum ‘

;

\

|
}
¥
\

f

l MtaB 248

' MiaB 659
eMtaB 55
MTTL1 12
RmO 457

Number of organisms encoding both families
MtaB | MiaB | eMtaB | MTTL1 | RimO
MtaB 0 209 0 0 106
MiaB ) 0 0 374
eMtaB 0 0 0
MTTLA1 0 1
RimO

Figure 1. Phylogenetic analysis of MTTase families

Cladogram showing representatives from all MTTase famlies identified via comprehensive
sequence analysis of 971 eubacterial and archaeabacterial genomes. Divisions between
families were established based on simultaneous encoding of members of two families in a
single genome. The total count of such occurrences is indicated in the table at the bottom
left. MTTases were identified via an all-versus-all BLAST analysis of the full set of
genomes, which yielded 813 sequences containing all three characteristic domains
(UPF0004, Radical-SAM, and TRAM). Sequences occurring simultaneously in a single
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genome were used for an initial clustering, which was confirmed by back-tracing of the
branches of the phylogenetic tree to ensure that splits between families are supported by
such simultaneous occurrences. No more than one member of each family is encoded in a
single genome (as indicated by the numbers on the diagonal in the table).
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UPF0004 UPF0004
(FeaSa) (FeaSa)

Figure 2. Structural organization of MTTases
The stereopair shows the inferred position of the UPF0004 domain (light green ellipse)

relative to a ribbon diagram of the Radical-SAM (yellow) and TRAM (orange) domains
from the crystal structure of a truncated apo construct of Thermotoga maritima RimO [15].
The approximate locations where the [4Fe-4S] cluster (cyan spheres) and SAM (stick
representation) bind to the Radical-SAM domain were inferred by alignment of the
homologous regions of the Radical-SAM domain from the crystal structure of holo MoaA
[20]. The second [4Fe-4S] cluster present in enzymatically active RimO is likely to be
bound by the invariant cys residues in the UPF004 domain. (See text.) Based on the location
of the N-terminus of the Radical-SAM domain, which follows the UPFO004 domain in the
primary sequence, the [4Fe-4S] cluster bound to the UPF0004 domain is likely to proximal
to the Radical-SAM active site. Carbon is colored cyan, nitrogen blue, oxygen red, and
sulfur yellow in the SAM molecule.
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A SAM,
5 R
R ; MiaB%/MtaB h 7 /
HN ; HN HN HH
AJO. s MiaB/MtaB SAM, .
3 A A Sy s 3 SN MidgMaB. Sw
(T { ] CT s L)
)\ N /l . N /k N 2
T NT TH Ador! N MiaB/MtaB | N” “sH SAH | N T
o
tRNA tRNA tRNA tRNA CH,
tRNA-R®A; tRNA-[RCA47]* tRNA-s2R°A,; tRNA-ms?ReA,,
SAM,
B RimOwS %
é Y 2 i« 2 HN 0
HN o Ado HN o RIMOwrs HN 0  SAM, \ Yi
\ V4 N \CH C// o) \CH C// im0 On.~ "\ AN
O\C/CH\C/C\ \C/ \é/ \OH %C/ \/C\/ \OH gc /C\ OH
K OH [ , s’ H
SN AdoH g H RimO { HS H SAH l
o . CHs
S12-Dgg S12-[Dgol S12-[sDgg] S1-msDgg

Figure 3. Radical-based mechanisms in post-transcriptional and posttranslational modifications
(A) methylthiolation of aromatic carbons Cy, R = -CH,-CH=C(CHs), for ms2i®A

biosynthesis or -CO-NH-CH(CH(CH3)OH-COOH for ms%t8A production.

(B) 3-methythio aspartate formation.

Ado ; 5’-deoxyadenosyl radical, AdoH; 5’-deoxyadenosyl, SAM; S-adenosylmethionine,
SAH; S-adenosylhomocystein.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Atta et al.

Page 16

Resting state Reduced state Active state

W PF" & . (P2 (PHFEY=0

@ Fe..Fe € . Fell.Fel......F2 .. -

Reaction

(- Aliphatic hydroxylation
- Aromatic hydroxylation
- Alkene epoxidation
- Alkyne oxygenation
- C-C bond cleavage
- Demethylation
- Dehydratation
- Desaturation
- Isomerization

~ etc...

Reaction

-
- Isomerization
- Reduction

- sulfur insertion

met | iolati
- Methylthiolation
s Y
s + Ado @ < - C-C bond cleavage

- Methylation

- Alcohol oxidation
- Decarboxylation
\- etc....

Scheme 1. The two strategies for production of highly oxidant species involved in the C-H bond
activation
(A) Mechanisms proposed for O, activation to yield high-valent-iron-oxo by haem iron

enzymes (1) and non-haem iron enzymes (2). P, porphyrin.

(B) Mechanism for the reductive cleavage of SAM by [4Fe-4S] cluster of Radical-SAM
enzymes to yield 5’-deoxyadenosyl radical Ado . SAM is ligated through the amino and
carboxylate groups to the unique iron (bleu) in the [4Fe-4S]*1 cluster. e~, electron; SAM, S-
adenosylmethionine; met, methionine.
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Scheme 2. Multiple sequence alignment of six MTTases
Two from RimO_(E. coli K-12 and T. maritima DSMZ3109), two from MiaB (E. coli K- 12

and T. maritima DSMZ3109), one from MtaB (B. subtilis MGNA-001), and one from e-
MtaB (M. musculus). The alignment was performed with ClustalW at the EBI site. Totally
conserved residues are indicated by stars, and conserved cysteine residues are indicated by
arrows. The three domains UPF0004, Radical-SAM, and TRAM are shown on the right.
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