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Abstract

The radical S-adenosyl-L-methionine (SAM) superfamily is a widely distributed group of iron-
sulfur containing proteins that exploit the reactivity of the high energy intermediate, 5’-
deoxyadenosyl radical, which is produced by reductive cleavage of SAM, to carry-out complex
radical-mediated transformations. The reactions catalyzed by radical SAM enzymes range from
simple group migrations to complex reactions in protein and RNA modification. This review will
highlight three radical SAM enzymes that catalyze reactions involving modified guanosines in the
biosynthesis pathways of the hypermodified tRNA base wybutosine; secondary metabolites of 7-
deazapurine structure, including the hypermodified tRNA base queuosine; and the redox cofactor

Fa20.

1. Radical SAM proteins

The radical S-adenosyl-L-methionine (SAM) superfamily is a growing list of enzymes that
utilize radical intermediates formed by reductive cleavage of SAM to abstract H-atoms and
initiate chemical transformations that are otherwise unlikely by polar mechanisms. Sofia and
co workers defined the radical SAM superfamily on the basis of a conserved CX3CX,C
motif that is common to all members of the family [1]. More recent studies have
demonstrated that reductive cleavage of SAM, which is a hallmark of the group, also occurs
in proteins that do not retain the exact sequence signature [2,3].

The three conserved Cys residues of the CX3CX,C motif in radical SAM proteins
coordinate three of the iron atoms of the cubane [4Fe-4S] cluster. SAM binds the fourth iron
through its a-amino and a-carboxylate moieties [4,5] (Fig. 1). The [4Fe-4S] cluster in SAM
radical proteins has a +2/+1 redox couple; in its +1 state the cluster reductively cleaves
SAM leading to formation of 5’-deoxyadenosy! radical (dAdoe) and methionine. The highly
reactive oxidant, dAdoe, abstracts a hydrogen atom to initiate catalysis. While 5’-dAdos has
not been detected directly, its presence has been inferred by monitoring H-atom transfers to/
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from the 5’-position of the cofactor, or by substitution of SAM with 3’,4’-anhydro-SAM,
which leads to allylic stabilization of the unstable 5’-dAdoe [6]. The +1 oxidation state of
the cluster is obtained in vitro by reduction with dithionite or with reducing systems such as
flavodoxin/flavodoxin reductase.

Radical SAM proteins have been divided into three classes on the basis of the fate of dAdoe
[7]. Class I proteins catalyze reversible cleavage of SAM and reform the cofactor at the end
of each catalytic cycle. The dAdoe produced by Class 1l enzymes abstract a H-atom from a
glycyl residue on a cognate protein; the glycyl radical abstracts a H-atom to initiate catalysis
and is reformed at the end of the catalytic cycle. Class I1l proteins cleave SAM irreversibly,
but do not generate a cofactor that can support multiple turnover, as is observed for the Class
Il enzymes.

This review will focus on three radical SAM proteins that catalyze key steps in the
conversion of guanosine-based molecules to the hypermodified RNA bases queuosine or
wybutosine, 7-deazapurine containing secondary metabolites such as sangivamycin, and the
redox cofactor coenzyme F49q. Each of these enzymes retains the Cys cluster, which is
conserved in all radical SAM proteins. Although very few mechanistic details are known
about them, the presence of the conserved radical SAM cluster suggests catalysis is initiated
by H-atom abstraction from their respective substrates. The remainder of this review will
discuss the biosynthetic pathways that contain these enzymes and provide plausible
mechanistic imperatives for each.

2. 7-Deazapurines

Pyrrolopyrimidine functional groups adorn a large number of compounds from marine or
terrestrial sources, or as modified bases in tRNA (see [8] for review). While the biological
role of this structurally diverse group of compounds is poorly understood, herbicidal,
antibacterial, antifungal, and antineoplastic activities have been demonstrated in vitro,
garnering interest in the use of these compounds as therapeutic agents.

The structural diversity of deazapurine-containing molecules, as illustrated in Fig. 2, results
from a large number of substitutions that can occur at the C-7 of the unique pyrrole ring,
which is appended to an adenine- or guanine-like six-membered ring. Many of the
compounds that have been isolated from marine sources contain modifications of the
deazapurine core at positions other than C-7 or on the ribose. Despite the structural
differences and diverse biological roles of naturally occurring pyrrolopyrimidines, the
biosynthetic pathways that produce all 7-deazapurines are identical up to a central 7-
cyano-7-deazaguanine intermediate. The remainder of this review will highlight the
biosynthetic pathway for construction of the 7-deaza core structure and discuss CDG
synthase, a radical SAM protein that catalyzes the key ring contraction step leading to the
unique 7-deazapurine core common to 7-deazapurine containing secondary metabolites and
the hypermodified tRNA base queuosine.
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2.1 A “Rosetta stone” for deciphering the biosynthesis of deazapurines

A substantial body of radiotracer feeding experiments had established the source of many of
the atoms in 7-deazapurines. The results for toyocamycin are summarized in Fig. 3 (see [8]
for an extensive review of the early studies). Parallel studies from two laboratories led to the
elucidation of the complete pathway for the biosynthesis of the hypermodified tRNA base,
queuosine, and the two structurally related secondary metabolites, sangivamycin/
toyocamycin. In all cases that had been examined, the source of the deazapurine moiety was
shown to be either adenine or guanine [9-11], whereas the pyrrole ring was derived from
ribose (Fig. 3) [10]. Interestingly, GTP cyclohydrolase | (GCH 1), which catalyzes the
conversion of GTP to 7,8-dihydroneopterin triphosphate in the biosynthesis of folic acid, is
induced in S. rimosus simultaneously with the appearance of sangivamycin and toyocamycin
in the culture filtrates [12], potentially implicating GCH | or a related homolog in the
biosynthesis of deazapurines.

Using a bioinformatics-based approach, deCrecy-Lagard and lwata-Reuyl searched genome
sequences of organisms that produce the deazapurine-containing tRNA base, queuosine
[13]. Four genes were identified in this study, which in addition to a GCH | homolog also
included a member of the SAM radical superfamily [1]. The GCH | homolog was
subsequently shown to catalyze the NADPH-dependent conversion of preQgq to 7-
aminomethyl-7-deazaguanine [14]. The functions of the remaining three orfs were not
immediately obvious.

The cluster of genes from S rimosus involved in the production of sangivamycin and
toyoeamyein was identified by taking advantage of co-localization of secondary metabolite
biosynthetic genes in Streptomyces [15]. S. rimosus excretes both toyoeamyein and
sangivamycin into its culture medium, and Suhadolnik and coworkers had demonstrated the
presence of a toyoeamyein nitrile hydratase (TNHase) in this organism [16,17]. TNHase
catalyzes the hydration of toyoeamyein to produce sangivamycin. Purification of TNHase
followed by sequencing of the N-termini of each of the three subunits of the protein
provided sufficient information to identify a gene cluster encoding the biosynthetic pathway
to sangivamycin and toyoeamyein. The genes in the cluster, designated toyA-M, serve as a
“Rosetta stone” to decipher deazapurine biosynthesis in all bacterial species. The 13 orfs
identified in this study included three of the genes that had been identified in the
biosynthesis of queuosine [13]. This observation showed, for the first time, that all 7-
deazapurines arise through a series of common biosynthetic steps. In addition, the
toyoeamyein biosynthesis cluster also contains a functional GTP cyclohydrolase | (GCH 1)
homolog, suggesting that conversion of GTP to 7,8-dihydroneopterin triphosphate is the first
step in the pathway.

Subsequent functional characterization of the S. rimosus orfs or related homologs from other
bacterial species led to the general paradigm for biosynthesis of 7-deazapurines (see Fig. 4).
GTP is the starting point and is converted to 7,8-dihydroneopterin triphosphate (HoNTP) by
the action of GCH I. A 6-pyruvoyltetrahydropterin synthase homolog (QueD) converts
H,NTP to 6-carboxy-5,6,7,8-tetrahydropterin (CPH,4) [18]. A member of the radical SAM
enzyme superfamily, CDG synthase (QueE), converts CPH, to 7-carboxydeazaguanine
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(CDG), which is subsequently converted to 7-cyano-7-deazaguanine (preQg) [19] by QueC,
a previously identified intermediate in the biosynthesis of 7-deazapurines [20]. At this point
the pathways toward queuosine, and toyocamycin and sangivamycin diverge. In the case of
queuosine, preQg undergoes reduction by QueF to preQq [14] and is exchanged with a G in
the wobble position of tRNA by TGT [20]. The base is further modified by addition of a
cyclopentenediol epoxide moiety, which is derived from SAM [21]. The final reaction,
conversion of epoxyqueuosine (0Q) to queuosine is catalyzed by oQ reductase (QueG),
which requires both Fe-S and B15 [22]. While most of the steps from preQg to toyocamycin
remain to be confirmed experimentally, TNHase (ToyJKL) has been overexpressed
heterologously and activity of the protein has been reconstituted [15].

2.3 Radical-mediated ring contraction catalyzed by CDG synthase

CDG synthase (QueE) catalyzes the conversion of CPH,4 to CDG. The activity of CDG
synthase was demonstrated with the B. subtilis homolog, and both SAM and dithionite are
required for catalytic activity [19]. The ring contraction catalyzed by CDG synthase also
requires elimination of the N-7 in the starting material and formation of a new C-C bond. In
the context of reactivity of radical SAM proteins, the required transformations can be
accomplished by abstraction of a hydrogen atom from C-6 as shown in Fig. 5A. The
substrate radical formed from C-H abstraction can rearrange, perhaps through a bridged
intermediate, to a nitrogen-centered radical. Transfer of H-atom from 5’-dAdo to the
intermediate would lead to formation of the initial product. One can utilize pyrrole ring N-9
to eliminate the amino group and activate the hydrogen at C-7 for general base catalyzed re-
aromatization of the system.

Abstraction of the hydrogen atom from C-6 of CPH, to initiate catalysis is attractive from
several perspectives. First, a C-6 based radical can be stabilized by delocalization of the
unpaired spin density into the carboxylate moiety (Fig 5B). In the analogous product-like
radical observed in the steady-state of the reaction catalyzed by lysine 2,3-aminomutase,
electron paramagnetic resonance measurements of the magnitudes of the a-H hyperfine
coupling constant suggest that as much as 20% of the spin density may be delocalized onto
the carboxylate [23,24]. Second, a C-6 based radical intermediate in the CDG synthase
reaction can be stabilized captodatively. Captodative stabilization relies on availability of
both an electron withdrawing and an electron donating group attached to the carbon bearing
the unpaired spin. In the case of the proposed radical, the combined electron withdrawing
effect of the carboxylate and the electron donation by the lone pair of the substituted
nitrogen adjacent to it may stabilize the intermediate as shown by the resonance forms in
Fig. 5B. Captodative effects have been proposed to both stabilize and lower the bond
dissociation energies of the glycyl radical in pyruvate formate lyase [25,26].

An alternative mechanism involving abstraction at C-7 can also be proposed [27].
Abstraction of a H-atom from C-7 would permit a reaction cascade that is reminiscent of the
group elimination step proposed for some adenosylcobalamin-dependent enzymes, such as
ethanolamine ammonia-lyase (see [28] for review). A product-like radical could be
quenched by H-atom abstraction from dAdo, as proposed in Fig. 5A for abstraction at C-6.
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3. Wybutosine

Wybutosine (yW) and its derivatives are found in position 37 of tRNA that encode Phe in
eukaryotes and archea. The modified base was discovered in the course of sequencing
tRNAP"e by Khorana and coworkers in the Institute for Enzyme Research at the University
Wisconsin-Madison [29]. It was one of two unknowns (deemed X and Y) whose presence
was noted in the tRNA.

The structure of wybutosine was established by several methods. It was noted early on that
mild acid treatment of tRNAPe leads to release of the highly fluorescent base of wybutosine
[30]. This treatment provided a convenient method of obtaining sufficient quantities of the
base for structural assignment. A variety of NMR, MS, and UV-visible studies yielded the
identity of the base [31-33], whose structure was further confirmed by comparison to
synthetic standards [34,35]. Examination of archaea and bovine liver led to identification of
several additional analogs [36-39].

3.1 Biosynthesis of wybutosine

The current paradigm for the biosynthesis of wybutosine is shown in Figure 7. Radiotracer
and stable isotope experiments provided significant clues to the biosynthetic pathway. Yeast
cells were shown to incorporate radiolabeled guanine into wybutosine, suggesting that
guanosine serves as the precursor [40]. The aminocarboxypropyl sidechain was also derived
from SAM [41]. NMR studies with 13C labeled tRNAP"® |ed to the insight that the N-methyl
groups of the molecule are derived from SAM [42]. The source of the two carbon atoms that
are required for the new 5-membered ring was not determined.

The pathway to wybutosine was established by biochemical and bioinformatic methods (see
Fig. 7). The first enzyme to be identified in the yeast pathway to Y was YMLOO5w; deletion
of the gene led to accumulation of ImG-14. Reconstitution of the pathway from ImG-14 to
yW was accomplished as well [43]. An extensive comparative genomic analysis has led to
the realization that ImG-14 is the common intermediate in the biosynthesis of wybutosine
and all its analogs discovered to date, and that the variation in the form of the modified base
that will be found in various organisms can be predicted based on genes downstream of
TYW1 [44].

The biosynthetic pathway to wybutosine in yeast has five steps, each of which utilize SAM
either as a group donor or for C-H activation. A tour-de-force series of ribonucleome studies
by Suzuki and coworkers were crucial to defining the steps [45]. The first step is
methylation of the N1 position of guano sine 37 of tRNAP® with SAM catalyzed by Trm5.
TYW1 (YPL207w in yeast) was identified by comparative genomic analysis [46] and recent
studies from this lab have shown that TYW?1 catalyzes the condensation of pyruvate with
mlG to generate ImG-14 [47]. The identification of pyruvate as the substrate resolved the
long-standing question about the source of the new carbon atoms in wybutsine. TYW2
catalyzes transfer of the aminocarboxypropyl group of SAM to the C-7 position of yW-86.
TYWS3, which was the first enzyme to be discovered in the pathway, catalyzes the
methylation of N-4 of ImG-14 to form yW-72 [48]. yW-72 subsequently undergoes
methylation and methoxycarbonylation to form yW. The hydroxywybutosine structural
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variant of yW found in higher eukaryotes is produced from yW-72 by the 2-oxoglutarate-
dependent enzyme TYWS5 [49]. The X-ray crystal structures of all but one of the proteins
(TYWS3) have been solved [50-54].

3.2. Radical-mediated ring-formation by TYW1

TYW!1 catalyzes condensation of pyruvate with m!G to form imG-14. TYW1 has been
classified as a member of the radical SAM super family on the basis of presence of the
conserved Cys motif that is characteristic of these proteins. Three additional Cys residues
are also conserved. X-Ray crystal structures of TYW1 homologs from Pyrococcus
horiskoshii and Methanocal dococcus jannaschii have been solved [50,51]. While neither
structure showed occupancy of a putative radical SAM metal center in the active site, the
positions of these residues are consistent with a [4Fe-4S] cluster being present in the active
protein. Soaking of Fe leads to density consistent with a metal binding site [50].
Interestingly, the structures revealed a second cluster of 3 Cys residues on the opposite side
of the active site cleft which may form a second cluster, the identity of which remains to be
established. In vivo studies with the variants where the conserved Cys residues that form the
radical SAM cluster were mutated show that they are essential for activity [51]. In vitro
studies with purified TYW1 have demonstrated that SAM and reductant are required [47].

Mass spectrometric analyses of the reaction products obtained with C1, C2 or C3 13C-
labeled pyruvate show that C2 and C3 of pyruvate are incorporated into the product whereas
Clis lost. A mechanistic proposal that is consistent with the amino acid conservation and
the SAM requirement is shown in Figure 8 (mechanism was adapted from [47]). Pyruvate is
proposed to form a Schiff base with the conserved Lys residue (K41 in the M. jannaschii
homolog) in the active site of the protein; mutation of the Lys residue to Ala in the yeast
homolog leads to accumulation of m1G in vivo [51]. The radical SAM cluster reductively
cleaves SAM to generate 5’-dAdoe, which either directly or through an enzyme-based
radical, abstracts a H-atom from m1G. The substrate radical adds to C2 of pyruvate, which is
followed by homolytic scission of the C1-C2 bond. The resulting intermediate undergoes
transimination and deprotonation to form imG-14. The second product, the proposed formyl
radical, can either acquire a H-atom or undergo reduction and protonation to produce
formate or CO,. Similar decarboxylation reactions have been proposed for pyruvate
formate-lyase and coproporphyrinogen synthase [55]. TYW1 is similar to other radical SAM
proteins that harbor a second cluster in addition to a radical SAM cluster. In vivo studies
have demonstrated that the residues that would be involved in the formation of the second
cluster are required for activity, consistent with the intimate role in catalysis proposed here.

4. Coenzyme Fy9

Coenzyme F4yq (Figure 9) is a low potential redox (=360 mV) cofactor with diverse
biological roles ranging from methanogenesis, intermediary metabolism, and DNA
photorepair, to production of secondary metabolites. The green fluorescent cofactor,
coenzyme Fy90, so-called for its intense 420 nm absorbance, was first discovered in
Mycobacteria [56] and subsequently isolated from Methanobacterium strain M.o.H [57] and
structurally characterized [58]. Coenzyme Fj4oq has since been shown to be widely
distributed [59].
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Coenzyme F4yq structurally resembles riboflavin but is functionally equivalent to pyridine
adenine nucleotide coenzyme [60]. By contrast to riboflavin, which can be a 1- or 2-electron
redox cofactor, replacement of N-5 in riboflavin with a methylene renders coenzyme F4»q
more suited for hydride transfer reactions. A notable exception is its role in photorepair of
DNA thymine dimers. Photoactivation of the molecule accesses the excited semiquinone
state permitting 1-electron chemistry. This property of coenzyme F,4q is exploited in vitro
for photoreduction of redox proteins [61].

4.1 Biosynthesis of Coenzyme F45q

A biosynthetic pathway for F4,0, which is consistent with all radiotracer experiments and
biochemical studies to date, is shown in Fig. 9. Fg has been proposed to form from
condensation of 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione (compound 6) with 4-
hydroxyphenylpyruvate [62,63]. Compound 6 is an intermediate in the biosynthetic pathway
to riboflavin [64], where it is formed in three steps from GTP; feeding experiments have
shown that it is incorporated into deazaflavin without significant dilution of the label [65].
The fluorescent Fq scaffold is elaborated further by addition of phospholactate, which is
activated via attachment to GMP by a 2-phospho-L-lactate guanylyltransferase [66].
Variable numbers of glutamyl residues have been noted to cap the lactyl group (see [67] for
examples) [58].

4.2 Condensation reaction catalyzed by 7,8-didemethyl-8-hydroxy-5-deazariboflavin
synthase (DS)

The deaza ring structure of coenzyme Fy45q is formed by a condensation reaction catalyzed
by 7,8-didemethyl-8-hydroxy-5-deazariboflavin synthase (DS). In certain organisms, (such
as S. coelicolor or Mycobacterium smegmatis) [62], this protein is encoded by a single gene
(sco4429 or fbiC) but in M. jannaschii, two genes (mj0446 and mj1431) encoding the N- and
C-terminal halves of the protein are present [63]. Overexpression of either the mycobacterial
or methanococcal proteins in E. coli, which do not have a deazaflavin biosynthesis pathway,
leads to accumulation of Fg in the growth medium. Production of Fg in cell free extracts of
E. coli expressing the M. smegmatis FbiC homolog is stimulated by addition of compound 6
and hydroxyphenylpyruvate (HPP). Early studies could not rule out Tyr as the substrate for
the enzyme [65]; however, stimulation of Fq production by HPP is strongly suggestive that
hydroxyphenylpyruvate is the substrate [63]. The presence of SAM, dithionite, Fe*, and
inorganic sulfide stimulates production ~ 10-fold, consistent with the radical SAM clusters
that are encoded in the sequence.

Protein sequence analysis reveals that DS is a member of the radical SAM superfamily. The
sequence contains two radical SAM (CX3CX,C) motifs, one of which is located in the N-
terminal half and the other in the C-terminal half of the protein. Both appear to be required
for the formation of Fq [63]. The 2-subunit M. jannaschii homolog encodes one such
sequence in each subunit, consistent with sequence similarity to the N- and C-terminal
halves of FbiC.

The catalytic mechanism of DS remains to be established. It is assumed that one or both of
the radical SAM clusters encoded by the protein may be involved in reductive cleavage of
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SAM to generate 5’-dAdoe, which in turn would activate one of the substrates to facilitate
the condensation. A mechanism consistent with this notion has been proposed whereby H-
atom abstraction at HPP and Compound 6 are required for initiating catalysis [63]. However,
studies of radical SAM proteins involved in the biosynthesis of thiamin (ThiGH) [68], the
cyanide ligand of FeFe hydrgenase (HydG) [69], and the 3-methylindole moiety of the
antibiotic nosiheptide (NosL) [70] suggest an alternative mechanism. Each of these proteins
catalyzes the cleavage of C-Cg bond of Tyr (Fig. 10); in the case of HydG and Thil, p-
cresol has been shown to form [68]. The C,-Cg bond of 4-hydroxyphenylpyruvate may be
mechanistically similar to the cleavage of the analogous bond in Tyr, and that a reactive p-
cresol-like intermediate may be the species involved involved in the condensation reaction.
Moreover, by analogy to the mechanistic proposal shown for TYW1, 4-
hydroxyphenylpyruvate may form a Schiff base with the protein facilitating the cleavage.
Confirmation of these predictions must await in vitro characterization of active DS.

5. Perspective

The reactions catalyzed by CDG synthase, TYWZ1, and deazaflavin synthase are only a small
fraction of the thousands of transformations attributed to the radical SAM superfamily. As
genome sequencing efforts are expanded, this group of enzymes is likely to grow providing
fascinating examples of radical-mediated transformations. The challenge in the field is to
utilize the growing body of mechanistic, structural, and sequence information to better
classify these proteins and predict their function.
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Figure 1.
Radical SAM proteins catalyze reductive cleavage of SAM to generate dAdoe, which is

required for catalysis.
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Representative examples of 7-deazapurines showing the structural diversity in

pyrrolopyrimidine-based metabolites.
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Figure 3.
In the course of biosynthesis from carbon-2 of the starting purine is retained whereas

carbon-8 is lost as formate. Carbons 1-3 from ribose of the starting sugar are incorporated
into the 5-membered ring and side chain of the 7-deazapurine.
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Biosynthetic pathways leading to the hypermodified tRNA base queuosine and secondary

metabolites sangivamycin/toyocamycin. Steps that have been demonstrated in vitro are
denoted by solid arrows.
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Figure 6.
Mechanism for CDG synthase assuming abstraction at C-7. As in the mechanism involving

abstraction at C-6 shown in Fig. 5, it is assumed that the substrate radical is quenched by H-
atom transfer from dAdo and that SAM is regenerated.
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Biosynthetic pathway leading to the hypermodified tRNA base wybutosine (yW). Unlike
queuosine, all steps leading to the modified base occur on the tRNA.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 May 15.



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

1duosnue Joyiny vd-HIN

Bandarian Page 21

\@
0° X+ 0© *NH Lys\\@ A—H Lys Lys Lys

& S~ — °_.<‘NH . A N
H - H ® /\
o) fl‘l NH NH NH (o] ||\1 NH \NH®0
e Y i Y : Y e Y Y Y
LN L
‘tRNA tRNA tRNA tRNA “tRNA tRNA tRNA tRNA

Figure 8.
Mechanism of action of TYW1. H-atom abstraction either by dAdoe or another radical

generated by it from m1G substrate initiates the radical cascade. A conserved Lys residue is
proposed to be involved in formation of Schiff base with pyruvate.
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Biosynthesis of coenzyme F429. Compound 6 is an intermediate in the biosynthesis of

riboflavin as well. F4oq from different organisms can have variable numbers of glutamate
residues.
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Similarity of reactions catalyzed by the radical SAM proteins HydG, ThiH, and NosL to that
of DS. By analogy to HydG [69] and ThiGH [68], where p-cresol has been shown to be a
product, HPP may be activated in a similar manner upon abstraction of a hydrogen atom
from the ring hydroxyl and fragmentation.
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