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Abstract

The Radical SAM Superfamily contains over 100,000 homologous enzymes that catalyze a
remarkably broad range of reactions required for life, including metabolism, nucleic acid
modification, and biogenesis of cofactors. While the highly conserved SAM-binding motif
responsible for formation of the key 5’-deoxyadenosyl radical intermediate is a key structural
feature that simplifies identification of superfamily members, our understanding their structure-
function relationships is complicated by the modular nature of their structures, which exhibit
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varied and complex domain architectures. To gain new insight about these relationships, we
classified the entire set of sequences into similarity-based subgroups that could be visualized using
sequence similarity networks. This superfamily-wide analysis reveals important features that had
not previously been appreciated from studies focused on one or a few members. Functional
information mapped to the networks indicates which members have been experimentally or
structurally characterized, their known reaction types, and their phylogenentic distribution. Despite
the biological importance of radical SAM chemistry, the vast majority of superfamily members
have never been experimentally characterized in any way, suggesting that many new reactions
remain to be discovered. In addition to 20 subgroups with at least one known function, we
identified additional subgroups made up entirely of sequences of unknown function. Importantly,
our results indicate that even general reaction types fail to track well with our sequence similarity-
based subgroupings, raising major challenges for function prediction for currently identified and
new members that continue to be discovered. Interactive similarity networks and other data from
this analysis are available from the Structure-Function Linkage Database.

Keywords

1.

Radical SAM superfamily census; classification of Radical SAM enzymes by sequence similarity;
subgroups and families in the Radical SAM superfamily; multiple domain structures of Radical
SAM superfamily enzymes; structure-function mapping, phylogenetic representation; sequence
similarity networks

INTRODUCTION: OVERVIEW OF THE RADICAL SAM SUPERFAMILY

The widely studied Radical S-adenosylmethionine (SAM) Superfamily (RSS) was originally
defined using bioinformatics techniques to survey the 650 RSS members available at that
time. It described a homologous group of enzymes united by their utilization of SAM in a
radical mechanism (Sofia, Chen, Hetzler, Reyes-Spindola, & Miller, 2001). The original
sequence set came from 126 species representing all Kingdoms of life and included many of
the first RSS enzymes to be characterized: lysine 2,3-aminomutase (LAM), (Moss & Frey,
1987), biotin synthase (BioB) (Lotierzo, Tse Sum Bui, Florentin, Escalettes, & Marquet,
2005; Reyda, Dippold, Dotson, & Jarrett, 2008) lipoyl synthase (LipA) (Cicchillo, Iwig, et
al., 2004; Miller et al., 2000), pyruvate-formate lyase activase (PflA) (Knappe & Sawers,
1990; Vey et al., 2008), and anaerobic ribonucleoside-triphosphate reductase activase
(NrdG) (Padovani, Thomas, Trautwein, Mulliez, & Fontecave, 2001). From a chemical
perspective, to be considered a member of the RSS, Sofia defined three characteristics that
were minimally required:

. A unique three-cysteine motif that binds the [Fe4S4] cluster, leaving the apical
iron free to bind the SAM moiety in a bidentate manner. This canonical motif,
[CX3CX,C] is associated with a single domain and largely conserved in known
structures (Fig. 1A). The vast majority of RSS proteins (more than 90 %) contain
this motif and the rest exhibit several different variations that have either cysteine
residues one and two or two and three separated by two or three other residues.
The number of residues between alternate cysteine pairs (cysteines one and two
or cysteines two and three) can vary from three to 22.
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. A common activation step involved in formation of the 5’-deoxyadenosyl (5’-
dA) radical and methionine (Met) (Fig. 1B).1

. A requirement for an external electron donor to catalyze the initial reduction of
the [FesS,4] cluster.

In this work, we refer to this superfamily as the “canonical” RSS to distinguish it from
several other unrelated superfamilies that use SAM in a radical-like reaction.

The original set of 650 sequences has now grown over 150-fold (not counting sequences
from the large compilations of metagenomic data now coming available). Known functions
reveal that RSS enzymes catalyze a dizzying array of disparate and essential chemistries that
range from the formation of complex metal cofactors (Dinis, Wieckowski, & Roach, 2016)
(e.g. the formation of the [FeFe]-hydrogenase metallocofactor in HydG (Pilet et al., 2009)
and HydE (Nicolet et al., 2008)) to the formation of more than half of the over two dozen
known organic cofactors (for example, biotin (Lotierzo, Tse Sum Bui, Florentin, Escalettes,
& Marquet, 2005; Reyda, Dippold, Dotson, & Jarrett, 2008), lipoic acid (Cicchillo, Lee, et
al., 2004; Miller et al., 2000), menaquinone (vitamin K) (Hiratsuka et al., 2008) and
pyrroloquinonoline quinone (PQQ) (Barr et al., 2016; Puehringer, Metlitzky, &
Schwarzenbacher, 2008)). They are also involved in the modification of nucleic acids, often
via methylation of aromatic carbon centers, repair of DNA dimers (as in spore photoproduct
lyase (SPL) (Benjdia, Heil, Barends, Carell, & Schlichting, 2012; Yang & Li, 2015)), the
formation of the wybutosine base on tRNA (Young & Bandarian, 2011), and the formation
of complex natural products such as antibiotics (Mahanta, Hudson, & Mitchell, 20173,
2017b) (for example nosiheptide (LaMattina et al., 2017; Yu et al., 2009) and bleomycin
(Tao et al., 2007)). Despite many excellent reviews (see (Broderick, Duffus, Duschene, &
Shepard, 2014; Dowling, ey, Croft, & Drennan, 2012; Grell, Goldman, & Drennan, 2015;
Lanz & Booker, 2012; ey & Drennan, 2011; Wang et al., 2014) for some recent examples)
and an ever growing corpus of work that addresses mechanistic and structural features of
individual or small groups of RSS enzymes, relatively little is known about the structure-
function relationships across all of the members of this complex and fascinating superfamily
because the huge proportion of RSS enzymes remain experimentally uncharacterized.

As with the chemical perspective, the RSS is difficult to define from a sequence and
structural perspective due to the varied multi-domain architectures (MDAS) in which the
core superfamily motif is embedded. For the global analysis described here, we started with
the sequence sets that represent the superfamily domain containing the SAM binding motif
available from the widely used Pfam (Finn et al., 2016) and InterPro (Finn et al., 2017)
resources, then expanded and curated the set to obtain over 100,000 non-redundant
sequences representing the RSS superfamily(see Methods).

1-Although it has long been assumed that the only chemical feature that all RSS members have in common is the formation of the 5°-
dA radical from SAM by the structurally conserved iron-sulfur cluster-binding motif, even this most fundamental and “obligate”
descriptor of the canonical RSS no longer holds. At least one exception to this rule has now been identified. Although it is clearly
homologous to other canonical RSS sequences, a tryptophan methyltransferase TsrM involved in the biosynthesis of the thiopeptide
antibiotic thiostrepton, does not catalyze formation of a 5’-dA radical (Blaszczyk et al., 2016; Pierre et al., 2012). A few other similar
as yet uncharacterized cobalamin-dependent methylases that methylate sp2-hybridized carbon centers may represent additional

exceptions.
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Besides the canonical RSS, we note that at least three other homologous sets of other fold
types catalyze RSS-like reactions using mechanisms that differ in key ways from those of
the RSS described here. We have provisionally defined these groups as superfamilies
because the members within each are sufficiently diverse that we expect they may catalyze
additional reactions besides those for which they are named. We were unable to find
sequence or structural relationships between the canonical RSS and any of these other
superfamilies. As a result, we do not include any of the members of these other
superfamilies in the canonical RSS.

These superfamilies include the radical SAM phosphonate metabolism superfamily (Kamat,
Williams, & Raushel, 2011) that catalyzes the demethylation and cyclization of a phosphine
by alpha-D-ribose 1-methylphosphonate 5-phosphate C-P lyase (PhnJ), the radical SAM
phosphomethylpyrimidine synthase superfamily (Coquille et al., 2013) that catalyzes the
phosphomethylpyrimidine synthesis reaction, and the radical SAM 3-amino-3-
carboxypropyl radical forming superfamily involved in diphthamide biosynthesis (Zhang et
al., 2010). For the latter, both the radical formation and structural origin of the SAM binding
motif show differences from the canonical RSS, /.e., the initial radical formed is a 3-
amino-3-carboxypropyl rather than the 5’-deoxyadenosyl radical, while the iron-sulfur
cluster is bound by a three-cysteine motif using cysteine residues from three different
domains (rather than from a single domain as in the canonical RSS). Although these
superfamilies are not discussed further in this report, additional information, including
sequence similarity networks and other data about these non-canonical superfamilies is
available from the Structure-Function Linkage Database (SFLD) (Akiva et al., 2014). Fig. 2
shows a comparison of a canonical RSS structure with those of these three noncanonical
superfamilies. An additional superfamily has been described in the literature that produces a
5’-dA radical but differs in other important details, such as in the source of the radical. For
example, methylmalonyl-coenzyme A mutase (Mancia et al., 1996) is a member of a class of
enzymes that uses coenzyme B12 (adenosylcobalamin) as a cofactor to generate the 5’-dA
radical).

This paper reports new findings regarding sequence-structure-function relationships in the
canonical RSS that can be uniquely accessed from large-scale comparisons of their
sequences. Sequence similarity networks (SSNs) annotated with different types of functional
and other information (Atkinson, Morris, Ferrin, & Babbitt, 2009) are used to summarize
these relationships across the entire superfamily. Guided by the subgroupings emerging from
these comparisons, we generated a classification of the RSS that includes known functions
(knowns) along with the majority of members that are of unknown function (unknowns). For
sequences sufficiently similar to characterized knowns, the large-scale context that resulted
may provide clues useful for predicting some of their functional features. This global context
can also be used to guide identification of informative targets for biochemical and structural
characterization of unknowns.

The results of this work, along with additional data and information about the RSS, are
available from the SFLD at http://sfld.rbvi.ucsf.edu/. SSNs for the subgroups and families
curated in the SFLD, and other information, can be downloaded and interactively visualized
and studied using the freely available Cytoscape software (Shannon et al., 2003).
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2. RESULTS AND DISCUSSION

In this study, we first describe the RSS from a structural perspective, including the known
variations across MDAs that typify the superfamily. Next, we provide a global view of
sequence similarity relationships among the RSS using SSNs to illustrate the subgroups into
which we partitioned these sequences to establish a comprehensive classification of the
entire superfamily based on sequence similarity (in contrast to the majority of previously
published RSS classifications that are based on various descriptions of reaction similarity).
Mapping the SSNs with functional information describing the coverage of known functions
and solved structures reveals how little we know about the breadth of chemical and
structural variation across the RSS, while mapping the types of life in which members are
found supports previous suggestions that the RSS is of ancient origin. Finally, we describe
differences between similarity-based and reaction-based classifications of the RSS and
discuss the implications of these differences for function prediction of unknowns.

2.1 STRUCTURAL OVERVIEW OF THE RSS

Until recently, it was thought that only two folds were represented in the canonical RSS
superfamily, a full triose phosphate isomerase (TIM) barrel type ((/a)s, CATH (Dawson,
Sillitoe, Lees, Lam, & Orengo, 2017) topology 3.20.20.70) and a variant three-quarter barrel
((B/a)g, CATH domain 3.80.30.20). As the number of characterized structures has grown,
greater structural diversity has become apparent, with topologies ranging from the full TIM
barrel to several additional variants of pruned-down barrels. Some examples are given in
Fig. 3.

Much previous work has provided in-depth information about some of the varied domain
types that make up these proteins (for example (Dowling, ey, Croft, & Drennan, 2012;
Grell, Goldman, & Drennan, 2015; Vey & Drennan, 2011)). A superfamily-wide description
of RSS component domains and their structural roles as they are defined and discussed in
this paper is provided in Box 1.

The shortest full-length RSS enzyme that is not a fragment is 46 residues in length, while the
longest is over 2,000 residues (UniProt 2017). Much of this large variation in size can be
ascribed to the large proportion of RSS enzymes represented by multi-domain structures,
many of them made up of accessory domains required for RSS function or that are involved
in tailoring function in some full-length proteins. Both types of accessory domains are
unrelated to the core superfamily domain and are homologous to each other only within
specific subgroup(s) or families. For example, the B12-dependent enzymes require Vitamin
B12, and so include a cobalamin-binding domain fused to the radical SAM domain. Our
analysis, along with that of the InterPro resource (data not shown) suggests that most RSS
proteins are on average composed of two or more domains.

The variations in MDA structures represented in the RSS can be estimated from Pfam data,
which describe proteins in terms of their constituent domains. Although the PFAM model
(PF04055) itself represents only the radical SAM superfamily domain, it is accompanied by
a prediction of the additional domain types found in the full-length sequences of the
canonical RSS. Table 1 reports on the number of MDAs they predict. The highest confidence

Methods Enzymol. Author manuscript; available in PMC 2019 April 02.
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MDA predictions are those that are found in multiple sequences, rather than the large
number of predicted MDAs that are represented by only one superfamily sequence.

Fig. 4 shows the primary MDAs predicted by Pfam as a network which is centered on the
core radical SAM superfamily domain, along with the MDA variants to which it links. As
highlighted in Fig. 4, some of these MDAs have multiple domain patterns that cluster
together based on the domains they have in common.

A wide literature has addressed the notion that functional diversity within enzyme
superfamilies can be achieved through many routes (see, for example, (Brown & Babbitt,
2014; Furnham et al., 2012)). The analysis reported here identifies sequence and structural
features that unite the RSS proteins on the scale of the superfamily and describes key types
of variation known to confer structural and functional specificity. These findings are
consistent with and extend similar conclusions made by others for smaller groups of RSS
members. Viewed from this global perspective, the key structure-function relationship of the
RSS reveals a conserved “plug-and-play” superfamily domain embedded in many different
MDAs. Together with the conserved core motif delivered by the superfamily domain,
additional MDA domains enable and distinguish the catalytic and specificity features of the
varied reactions of the superfamily. Although this model is undoubtedly an over-
simplification with respect to the refined mechanistic understanding of the interplay of
structural and chemical features for several unique RSS reactions, it provides a useful
foundation for creation of a global classification of the superfamily based on sequence
similarity, further refined using available structural and functional information.

2.2 A NEW CLASSIFICATION OF THE RSS BASED ON SEQUENCE SIMILARITY
SUBGROUPINGS

As of December 2017, the RSS curated in the SFLD contains 113,776 unique sequences. To
guide our mapping of structure-function relationships across the superfamily, we generated a
representative SSN (see Methods for details), followed by a “divide and conquer” strategy to
define subgroups of similarity-based clusters. One or more biochemically or structurally
characterized enzymes can be associated with 20 of these subgroups; 22 additional
subgroups containing no known reactions or structures were also identified and classified in
the SFLD as “uncharacterized subgroups.” The SSN shown in Fig. 5 provides a summary
view of these Level 1 subgroups of our RSS classification. Together, they form the basis for
the new classification of the RSS described in this work. Sequences that were too diverse to
be confidently assigned to either named or uncharacterized subgroups were not analyzed
further.

The SFLD defines subgroups at different levels of detail (e.g., Level 1, Level 2, Level 3
subgroups) as sets of homologous sequences for which the similarities among all members
in each subgroup are greater within that subgroup than they are to any sequence in another
subgroup. Other information, such as structural variations, MDA organization, and detailed
variations in subgroup-specific SAM binding motifs add support for these subgroup
boundaries. In particular, as the iron-sulfur cluster binding motifs are highly conserved in the
RSS, they are easy to identify so that small differences within each motif and its flanking
sequences help to distinguish subgroups. As warranted by available information, more
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detailed examination of primary (Level 1) subgroups allows curation of additional subgroup
levels within it, each representing subsets of sequences that share more detailed sequence,
structural, or functional features than are shared across the parent subgroup (see
Supplementary Table 1).

At the most granular level of the classification, the SFLD defines “reaction families” that
represent sets of sequences within a superfamily or subgroup for which good evidence
suggests that all family members catalyze the same reaction using a similar mechanism
(Holliday et al., 2017). Each reaction family is curated using one or more “founder”
enzymes that have been biochemically (and often, structurally) characterized. Along with
the founder enzyme(s), expert curators may assign to these families uncharacterized
sequences that are sufficiently similar to the founder sequence and that conserve functionally
distinguishing residues (see for example (Brown, Gerlt, Seffernick, & Babbitt, 2006;
Holliday et al., 2017)).

Although the use of computational annotation transfer expands the set of sequences that can
be functionally assigned, our confidence in these assignments is still limited by the lack of
direct experimental evidence of the annotated activity. ,To aid users in evaluating the
confidence of these assignments, these sequences are annotated in the SFLD with the IEA
(Inferred from Electronic Annotation) evidence code to differentiate them from sequences
with the IDA (Inferred from Direct Assay) evidence code. Even using this electronic
annotation transfer protocol, more than 50,000 RSS sequences fail to meet our criteria for
assigning them to reaction families.

The 20 colored and numbered subgroups shown in Fig. 5 are designated in this work as
Level 1 subgroups. Within some of these, an additional 17 subgroups have been classified in
the SFLD as Lever 2 or Level 3 subgroups that are children of a Level 1 subgroup. Our
classification also includes 101 reaction families for which 85 chemical reactions that have
been described in the primary literature. Accompanying this report, Supplementary Table S1
provides a list of the RSS reaction families curated in the SFLD along with their known
overall chemical transformations. Other features provided by this table include images of the
overall reactions, member accession numbers from several public sequence and structure
databases, conserved residues and motifs, and the known types of life to which the majority
of members of each subgroup belongs.

To examine the contribution of the highly conserved RSS superfamily domain to the
topology of the SSN generated from the full-length sequences shown in Fig. 5, we generated
an SSN using only this typically shorter domain. The resulting network (not shown) is
substantially similar to that of Fig. 5, indicating that the conserved RSS superfamily domain
dominates the sequence signal captured by the all-by-all BLAST comparisons. This
interpretation is consistent with other work suggesting that the superfamily domain provides
the foundational structural machinery required for radical SAM chemistry while
decorations/domain additions to the superfamily and functional domains enable the wide
variation in function for which the superfamily is known, for example, (Dowling, ey, Croft,
& Drennan, 2012; Vey & Drennan, 2011).

Methods Enzymol. Author manuscript; available in PMC 2019 April 02.
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Fig. 6 shows secondary structure diagrams from several subgroups for the core radical SAM
superfamily domains. The [Fe4-S4]-AdoMet binding motif is highlighted in each. This view
indicates that not only are the overall topologies of these proteins varied, but the position of
the motif in these sequences varies as well, illustrating yet another way in which nature has
expanded the use of this plug and play motif to support broadly different reactions. Although
the topologies shown are associated with different subgroups, due to the still poor structural
coverage of the superfamily, we cannot assert that each typifies the majority of the structures
of its associated subgroup.

For each image shown in Fig. 6, the full names, common names (in parentheses), PDB
identifiers, and Level 1 subgroup numbers (in square brackets) are: 7-carboxy-7-
deazaguanine synthase (QueE), 4NJK, [1]; oxygen-independent coproporphyrinogen-1il
oxidase 1 (HemN) 10LT, [2]; biotin synthase (BioB) 1R30, [6]; [Fe] hydrogenase maturase
(HydG) 4WCX, [6]; lipoyl synthase (LipA) 4UQP, [11]; ribosomal protein S12 (aspartate89-
C3)-methylthiotransferase (RimO) 2QGQ, [12]; 23S rRNA (adenine2503-C2)-
methyltransferase (RImN), 3RFA, [13]; pyruvate formate-lyase activase (PFL-AE) 3C8F,
[15]; L-lysine 2,3-aminomutase (LAM) 2AHS5 [16]; cyclic pyranopterin phosphate synthase
(MoaA) 1TV8, [17, Level 3]; anaerobic Cys-type sulfatase-maturating enzyme (AnSME)
4K36, [17, Level 3]; 2-deoxy-scyllo-inosamine dehydrogenase (BtrN) 4M7T, [17, Level 2];
spore photoproduct lyase 1 (SPL1) 4FHD, [19]; tRNA 4-demethylwyosine synthase (Tyw1)
2Y X0 [20]. These and other data, expanded to include all RSS subgroups of our
classification, are provided in Supplemental Table 1.

2.3 ALARGE SCALE VIEW OF RSS SEQUENCE-STRUCTURE-FUNCTION
RELATIONSHIPS REVEALS HOW LITTLE WE KNOW

The representative network shown in Fig. 5 provides an estimate of the breadth of
experimental coverage for RSS subgroups. Although this visualization may appear to infer
that several of these numbered Level 1 subgroups include many characterized functions and
structures, this first-pass interpretation could lead to the incorrect inference that a significant
proportion of RSS members are knowns. This results because the figure was intended to
highlight how broadly and in which subgroups experimentally characterized enzymes
sample the RSS sequence space, rather than to convey the proportion of that sequence space
that has been experimentally characterized. Table 2 provides a direct count of the number of
representative nodes and the total number of sequences in each of the 20 numbered Level 1
subgroups classified in the SFLD. There are 9,137 representative nodes in the 20 numbered
subgroups shown in Fig. 5 containing a total of 97,276 sequences. As detailed below, the
overwhelming majority of these sequences have not been experimentally characterized in
any way. (The number of sequences presented in Table 2 includes 97,276 sequences of the
113,776 sequences in the RSS, as the remainder are sufficiently diverse that they could not
be confidently assigned to a named subgroup or even to one of the “uncharacterized”
subgroups in the SFLD. None of these remainder sequences have characterized functions.)

Another indicator of the proportion of RSS sequences that are unknowns is the large amount
of gray space in Fig 5. There are 8,254 small gray representative nodes (out of 10,741 total
nodes in the figure) that are entirely made up of unknowns. Although these gray nodes are
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not included in Table 2, the number of sequences in each of these 22 “uncharacterized”
subgroups in the SFLD range from 44 to 2,635.

Especially daunting for achieving a realistic estimate of the functional and structural
variation in the RSS, the proportion of characterized structures and molecular functions
reported in the primary literature also remains remarkably small. Fewer than 4,000 RSS
members (less than 4% of the total number of sequences in the RSS) are described as
experimentally characterized in the reviewed section of the UniProt Knowledge Base
(UniProt 2017), Swiss -Prot. (Swiss-Prot offers the largest high quality compilation of
known protein functions currently available.) Thus, the experimentally determined
proportion of RSS enzymes is likely to remain much smaller than that of the unknowns.
Likewise, the structural coverage of the RSS is also extraordinarily low, with less than 100
structures representing even fewer unique proteins in the world-wide PDB (Berman,
Henrick, & Nakamura, 2003).

Our knowledge of the extent of structural variation in the canonical RSS is also small due to
the still poor structural sampling of its sequence space. Our attempts to use modelling of
RSS to ascertain independently the range of fold variation that comprise the RSS functional
domain failed to identify additional fold types (data not shown). As with other investigations
of this superfamily, this analysis was limited by the poor availability of structurally
characterized RSS enzymes for use as modelling templates.

2.4 THE ANCIENT LINEAGE OF THE RSS

It has been previously suggested that the RSS is of ancient origin, based in part on its
ubiquity across the biosphere (see, for example, (Holliday et al., 2007; ey & Drennan,
2011)). The global analysis of the RSS reported here reveals the broad extent of RSS
members in all three Kingdoms of life, providing additional support for this notion. The
SSN shown in Fig. 7 indicates that the vast majority of RSS members are bacterial, while
archaeal sequences represent the next largest proportion. Although a small proportion
compared to bacteria, archaeal sequences are found globally across the network, likely
indicating evolutionary emergence of RSS enzymes and divergence into major subtypes
prior to the archaeal-eubacterial split. Few members are found in eukaryotic organisms and
these are largely grouped together in a small number of subgroups. Some of these eukaryotic
enzymes have been associated with disease-causing mutations in humans, for example, the
MoaA (Hanzelmann & Schindelin, 2004) and LipA (Baker et al., 2014) families of the
cyclic pyranopterin phosphate Level 3 subgroup of the SPASM/Twitch Level 1 subgroup and
the Level 1 lipoyl synthase subgroup, respectively.

As another indication of the ancient origins of the superfamily, many of the reactions RSS
enzymes are known to catalyze are fundamental to all types of life. For example, the RSS is
involved in the biosynthesis of over half of the known organic cofactors. Table 3 shows some
of the Level 1 subgroups and their constituent families involved in the biosynthesis of some
of these cofactors, along with the types of life in which these enzymes are found.

The RSS also contains a large number of families responsible for the modification and repair
of DNA and RNA, another fundamental and ancient requirement for life. For example, the
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methylthiotransferase subgroup 12, MTTases, catalyze a C-H to C-S bond conversion in the
methylthiolation of tRNA. Four families can be assigned to this subgroup: MiaB-like,
CDK5RAP1, RimO, and MtaB (Anantharaman, Koonin, & Aravind, 2001). MTTases appear
to be made up of an N-terminal MTTase domain, a central radical-generating fold and a
TRAM domain (an acronym representing two named domains, TRM2 and the MiaB), found
at the C-terminal end. The TRAM domain can bind to an RNA substrate and appears to be
important for substrate recognition (Lee et al., 2009; UniProt 2017). In addition to the
radical-generating [Fe4-S4] cluster domain found in the middle of the protein, the N-terminal
MTTase domain contains three cysteines that bind a second [Fe4-S4] cluster, which could be
involved in the thiolation reaction. Within the RSS, the TRAM domain is unique to the
MTTase family and is not found in any other known superfamily members. This family is
found in all types of life, reflecting the critical role of the reaction it catalyzes.

Other families in the RSS that have representation across all domains of life include the
viperin family (antiviral proteins subgroup 3), known to be involved in antiviral activity
(although the molecular function is unknown), the elongator protein-like family from the
subgroup of the same name, thought to catalyze the tRNA wobble uridine modification at C5
of tRNA, and the Class A methyltransferase families of subgroup 13, adenosine C2
methyltransferase (RImN-like) and adenosine C8 methyltransferase (Cfr-like). These
subgroup 13 proteins utilize two SAM molecules, one as a methyl donor and one as the
source of the 5’-dA radical.

Together, these observations lend additional support to previous suggestions that RSS
ancestors evolved early in the history of life due to their ability to provide a catalytically
simple but powerful mechanism for activating atoms that are typically unreactive in
biological organisms. This fundamental synthetic power, their activity in the biosynthesis,
degradation, modification and repair of molecules essential to life, along with the range and
breadth of their coverage in the biosphere confirms on the global scale of the superfamily the
notion that the lineage of the RSS is indeed ancient.

2.5 CLASSIFICATION OF THE RSS BASED ON SEQUENCE SIMILARITY DIFFERS FROM
ITS CLASSIFICATION BASED ON CHEMISTRY

Divergence of ancestral proteins that use the conserved mechanistic machinery of the RSS
superfamily domain has led to the wide variety of overall chemical transformations that can
be broadly categorized into several general types of chemistry, for example, the insertion of
a sulfur atom, complex rearrangements, creation of a glycyl-radical, or methylation (see
Supplementary Table S1 for details). Fig. 8 illustrates how some of these major reaction
types map to the SSN. As indicated by the figure, these general reaction types do not cluster
discretely with specific subgroups. Even for the knowns of the B12-binding
methylthiotransferase-like reaction type (yellow diamonds), which appear to map discretely
to the main cluster of subgroup 5, several other reaction types map to this subgroup as well.
Supplemental Table 1 describes 27 known chemical reactions in this subgroup to which only
a total of 1307 sequences have been assigned to a family in the SFLD. Another 5551
sequences in subgroup 5 remain classified only at the subgroup level. These disconnects
between sequence-similarity derived clustering and the types of reactions found in those
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clusters suggest that not even these very general reaction types can be assigned to unknowns
based only on sequence similarity (although accurate annotation transfer of reaction type
from characterized enzymes to closely related sequences in the same SFLD family can be
done with some confidence, especially if key specificity-determining residues are
conserved).

Other types of chemical classifications fail to track well with our sequence similarity-based
classification as well (not shown). For example, the stoichiometry and utilization of SAM
differs widely across the RSS. This view identifies three classes that differ with respect to
the fate of SAM (Booker, 2009). Class | enzymes utilize SAM catalytically. Class 1l
represents the glycyl radical activating class, i.e. those reactions that abstract a hydrogen
atom from a glycine residue in a protein substrate. Class 11 enzymes, by far the largest set of
RSS enzymes currently known, utilize SAM stoichiometrically. However, our results
indicate that SAM is utilized both stoichiometrically and catalytically withina subgroup.
Even for two enzymes in the Level 2 subgroup of the Level 1 BATS domain-containing
subgroup, PyIB utilizes SAM as a true cofactor, whereas HydE utilizes it stoichiometrically.

Another way to map between reaction type and similarity groupings is provided by the Gene
Ontology (Holliday, Davidson, Akiva, & Babbitt, 2017) which is used in many large
resources to describe similarities in enzyme function. Here, enzyme reactions can be defined
using the Enzyme Nomenclature Commission classification (Tipton, 1994), which defines
enzyme reactions by EC number. Our automated comparison of known overall chemical
reactions of the RSS using EC-BLAST (Rahman, Cuesta, Furnham, Holliday, & Thornton,
2014), confirms that similarity in EC classification also fails to track with sequence
similarity. Issues with annotating unknowns with the EC number of the most similar
characterized enzyme has been raised previously for other enzyme superfamilies (Babbitt,
2003).

The general disconnect between chemical classifications of RSS reactions and the similarity-
based classification presented in this work suggests that functional and mechanistic
prediction of newly discovered RSS sequences may not be asserted with confidence without
biochemical characterization. One way to address this challenge is for experiment and
bioinformatics to work together to achieve breakthroughs in resolving these limitations. For
example, many recent studies have used multiple types of orthogonal information to obtain
functional clues about unknowns (Radivojac et al., 2013). The context provided by SSNs
along with information such as genome context, structural models and /in silico docking have
been especially powerful in suggesting functional properties for many proteins (for example
(Calhoun et al., 2018; Hermann et al., 2007; Kalyanaraman et al., 2008; Mashiyama et al.,
2014; Zhao et al., 2013)). In addition, the extensive variations in MDAs for the majority of
the RSS proteins provides a somewhat unique advantage for functional inference for this and
other superfamilies with complex MDAs, such as the haloacid dehalogenase superfamily
((Burroughs, Allen, Dunaway-Mariano, & Aravind, 2006). As fusion proteins can be used to
provide key evidence of functional association, (Marcotte et al., 1999), a superfamily-wide
strategy focusing on broad-scale mining of the MDA data such as shown in Fig. 4, especially
if used conjunction with other orthogonal data (Gerlt, Babbitt, Jacobson, & Almo, 2012),
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may aid in forming useful functional hypotheses for unknowns that share conserved aspects
of their MDAs.

2.6 ALOOK TO THE FUTURE: TARGETING UNKNOWNS FOR EXPERIMENTAL
CHARACTERIZATION

As the number of RSS sequences discovered in genome and metagenome projects continues
to grow, the proportion of the RSS that can be experimentally characterized will continue to
diminish. This scarcity of experimental data has significant consequences for predicting
functions of unknowns. Functional annotation in public databases now depends on
computational annotation transfer and is still heavily based on the assumption that sequence
similarity between unknowns and the most similar protein(s) that have been experimentally
characterized provides adequate support for annotation transfer. While this usually works
well for closely related sequences, it can also lead to high levels of misannotation,
particularly in functionally diverse enzyme superfamilies such as the RSS (Schnoes, Brown,
Dodevski, & Babbitt, 2009). Likewise, the even greater scarcity of characterized structures
limits our knowledge of unexplored regions of the RSS sequence space (Fig. 5). Our
attempts to use modelling of RSS sequences to ascertain the range of fold variants that
comprise the superfamily failed, as noted in section 2.3, as the current scarcity of structures
and their uneven breadth of coverage available for use as modelling templates diminishes
our ability to even ask this question.

Conservation of functionally important residues, including active site features and associated
mechanistic knowledge, has long provided important clues about specific functional features
of unknowns in many superfamilies and families (for example, (Brown, Gerlt, Seffernick, &
Babbitt, 2006; Holliday et al., 2017)). Table 2 and Fig. 5 allow estimation of the current state
of experimental coverage for the RSS, showing that some subgroups (such as the B12-
binding domain subgroup #5 in Fig. 5) are broadly covered relative to other subgroups.
Many other numbered subgroups have far fewer characterized enzymes; the 22
uncharacterized subgroups have none at all. As variations in active site conservation
patterns, genome context, structural features or biological phenotypes are available to inform
experimental design, it may be possible to expand the coverage of these neglected
subgroups. Especially relevant for the RSS, the rich variation among its MDAs could
support a global analysis of accessory domains to gain new functional clues about RSS
unknowns.

Comparison of conservation patterns have aided in the discrimination of RSS subgroups and
families as well. For example, of the more than 5,000 proteins that can be assigned to the
BioB-like Level 2 subgroup (of the BATs domain subgroup 6), only about 3,200 can be
annotated with that reaction based on the presence of functionally important active site
residues. The remainder are missing one or more of the residues considered critical for
performing the canonical biotin synthase reaction (Betz et al., 2015; Holliday, Davidson,
Akiva, & Babbitt, 2017), leading to the assertion that a large proportion of enzymes
annotated with the BioB function in the Gene Ontology database (Ashburner et al., 2000)
have been found to be misannotated (Holliday, Davidson, Akiva, & Babbitt, 2017).
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Broadening functional knowledge across the RSS requires as a necessary first step
identifying unknowns that are likely to represent fruitful targets. While superfamily
members associated with important biological phenotypes or that are of particular interest
for other reasons will remain key motivations for characterization, additional strategies to
investigate unknowns throughout the broader sequence space are needed. The subgroup
classification presented here identifies the least characterized subgroups of the RSS;
examination of differences between their conservation patterns and those of better
characterized subgroups will be useful in choosing targets likely to represent new reactions.

Many new strategies are now available for deeper evaluation of unknowns. As noted earlier,
large-scale /n sifico modelling can lead to functional hypotheses that can be validated and
studied in detail using targeted biochemical and structural characterization, while /n silico
docking of metabolites and genome context predictions can be evaluated using many types
of experimental approaches. Our subgroup classification, along with the interactive versions
of subgroup and family SSNs available for download from the SFLD, were created in part to
provide a global context for target selection in the RSS and to facilitate application of the
varied strategies now available to assign their functions.

2.7 METHODS

2.7.1 Collection of RSS sequences—To initiate populating the RSS for the SFLD,
we collected the full-length sequences in September 2012 associated with Pfam model
PF04055 and InterPro family IPR007197, removed duplicate sequences and resolved other
differences. This set was last updated using the SFLD automated update protocol on 7/9/14.
Functional domains of this representative sequence set superfamily were last updated on
11/22/17.

2.7.2 Representative networks—The full set of 113,776, sequences was clustered
using CD-HIT (Li & Godzik, 2006) at 50% pairwise identity, resulting in 10,741
representative nodes. Edges were drawn between representative nodes if the BLAST £-value
(used as a score) was < 1 x 10720, The representative network shown in Figs 5, 7 and 8 was
calculated following the Pythoscape infrastructure (Barber & Babbitt, 2012) where
similarity between each pair of representative nodes was calculated as the mean of the all-
by-all comparison scores between the sequences in each representative node pair. The
networks were visualized using the Prefuse force directed layout (mean edge £-value) in
Cytoscape (Smoot, Ono, Ruscheinski, Wang, & Ideker, 2011). As the calculated network
represents a multidimensional set of -1 pairwise comparisons where 77is the number of
sequences, these data must be compressed for visualization in two dimensions. Other work
has indicated that two-dimensional visualization provides an acceptable estimate of the
similarity relationships in thresholded SSNs (see (Atkinson, Morris, Ferrin, & Babbitt,
2009), Supplementary Figure 1 statistics).

2.7.3 Determining subgroups and families—RSS subgroups were defined semi-
automatically using as a guide representative SSNs annotated with a list of RSS reactions
currently known in the primary literature. These initial subgroup boundaries were refined
based on manual inspection of the network across a range of £-value thresholds and further
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informed from MDA data and available structural information. The aim was to choose an £-
value score threshold for drawing edges that resulted in sequence clusters that minimally
split nodes with similar reactions while maximally splitting those of different reactions. The
final mean £-value score shown in Fig. 5 and used to visualize the named subgroups curated
in the SFLD is 1 x 10720, Nodes of the same color that ended up in different clusters in Fig.
5 reflect the extent to which this could not be achieved and likely resulted from several
issues that include uneven rates of evolution of subgroups. For example, SFLD curation of
the highly divergent Level 1 subgroup 17, which represents proteins with a SPASM/Twitch
domain, required the creation of Level 2 and Level 3 subgroupings as the entire Level 1
subgroup could not be united at a statistically significant score using a single hidden Markov
Model (HMM) (Eddy, 2011). This diversity is also reflected in Fig. 5: the £-value chosen to
distinguish the majority of RSS subgroups was unable to cluster all of the SPASM/Twitch
domain subgroup members together. In contrast, at this £-value threshold, all of the
representative nodes of subgroup 1 cluster together due to the greater similarity among
members of this subgroup relative to those of subgroup 17.

In theory, the assignment of families in the SFLD is relatively simple, requiring at minimum,
at least one member that has been biochemically characterized, with at least some residues
and features identified that are known to be functionally important in that reaction. However,
transfer of function is problematic for representative nodes, each of which may contain
substantially divergent sequences that may catalyze reactions that are different from that
catalyzed by the characterized “founder” enzyme. To address this issue, we computed and
examined for each subgroup (at the most detailed subgroup level available) SSNs in which
each node represents a single sequence (data not shown). This allowed a detailed
comparison of all sequences in a subgroup for conservation as well as differences among key
residues known to be functionally important in the characterized member(s). Family
assignments were then made guided by these data.

2.7.4 Annotation of the RSS in the sfld—Annotation of subgroups and families is
supported by several types of information, including multiple sequence alignments (MSAS)
created using Clustal Omega (Sievers et al., 2011) as the sizes of their sequence sets
allowed. Hidden Markov models (HMMs) used in curation of subgroups and families were
created using HMMER 3. Each family is annotated with at least one reference from the
primary literature and its overall chemical transformation (where known). Where possible,
the conserved functional residues are reported (in the majority of cases, these are associated
with the [Fe4S4] binding motif).

Detailed annotation of the RSS is provided in Supplemental Table 1 of this work. Key data
and information is also provided for download from the SFLD (see http://sfld.rbvi.ucsf.edu).
These include MSAs and interactive SSNs at the subgroup and family levels that can be
visualized and manipulated using Cytoscape. Sequence sets, chemical reactions, and other
data are also available.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Box 1:
Definitions of RSS structural domains used in this work

The canonical RSS described in this work is defined based on sequence and structural
similarity rather than by chemical similarity. Each protein includes several structural
elements or domains that make up its multiple domain architecture.

Superfamily domain:

Structural domain that contains the core structural motif shown in Fig. 1A that functions
in binding the iron-sulfur cluster involved in activation of S-adenosyl methionine. It is
conserved throughout the canonical superfamily and represents the minimum structural
motif required for superfamily membership (with at least one known exception; see
Footnote 1). It ranges from 46-250 residues in length. The great majority of RSS
members have at least one of these motifs; some members have two or three of them.

Functional domain:

The superfamily domain plus accessory domain(s) and other inserts or extensions
required for tailoring RS functionality for specific roles. These accessory domains may
be conserved in a subset of RSS enzymes (such as the SPASM/Twitch domain-containing
enzymes) but are not conserved across the entire superfamily. Their lengths range from
46-1449 residues. In some RSS members, the superfamily and functional domains are
the same.

Full-length RSS protein:

This represents the complete amino acid sequence, and may include domains with other
functions than those performed by the RSS functional domain. These “extra” domains
may be conserved within a subgroup or family but are not conserved across the entire
RSS. They may be fused with the RSS functional domain in the full-length RSS
polypeptide; alternatively, they can be found as separate enzymes in some organisms.

Full-length RSS proteins range from 46 to just over 2,000 residues. They can be
composed of only a superfamily or a functional domain, or as a longer fusion protein, as
described above.
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Fig. 1.

(A) [Fe4-S4] binding motif from biotin synthase (PDB: 1R30). Image created using LigPlot+
(Laskowski & Swindells, 2011). (B) The common activation step associated with the
canonical RSS.
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Fig. 2.
Comparison of a canonical RSS structure with structures from unrelated superfamilies of

other fold types whose members catalyze RSS-like chemistry. Chains containing the [Fe4S4]
cluster are colored by secondary structure, with helices in blue and strands in orange; one
copy of the chain per structure is highlighted. The sulfur atoms from the [Fe4S,4] clusters and
from their adjacent cysteine residues are shown as spheres. Left to right top row: canonical
RSS, biotin synthase, PDB: 1R30; Radical SAM 3-amino-3-carboxypropyl Radical Forming
Superfamily, diphthamide synthetase, PDB: 3LZD; bottom row: Radical SAM
Phosphomethylpyrimidine Synthase Superfamily, phosphomethylpyrimidine synthase, PDB:
4S28; and Radical SAM Phosphonate Metabolism Superfamily, PDB: 4XB6. The
physiological unit of all of these structures is a homo-2-mer except for 4XB6, which is a
hetero-8-mer.
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Fig. 3.
Structural examples of some full-length RSS members of varied architectures. Structures are

aligned to show the [Fe4S4] clusters in a similar orientation. For structures with multiple

chains, only chain A is shown. Secondary structure coloring is the same as in Fig 2. Top

row: 10LT, coproporphyringen 11 oxidase, (B/a)g; 1R30, biotin synthase, (B/a)g; 4FHD,
spore product lyase, (B/a)s; Bottom row: 4NJK, 7-carboxy-7deazaguanine synthase, (Bg/
a3); 4M7T, 2-deoxy-scillo-inosamine dehydrogenase (B5/a4).
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Fig. 4:

Prgedicted domain architectures created using ArchSchema (Tamuri & Laskowski, 2010).
Shown are 435 major architecture types of the more than 1,500 representative domain
architectures predicted for the 63,785 representative RSS protein sequences in Pfam version
27. These architectures represent 171 distinct domains. The central green rectangle
underlined in red in the figure represents the core superfamily domain shared by all
members of the canonical RSS, which is repeated in each MDA image shown. Edges
connecting individual domains distinguish each complete MDA. The domain (rectangle)
connecting each cluster to the larger MDA network is also underlined in red. The circled
clusters represent the SPASM/Twitch-like domain (magenta), BATS-like domain (yellow)
and B12-binding-like domain (blue) clusters.
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Fig. 5.
Representative SSN for the RSS showing major Level 1 subgroups. The SSN was generated

from the 113,776 full length RSS sequences in the SFLD. Sequences that share >50%
pairwise identical were binned into 10,741 representative nodes (circles). Edges (lines
between representative nodes) were drawn between representative nodes if the mean of the
BLAST (Altschul et al., 1997) E-values (used as scores) between any pair of sequences in
that node was at least 1 x 10720, At this E-value, the network has 13,591,858 representative
edges with a mean sequence identity of 26 % across a mean alignment length of 300
residues The networks are laid out using the prefuse force directed layout in Cytoscape.
Twenty subgroups are denoted by distinct colors and numbered according to Supplemental
Table 1. Colored nodes are further specified by size and shape: Large nodes are colored if
they include at least one sequence assigned to a numbered subgroup. Diamond-shaped nodes
specify that at least one of the sequences in that node has been experimentally characterized
(but not structurally characterized). Nodes shaped like a downward arrow have at least one
protein that has been structurally characterized. Small circular colored nodes have been
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assigned to a subgroup but are comprised entirely of sequences of unknown function. Small
gray circular nodes have not been assigned to a subgroup and are comprised entirely of
sequences of unknown function. The 22 largest of these entirely gray clusters are curated in
the SFLD as “Uncharacterized Radical SAM Subgroups.” Some small colored clusters and
singletons randomly laid out at the bottom of the image are not labeled with a number
because they belong to a larger numbered cluster of the same color but fail to meet the E-
value cutoff for drawing edges connecting them to that cluster. (The largest subgroup,
subgroup 17, provides an example. In this visualization, both the large cluster at the top left
and the smaller clusters and singletons that are colored magenta near the bottom of the
image belong to subgroup 17, but these nodes are too diverse to be connected to the main
subgroup because their similarities fall below the E-value threshold (1 x 10720) used for
drawing edges to the main subgroup. Note that each representative node may contain many
individual sequences (see section 2.3).
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Secondary structure topologies of representative radical SAM superfamily domains. Images
for several RSS subgroups created using the PDBSum website (de Beer, Berka, Thornton, &
Laskowski, 2014). Red: helices, pink: beta strands, green: [Fe4-S4]-AdoMet binding motif.

The common abbreviations of the enzyme names and their PDB identifiers are shown on the

figure.

Methods Enzymol. Author manuscript; available in PMC 2019 April 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Holliday et al.

Page 29

000 g0 g0 © 0 o
o ° o
° ° L ° 00 © Y e “ L
o 0 ®o © v 00 % ° o
o eo 060 o oo © 00 0 o O 0000E000000000e800000008008000000000000000000000e0800000000000

b © o0
8 o
©00000000000000000000000000000O0O0O00000e0e0000000000080800000000000000000000e000e000000800

Fig. 7.
RSS SSNs mapped with type of life. The same representative network shown in Fig. 5

except that node coloring is by type of life as defined in the SFLD. Representative nodes are
colored by the dominant type of life in each. Bacteria: gray, Archaea: red, Invertebrates:
yellow, Vertebrates: blue, Plants, green.
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Fig. 8.

SSgN of RSS mapped with general types of RSS chemistry. The same representative network
shown in Fig. 5 except that the highlighted nodes and coloring are by general reaction type
as indicated in the key. Diamonds: large representative nodes include at least one
functionally characterized member colored by dominant reaction type as shown in the
accompanying key. Downward arrows: representative nodes include at least one structurally
characterized member.
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Table 1.

Number of MDASs represented by 1 or more proteins in InterPro

# Predicted MDAs | Minimum # of proteins/ MDA
20 1,000
46 200
60 100
73 50
89 25
831 1
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