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ACADEMIC ABSTRACT

Radical SAM enzymes are ancient, essential enzymes. They perform radical chemical
reactions in virtually all living organisms and are involved in producing antibiotics,
generating greenhouse gases, human health, and likely many other essential roles that have
yet to be established. A wide variety of reactions have been characterized from this group
of enzymes, including hydrogen abstractions, the transferring of methylthio groups,
complex cyclization and rearrangement reactions, and others. However, many radical SAM
enzymes have yet to be identified or characterized. There have been great leaps forward in
the amount of enzyme sequences that are available in public databases, but experiments to
investigate what chemical reactions the enzymes perform take a great deal of time. In our
work, we utilize Hidden Markov Models to identify possible radical SAM enzymes and
predict their possible functions through BLAST alignments and homology modelling. We
also explore their distribution across the tree of life and determine how it is correlated with
organism oxygen tolerances, because the core iron-sulfur cluster is oxygen sensitive.
Trends in the abundances of radical SAM enzymes depending on oxygen tolerances were
more apparent in prokaryotes than in eukaryotes. Although eukaryotes tend to have fewer
radical SAM enzymes than prokaryotes, we were able to analyze uncharacterized radical
SAM enzymes from both an aerobic eukaryote (Entamoeba histolytica) and a eukaryote
capable of oxygenic photosynthesis (Gossypium barbadense), and predict the reactions
they catalyze. This work sets the stage for the functional characterization of these essential
yet elusive enzymes in future laboratory experiments.
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GENERAL AUDIENCE ABSTRACT

Radical SAM enzymes are ancient, essential enzymes that perform chemical reactions in virtually
all living organisms. We do know that they are involved in producing antibiotics, human health,
and generating greenhouse gases. We also know that there are many radical SAM enzymes whose
functions remain a mystery. There have been great leaps forward in the amount of enzyme
sequences that are available in public databases, but experiments to investigate what chemical
reactions enzymes perform take a great deal of time. The experiments are especially difficult for
radical SAM enzymes because the oxygen we breathe can break the enzymes down in a laboratory.
In our work, we utilize computational techniques to identify possible radical SAM enzymes and
predict what reactions they might catalyze. Because these enzymes are vulnerable to oxygen in
laboratory environments, we also explore whether organisms that breathe oxygen have fewer of
these enzymes than organisms that perform anaerobic respiration instead. We found that does seem
to be the case in microbes like bacteria and archaea, but the results were not as consistent for
eukaryotes. We then chose radical SAM enzymes we had identified from both an aerobic eukaryote
(Entamoeba histolytica) and a eukaryote capable of producing oxygen (Gossypium barbadense),
and predicted the reactions they catalyze. This work sets the stage for the functional
characterization of these essential yet elusive enzymes in future laboratory experiments.
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Figure 1. Depiction of GTP 3’,8-cyclase MoaA (PDB ID: 1TVS) [13], a radical SAM enzyme.
The iron-sulfur cluster is bound to three cysteine residues, and coordinates the SAM molecule.
The MoaA enzyme is depicted as a cyan ribbon diagram, the iron-sulfur cluster is shown in yellow
and orange balls and sticks. The SAM molecule is shown in magenta balls and sticks.

Figure 2. The common first step in a radical SAM enzyme reaction. SAM is cleaved at the 5’
carbon by a radical electron donated from the iron-sulfur cluster, forming a 5’ deoxyadenosyl
radical intermediate. Figure used with permission from Kylie Allen.

Figure 3. Web diagram representing the sources of sequences and signatures of publicly available
biological data. Pfam is one of the sources of protein signatures for InterPro UniProt uses these
predictions and its own sets of rules to automatically annotate TrEMBLE sequences. When these
sequences are manually curated they are added to the Swiss-Prot database.
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and Acetobacter senegalensis, and anaerobic outliers include Lachnotalea glycerini, and
Thermatoga petrophila. The exhaustive list of these results is in Supplemental Table 8.

Figure 6. Boxplots comparing counts and percentages of putative radical SAM enzymes from
aerobic eukaryotes (n=30) and anaerobic/microaerophilic eukaryotes (n=21). The anaerobic outlier
is a strain of Piromyces. The most dramatic aerobic outlier is Nephila clavipes, and others include
Syncephalis pseudolumigal and Sugiyamaella lignohabitans. The exhaustive list of these results is
in Supplemental Table 8.

Figure 7. Boxplots comparing counts and percentages of putative radical SAM enzymes in
photosynthetic eukaryotes (n=31) and non-photosynthetic eukaryotes (n=29). Outliers in
photosynthetic eukaryotes include species of Gossypium and algae. Outliers in non-photosynthetic
eukaryotes include Saimiri boliviensis and Byssochlamys spectabilis. The exhaustive list of these
results is in Supplemental Table 8.

Figure 8. Validation of energy-minimized AOASK1U8H1 ENTHI homology model. (A)

Ramachandran Plot. (B) Cartoon depiction of model, colored by QMEAN model quality. Blue is
high quality and red is low quality. (C) QMEAN quality estimates. The torsion and overall
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homology model overlaid with iron-sulfur cluster from 4JCO template. Distances between cysteine
Sy atoms and the iron atoms are measured in A in panels (B) and (C).

Figure 10. Tree of MAFFT alignment between selected standard radical SAM sequences, and
Arabidopsis thaliana (brown) and Gossypium barbadense (blue) sequences that matched radical
SAM HMM profiles. The relationship between the circled proteins are explored in Table 7. The
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List of Tables

Table 1. Radical SAM motifs* found in peer-reviewed literature. Since the establishment of the
radical SAM superfamily in 2001, other radical SAM motifs have been discovered. These non-
canonical motifs either have more amino acids between the first two cysteines than the canonical
motif does or have diverging patterns.

Table 2. Model organisms included in proteome analysis. UniProt lists all of these as "Reference"
proteomes. Their CPDs, a measure of the proteomes' completeness, vary in quality.

Table 3. Radical SAM motifs found in peer-reviewed literature, excluding motifs that bind
auxiliary clusters. Since the establishment of the radical SAM superfamily in 2001, other radical
SAM motifs have been discovered. These non-canonical motifs either have more amino acids
between the first two cysteines than the canonical motif does or have more divergent patterns.

vii



Table 4. Motif counts for sets of standard Radical SAMs and ferredoxins. The length cutoff refers
to excluding sequences with the CX4C>X motif that are shorter than 400 amino acids.

Table 5. Top BLAST hit between each of the four Entamoeba histolytica (UP000078387)
sequences found from HMM profile searches, and the radical SAM standard sequences.

Table 6. The top blast hits between the four Entamoeba histolytica (UP000078387) proteins found
from HMM search, and radical SAM enzymes with solved crystal structures.

Table 7. BLAST between Gossypium barbadense (UP000327439) uncharacterized protein
AO0AS5J5PDX9 and nearby neighbors circled in Figure 10.
Additional supplemental tables included in ‘Supplemental_Tables.xlIsx’ attachment. Those tables

include:

Supplemental Table 1. The top BLAST hits between each of the 37 Gossypium barbadense
(UP000327439) proteins found from HMM search, and the radical SAM standard sequences.

Supplemental Table 2. The top BLAST hits between the 37 Gossypium barbadense
(UP000327439) proteins found from HMM search, and radical SAM enzymes with solved crystal
structures.

Supplemental Table 3. Software dependencies

Supplemental Table 4. The UniProtKB accession numbers for proteins included as Radical SAM
and Ferredoxin standards

Supplemental Table 5. Sets of proteomes included in the analyses
Supplemental Table 6. Counts of proteome motif matches

Supplemental Table 7. Sequences identified by HMM searches. Hits to Pfam models include E-
values.

Supplemental Table 8. Counts of Radical SAM matches per proteome, in the different datasets

List of Videos

Supplemental file “Radical_ SAM_3D.mov” is also attached separately.
Supplemental file “Radical_ SAM_2D.mov” is also attached separately.
https://vimeo.com/423775537

viii



1 Introduction
1.1 General Radical SAM (S-Adenosyl-L-Methionine) Characteristics

Radical SAM (S-Adenosyl-L-Methionine) enzymes comprise a large superfamily of
enzymes found across the tree of life. These enzymes use SAM and a four iron-four sulfur (4Fe-
4S) cluster to catalyze a multitude of single-electron (radical) transformations on various
substrates. The radical SAM superfamily
was established through bioinformatic
means in 2001 [2]. That study used the
sequences of enzymes that had been
characterized as far back as 1970, beginning
with lysine 2-3-aminomutase (LAM) [3,4].
Discoveries made in the intervening decades
revealed that in these enzymes, SAM is used
in radical reactions. This was unexpected at
the time, as only adenosylcobalamin was
known to perform these types of radical
reactions [5], and because SAM was widely
known to be used by enzymes as only a
methylating agent [2]. Radical SAM
enzymes were likely the first radical
enzymes to have evolved, with
adenosylcobalamin, a much more complex
cofactor, evolving later [6]. Since the radical
SAM superfamily was established in 2001
[7], studies have found that radical SAMs
are the most abundant radical bio-catalysts
in nature [8], and the list of the reactions they
are known to perform grows [6] and exhibits
the potential for future growth [9].

Although the radical SAM superfamily is large and its enzymes catalyze a wide range of
reactions, all radical SAMs have a common first step in their reaction mechanisms. (Figure 1,
Figure 2, and Radical SAM_3D.mov) All radical SAM enzymes coordinate a [4Fe-4S]*? cluster
that accepts an electron, then transfers it to SAM. Subsequent homolytic cleavage of SAM
produces a radical intermediate, which is then used to transform the various substrates into various
products, usually beginning by abstracting a substrate hydrogen [10,11]. The most common radical
intermediate is the 5'-deoxyadenosyl radical, although one exception that cleaves the S-C(y) bond
to generate a S5'-methylthioadenosyl radical has been characterized [6,10]. SAM is usually
consumed in the reaction, although some enzymes, such as lysine 2,3-aminomutase and spore
photoproduct lyase can recycle the SAM molecule [3,6,12,13]. The first stages of the mechanism
are largely conserved, but members of the radical SAM superfamily are capable of harnessing
them to transform many different substrates. Some of the substrates include amino acids and other
small molecules; in other cases, tRNA and proteins are modified [6]. Other notable characteristics
of all radical SAMs is the presence of a partial to full TIM barrel structure, and the presence of a

B & =
Figure 1. Depiction of GTP 3’,8-cyclase MoaA
(PDB ID: 1TVS) [13], a radical SAM enzyme.
The iron-sulfur cluster is bound to three cysteine
residues, and coordinates the SAM molecule. The
MoaA enzyme is depicted as a cyan ribbon
diagram, the iron-sulfur cluster is shown in
yellow and orange balls and sticks. The SAM
molecule is shown in magenta balls and sticks.



CX3CX,C motif and rarer variations on it (Table 1), which is required to bind the [4Fe-4S]*? iron-
sulfur cluster [6].

Table 1. Radical SAM motifs* found in peer-reviewed literature. Since the establishment of the
radical SAM superfamily in 2001, other radical SAM motifs have been discovered. These non-
canonical motifs either have more amino acids between the first two cysteines than the canonical
motif does, or have diverging patterns.

Motif Literature Source

CX5CX,C

(canonical) (Sofia et al., 2001)[1], (Layer et al., 2004)[11]

CX4CXoC (Challand et al., 2011)[7], (Selvadurai et al., 2014)[12], (Berteau and Benjdia,2017)[13]
CX5CX,C (McGlynn et al., 2010)[14], (Challand et al., 2011)[7], (Berteau and Benjdia, 2017)[13]
CX7CXoC (Parent et al., 2016)[15], (Berteau and Benjdia, 2017)[13]

CXCX,C (Thweat et al., 2016)[16]

CXoCX,C (Greenwood et al., 2009)[17], (Berteau and Benjdia, 2017)[13]

CXuCX,C (Dowling et al., 2014)[ 18], (Berteau and Benjdia, 2017)[13]
CX,CX21CXsC  (Kamat et al., 2013)[19], (Berteau and Benjdia, 2017)[13]

(Chatterjee et al., 2008)[20], (Fenwick et al., 2014)[21], (Challand et al., 2011)[7],
CX,CX4C (Berteau and Benjdia, 2017)[13]

*Information on motifs that bind auxiliary clusters is not included in this table.

NH NH,,
N
L <X . 4Ty
0 + 0NN H,C, NN
4Fe-4S]+1 S © N

[4Fe-4S]*" + T I ~— [FedS? + Met + X )
HO  OH HO  ©OH
SAM Ado-CH,

Figure 2. The common first step in a radical SAM enzyme reaction. SAM is cleaved at the 5’
carbon by a radical electron donated from the iron-sulfur cluster, forming a 5° deoxyadenosyl
radical intermediate. Figure used with permission from Kylie Allen.

Radical SAM enzymes have diversified to catalyze more specific groups of reactions.
Radical SAMs are able to break C-H alkyl bonds that are generally considered unreactive [3,6,10].
Glycyl radical enzyme activating enzymes, such as pyruvate formate lyase activating enzyme,
simply abstract a hydrogen from its substrate [6,14]. Some radical SAM enzymes, like biotin
synthase, insert sulfur into substrate C-H bonds [6,15]. Others perform rearrangement reactions,
like lysine 2,3-aminomutase [4,6], or the more complex MoaA-MoaC cyclization reaction [6,16].
Other radical SAM-catalyzed reactions include methylation [17], methylthiolation [18],
dehydrogenation [19], forming and breaking carbon bonds [6], synthesizing modified tetrapyrroles
[20], and synthesizing complex metal clusters [6,21].



Not only do radical SAM enzymes catalyze a diverse range of reactions, but they perform
these reactions in a wide range of biological systems. They have been characterized in a wide range
of bacteria, archaea, and eukaryotes [6], including humans. To date, eight radical SAM enzymes
have been characterized in humans, and have been implicated in diseases such as molybdenum
cofactor deficiency, congenital heart disease, and others [16,22]. One of their frequent functions
across all life is their role in cofactor biosynthesis [6,23]. In Archaea, it is notable that multiple
radical SAMs are required for the process of methanogenesis [24]. Methanogenesis has important
implications for the environment [25,26], as well as producing a renewable source or energy [27].
In Bacteria, radical SAMs play notable roles in post-translational modifications and producing
antibiotics [6]. The InterPro database system of automatic annotations has predicted radical SAM
enzymes in viruses, such as accession Y301 ATV in Acidianus two-tailed virus, and accession
MIMI R756 in acanthamoeba polyphaga mimivirus, although these enzymes have not been
studied in-depth at the time of this writing.

There are a multitude of reasons as to why more radical SAM enzymes need to be identified
and characterized. As described above, they are involved in many essential roles in a wide range
of lifeforms, with implications ranging from human health to the environment. In addition to their
importance in biological systems, radical SAMs have the potential to influence industry and
environmental sustainability. For example, the process of methanogenesis, which requires multiple
radical SAM enzymes, can be harnessed to produce renewable fuels. More generally, it is the
ability of radical SAM enzymes to activate otherwise unreactive bonds that is useful to industrial
chemical production [28-32]. Collectively, the diversity and utility of radical SAM enzymes and
their functions are of interest to a wide variety of fields and warrant further exploration and rapid
classification for future work.

1.2 Ancient Times and Evolution in the Context of Radical SAM Enzymes

Proteins with iron-sulfur clusters are generally important parts of living systems and have
an interesting evolutionary history. Iron-sulfur minerals may have played a central role in the
beginning of life on earth; the iron-sulfur world hypothesis that was developed in the late 20™
century introduced this idea [33]. Some studies oppose the idea [34], while others indicate that
similar reactions could have been catalyzed by other minerals [35], but many studies are consistent
with the idea that iron and sulfur were important catalysts that ushered in life [36—43]. Iron-sulfur
clusters may have fostered life by forming spontaneously on organic compounds [44], and
eventually evolved into the ancestors of ferredoxins, which then diversified into different families
of proteins, including radical SAMs [43,44]. These minerals provided a surface for substances to
bind, and a source of reducing power [23]. The iron-sulfur world hypothesis provides a reasonable
explanation for why iron-sulfur clusters of various stoichiometries [44] are the most abundant type
of cofactor [23].

The gradual increase of atmospheric oxygen posed problems for iron-sulfur proteins.
Oxygen and other sources of oxidative stress like hydrogen peroxide tend to react with, and
degrade, iron-sulfur clusters [43,45]. A more indirect effect is that an increase in oxygen levels
made it more difficult for organisms to utilize iron from their environment [43]. The increase in
redox potential caused soluble ferrous iron (Fe**) to form ferrous (Fe**) precipitates [46].
Organisms that relied on iron-sulfur cluster proteins thus had to adapt, either by decreasing the
number of genes encoding these proteins and evolving alternative pathways, adjusting the structure



of the proteins so that they were less susceptible to oxygen damage, and/or developing new uses
for reactive proteins [23,43,46—49].

Since the two billion years since oxygen began increasing in the atmosphere concentrations
[46], prokaryotic organisms have adapted to environmental niches and developed different oxygen
tolerances, ranging from obligate anaerobic lifestyles [50—52] to obligate aerobic lifestyles that
rely on ambient environmental levels of oxygen (around 21%) [53]. Passive diffusion of oxygen
across plasma membranes [54] leaves little flexibility for these types of organisms, while others
have facultative tolerances to oxygen and anoxic environments [54]. These different categories of
organisms could ostensibly have different amounts of radical SAM enzymes based on their oxygen
tolerances, or their radical SAM enzymes could have structural differences.

Eukayotes are generally considered to be aerobic organisms. One of the usual
characteristics is their reliance on mitochondria that specialize in aerobic respiration [55], which
would seem to imply that they would have fewer oxygen-sensitive radical SAM enzymes and iron-
sulfur cluster proteins in general. However, a small polyphyletic group of both multicellular and
unicellular eukaryotes have mitosomes or hydrogenosomes instead of mitochondria and are
considered anaerobic or microaerophilic [56]. Some examples of these organisms are Arenicola
marina, Fusarium oxysporum, Neocallimastic frontalis, Enephalitozoon cuniculi, Entamoeba
histolytica, and others [56]. Mitochondria may also play a central role in assembling iron-sulfur
clusters in eukaryotes [57], thus potentially modulating the amounts of radical SAM enzymes in
these organisms. Because many of the well-characterized radical SAM enzymes are from
prokaryotic organisms, and few of those that have been identified in eukaryotes are specific to
those anaerobic organisms and their specific lifestyle, it is likely that these organisms would yield
an interesting set of novel radical SAM enzymes. It is also interesting to note that some studies
have shown that there is evidence that some anaerobic eukaryotes obtained genes from
prokaryotes, and that these helped support their anaerobic lifestyle [58,59].

Plants can be considered the opposite side of the spectrum of oxygen levels. They and other
eukaryotes that perform photosynthesis produce oxygen by splitting water with photosystem II
[60—62]. Plants generate oxygen as they photosynthesize, and that can lead to a build-up of oxygen
around leaf microenvironments above ambient levels [63,64]. The increased oxygen levels in plant
cells could potentially affect the levels of iron-sulfur cluster proteins like radical SAM enzymes.

Although many studies have explored the roles of radical SAM enzymes in bacteria,
relatively few have been explored in eukaryotes. It is possible that radical SAM enzymes with
novel functions can be characterized in this domain and that anaerobic eukaryotes might have
unique sets of radical SAM enzymes. It is also possible that those with higher oxygen levels might
have developed unique pathways to manage any iron-sulfur cluster proteins that are in their
proteomes. Exploring the proteomes and radical SAM enzymes of eukaryotes that live at different
levels of oxygen concentrations could yield novel insights in the study of radical SAM enzymes.
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Figure 3. Web diagram representing the sources of sequences and signatures of publicly
available biological data. Pfam is one of the sources of protein signatures for InterPro
UniProt uses these predictions and its own sets of rules to automatically annotate
TrEMBLE sequences. When these sequences are manually curated they are added to the
Swiss-Prot database.

1.3 Bioinformatics and Biological Databases

The field of bioinformatics has substantially expanded since the radical SAM superfamily
was first established in 2001 [7]. Additionally, public databases and the amount of data deposited,
specifically biological sequences, has greatly expanded in the past decade [65,66]. While certain
sequence data is housed in singular or specific databases, there is interconnectedness between
major databases that curate biological data. Figure 3 represents the web of databases that lead to



UniProtKB, the database that is considered to be the main source for annotated protein sequences.
UniProtKB draws from the sequences and annotations of a web of dozens of other databases and
sets of rules [66,67]. UniProtKB is divided into Swiss-Prot, the bank of manually-curated
sequences, and the more vast collection of sequences that have been only automatically annotated,
UniProtKB/TrEMBL [67]. Both access sequences from NCBI Genbank, ENA, and DDBJ [66].
TrEMBLE sequences are automatically annotated — classified — by InterPro, a database derived
from a wide range of others [68], as well as a filter of UniProt rules. A range of different techniques
are used to curate and predict protein characteristics in these databases. One example that InterPro
draws from is CATH-GENE3D, which classifies protein families by the similarity of sequences to
those of proteins with 3D structures stored in the PDB [69]. Another example is Pfam, a database
that curates protein families based on alignments and Hidden Markov Models from representative
sequences [70].

Hidden Markov Models (HMMs) summarize protein sequence alignments and then their
profiles can be used to identify potential homologues. HMM methodology is similar to searching
for proteins based on the presence of a motif, but it is more flexible and statistically rigorous.
HMMs have been applied to the field of bioinformatics since 1989, and had been applied to other
fields before then [71-73]. A benefit of using HMMs at the superfamily level is that HMMs are
capable of ignoring noise in sequences and determining conserved patterns, such as the conserved
cysteine residues in the radical SAM superfamily.

HMMs are based on three concepts: multinomial sequence models, Markov chains, and a
third component unique to this type of model. Multinomial sequence models determine the
probability of each symbol — type of amino acid, in this case — being present at given position in
the sequence, and it depends only on the given position. In Markov chains, the probabilities of a
symbol being present in a given position in a sequence also depend on the symbols that precede it.
HMMs add another layer of complexity where algorithms detect “hidden states.” A simple
example of hidden states that HMMs could be used to detect are whether a portion of the sequence
is within a membrane or outside of it based on the frequencies of hydrophobic and hydrophilic
amino acids in the sequence, although these hidden states in protein sequences can be more abstract
[71]. These models and other computational methods provide a solid first step towards
characterizing protein sequences of unknown function.

Automatic annotations from databases are very useful, but they do have their limitations.
Although these databases build off of each other's information (Figure 3), they do not fully align
with each other. Furthermore, some studies have shown that their automatic annotations are not
always correct [74—79]. Although the databases are constantly improving, the data utilized and
interpreted critically. It is also important to note that automatic annotation improvements have had
a difficult time keeping pace with the great increase in available sequencing data [80] and
automatic annotations based off of low-quality sequencing data [81]. Such problems are most
apparent in unculturable microbes [81,82]. Some studies show that automatic annotations become
inaccurate at the family scale [83]. Traditional laboratory tests, which can be expensive and time-
consuming [84], are necessary to confirm protein function and characterization, and have an added
level of difficulty for anaerobic organisms and oxygen sensitive proteins, like radical SAMs. There
are also some proteins which have functions that are completely unknown and have no identifiable
signatures. Therefore, identifying approaches to utilize computational methods in a way that
optimizes the selection of proteins to assay and characterize.

Computational techniques and automatic annotations are useful in predicting the functions
of many proteins on a coarse scale. However, they are based on a core of experimental laboratory



evidence, and such techniques are necessary for confirming fine-scale protein functions, such as
at the family level. In this work, we seek to apply HMMs to identify putative members of the
radical SAM superfamily for further laboratory characterization. HMMs are useful in identifying
proteins that are very distantly related. Additionally, in order to explore and further understand
the scope and utility of radical SAM enzymes, we probe the abundance of these enzymes across
different phylogenetic groups from all domains of life, and with sub-groups containing varying
levels of oxygen tolerances, to better understand the biology of these enzymes.



2 A Bioinformatics Approach to Identifying Radical SAM Enzymes
2.1 Abstract

Radical SAM (S-Adenosyl-L-Methionine) enzymes are ancient, essential enzymes. They
perform radical chemical reactions in virtually all living organisms and are involved in producing
antibiotics, generating greenhouse gases, function in human health, and likely many other essential
roles that have yet to be established. A wide variety of reactions have been characterized from this
group of enzymes, including hydrogen abstractions, transferring of various functional groups,
complex cyclization and rearrangement reactions, among others. However, many radical SAM
enzymes may yet be unidentified or uncharacterized. There have been great leaps forward in the
amount of enzyme sequences that are available in public databases, but experiments to investigate
what chemical reactions the enzymes perform take a great deal of time. In our work, we utilize
Hidden Markov Models (HMMs) to identify putative radical SAM enzymes and predict their
possible functions through BLAST alignments and homology modelling. We also explore their
distribution across the tree of life and determine how it is correlated with organism oxygen
tolerances, because the core iron-sulfur cluster is oxygen sensitive. Trends in the abundances of
radical SAM enzymes depending on oxygen tolerances were more apparent in prokaryotes than in
eukaryotes. Although eukaryotes had fewer radical SAM enzymes than prokaryotes, we were able
to propose uncharacterized radical SAM enzymes from both an aerobic eukaryote (Entamoeba
histolytica) and a eukaryote capable of oxygenic photosynthesis (Gossypium barbadense), and
predict the reactions they catalyze. This work sets the stage for the functional characterization of
these essential, yet elusive, enzymes in future laboratory experiments.

2.2 Introduction

The radical SAM (S-adenosyl-L-methionine) superfamily is comprised of a large number
of enzymes that catalyze a diverse set of reactions that are essential to life. Those Radical SAM
enzymes that have been characterized are known to catalyze reactions between carbon-hydrogen
bonds that are difficult to achieve without the use of radical chemistry, including hydrogen
abstraction, sulfur insertion, cyclization, and more [6]. It is their ability to complete these reactions
that make them promising candidates for the industrial production of chemicals [28—32]. Although
their range of chemical reaction involvement is diverse, they all share the earliest steps of these
reactions, in which a [4Fe-4S]*? cluster attracts a single electron, which then directs it to a SAM
molecule. This electron transfer causes SAM to break into a 5'-deoxyadenosyl radical, which
subsequently reacts with the various substrates that this superfamily transforms [6]. To ligate the
iron-sulfur cluster, these enzymes are dependent on a hallmark cysteine motif (CX3CX:C) or
similar variations of it [6]. In 2001, the presence of these motifs was used to establish the radical
SAM superfamily [7].

The presence and dependence on the iron-sulfur cluster leaves radical SAM enzymes
vulnerable to oxygen, which has evolutionary and physiological implications on the abundance of
these enzymes. It has been hypothesized that radical SAM enzymes (and their very distant
relatives, ferredoxins), were among the first enzymes in the history of life, which began in a period
before oxygen was abundant in the atmosphere [36—43,85]. However, once oxygenic
photosynthesis evolved, the oxygen concentration of the environment began to rise, and reducing
potential plummeted [43,46]. This shift made it more difficult for organisms to use iron from the



environment, but it was also a direct liability for their iron-sulfur proteins [43]. For example,
oxygen and reactive oxygen species extract an iron atom from radical SAM enzymes’ [4Fe-4S]"
cluster, rendering the enzyme inactive [8,43]. Sensitive organisms had to adapt to these conditions,
by either adjusting the amounts of vulnerable proteins or changing the structure of their proteins
so that they were less prone to degradation [23,43,46—49]. It is not currently fully established which
evolutionary path(s) radical SAM enzymes took. This situation could prove to have especially
interesting implications for aerobic eukaryotes, such as the parasite Entamoeba histolytica, which
are believed to have at one point performed aerobic respiration via mitochondria, but then lost that
capability [56]. Plants and other eukaryotes capable of oxygenic photosynthesis might also have
unique sets of radical SAM enzymes. Further examination of the E. histolytica and cotton plant
Gossypium barbadense proteomes for radical SAM motifs could yield novel types of
uncharacterized radical SAM enzymes. Doing so may provide insights into the evolution of
oxygen tolerance, which has not been quantified this way.

The radical SAM superfamily was established through bioinformatic means, and we seek
to expand on previous computational findings. Here, we develop a method to identify candidates
for future analysis, based on the presence of the radical SAM motifs and the use of Hidden Markov
Models (HMMs), across the tree of life. We analyze the trends in the abundance of these enzymes
as a function of oxygen sensitivity of the organisms. Our study examines the ability of the motif
search to identify radical SAM enzymes from sets of standard radical SAMs and ferredoxins. To
analyze and observe the presence of putative radical SAM enzymes across the tree of life, the
proteomes of 400 randomly-selected organisms across the tree of life, 22 model organisms, 134
prokaryotic organisms that are categorized as aerobic or anaerobic, 51 aerobic or
anaerobic/microaerophilic eukaryotes, and 60 photosynthetic or non-photosynthetic eukaryotes,
were used. We then further explore the putative radical SAM enzymes identified from Entamoeba
histolytica and Gosspyium barbadense. Results indicate some correlations between oxygen levels
and the abundance of these enzymes, and some possible functions of some of the enzymes that can
be further analyzed.

2.3 Materials and Methods
2.3.1 Methods: Data Curation and Retrieval from UniProt Database
2.3.1.1 Methods: Proteome Selection

To predict the presence and amount of putative radical SAM enzymes across the tree of
life, 100 proteomes from the UniProt public database were selected [67], including each of the
three domains of life and viruses (Supplemental Table 5). These 400 proteomes were selected from
four randomized lists of the proteomes available in the UniProt database. UniProt proteomes vary
in degrees of completeness and accuracy, so only proteomes with a “Standard” Complete Proteome
Detector (CPD) level were included. BUSCO (Benchmarking Universal Single-Copy Ortholog)
[86] scores were not used as a parameter in this part of the analysis, because but these scores were
only available for bacteria and eukaryotes. Excluding bacteria and eukaryotes, but not viruses or
archaea, could have potentially biased the archaea and virus data to give the impression that it had
a relatively large number of radical SAM proteins compared to the other domains.

Twenty-two model organisms that are commonly used in molecular biology studies were
selected to serve as points of reference in proteome analysis (Table 2). To compare how oxygen



tolerance is correlated with the amounts of radical SAM enzymes organisms contain, the
information for obligately aerobic prokaryotic organisms and obligately anaerobic prokaryotic
organisms was selected from the BacDive database [87], and were manually narrowed to sets of
65 aerobic and 69 anaerobic organisms that had proteomes with Standard CPDs in the UniProt
database (Supplemental Table 5). These processes resulted in lists of organisms and their UniProt
proteome accession numbers. The proteomes were downloaded from UniProt in batches using the
Bioservices package (version 1.6.0) [88] in Python (version 3.7.3), and manually checked for
completeness.

Table 2. Model organisms included in proteome analysis. UniProt lists all of these as
"Reference" proteomes. Their CPDs, a measure of the proteomes' completeness, vary in quality.

UniProt UniProt
Organism Common name Proteome ID Proteome CPD

Arabidopsis thaliana mouse-ear cress UP000006548 Close to Standard
Bos taurus cattle UP000009136 Close to Standard
Caenorhabditis elegans roundworm UP000001940 Standard
Chlamydomonas reinhardtii a green algae UP000006906 Outlier

Danio rerio zebrafish UP000000437 Outlier
Dictyostelium discoideum slime mold UP000002195 Standard
Drosophila melanogaster fruit fly UP000000803 Close to Standard
Escherichia coli O157:H7 E. coli strain UP000000558 Standard
Escherichia coli K12 E. coli strain UP000000625 Standard
Hepatitis C virus hepatitis C UP000000518 Outlier

Homo sapiens human UP000005640 Close to Standard
Mus musculus house mouse UP000000589 Close to Standard
Mycoplasma pneumoniae mycoplasma UP000000808 Standard

Oryza sativa rice UP000059680 Standard
Plasmodium falciparum malaria parasite UP000001450 Standard
Pneumocystis carinii ascomycete UP000011958 Standard

Rattus norvegicus Norway rat UP000002494 Standard
Saccharomyces cerevisiae baker's yeast UP000002311 Standard
Schizosaccharomyces pombe fission yeast UP000002485 Standard
Takifugu rubripes Japanese pufferfish ~ UP000005226 Standard
Xenopus laevis African clawed frog  UP000186698 Close to Standard
Zea mays corn UP000007305 Close to Standard

Additional sets of proteomes were selected so that differences within Eukarya could be
tested, including the difference between photosynthetic and non-photosynthetic eukaryotes. First,
a list of all UniProt proteomes from eukaryotes with Standard CPDs was downloaded.
Photosynthetic eukaryotes were identified based on their membership in the Viridiplantae,
Rhodophyta, and Ochrophyta clades. To ensure that the best possible proteomes would be utilized,
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the final set of proteomes of photosynthetic eukaryotes was narrowed down to those with BUSCO
completeness scores of 95% or higher (n = 31). The complementary set of proteomes of non-
photosynthetic organisms with BUSCO completeness scores of over 95% was randomized, and
the final selection (n = 29) was chosen so that the distribution of BUSCO completeness scores was
not significantly different from those of the photosynthetic organisms (t-test p-value of 0.9539).

A similar process was used to choose the sets of proteomes from anaerobic and aerobic
organisms. Anaerobic/microaerophilic eukaryotes were chosen based on being listed by Altenbach
et al. [56] as containing mitosomes or hydrogenosomes rather than mitochondria. Most of these
proteomes had low BUSCO completeness scores: between 42.2% and 76.5% (n = 21) when
outliers — data points outside the whiskers of a boxplot - were excluded. The complementary set
of proteomes from aerobic eukaryotes (n = 30) was chosen to have a similar distribution of BUSCO
completeness scores, such that the BUSCO completeness score would not be a confounding
variable. A t-test between the BUSCO completeness scores of the two final sets yielded an
insignificant score (p-value of 0.9948).

2.3.1.2. Methods: Establishment of Sets of Standard Radical SAM and Ferredoxin
Sequences

Sets of reference proteins and reference protein signatures were obtained from UniProt.
Two sets of standard radical SAM proteins and those of their close relatives, ferredoxins, were
downloaded from UniProt [67]. Protein sets were selected by searching UniProt through the
Bioservices package (version 1.6.0) [88] in Python (version 3.7.3). Proteins were selected based
on a minimum criteria including reviewed status by curators, evidence at the protein level, and
either belonged to the ferredoxin family or contained “radical SAM” in one of their fields. These
sets were downloaded separately. Sets were then checked manually for false positives, so that
UnipProt accessions DRDA BACT7 and CAF17_YEAST were excluded from the final dataset
because they are not radical SAM enzymes. Dph2 proteins were not considered to be a part of the
radical SAM superfamily in this study because they do not form a TIM barrel structure [6]. The
protein PHNJ ECOLI was added to include a representative with a CX>CX21CXsC motif. This
process resulted in sets of 119 radical SAM sequences, and 149 ferredoxin sequences
(Supplemental Table 4). These two sets of proteins were then used to assess how well our methods
could detect radical SAM enzymes and exclude false positives.

Accessions of radical SAM enzymes with characterized crystal structures was listed in
Pfam, and those sequences were downloaded from UniProt. These sequences were later used to
assess suitability of homology modelling and other computational biochemistry techniques.

2.3.2. Methods: Identification of Putative Radical SAM Enzymes

2.3.2.1 Methods: Identification and Quantification of Putative Radical SAM Enzymes Using
Regular Expression/Motif Search

Proteome datasets were searched for those sequences that contained radical SAM motifs
that have been described in literature (Table 3), which yielded mixed results. These motifs are
listed in Table 1. These searches for regular expressions in FASTA files were performed using the
Biopython package (version 1.74) [89] in Python (version 3.7.3).

11



Table 3. Radical SAM motifs found in peer-reviewed literature, excluding motifs that bind
auxiliary clusters. Since the establishment of the radical SAM superfamily in 2001, other radical
SAM motifs have been discovered. These non-canonical motifs either have more amino acids
between the first two cysteines than the canonical motif does or have more divergent patterns.

Motif Literature Source

CX3CX,C (canonical)  Sofia et al., 2001[1], Layer et al., 2004[11]
CX4CXC Sofia et al., 2001[ 1], Selvadurai et al., 2014[12]
CXsCXuC Sofia et al., 2001[1], McGlynn et al., 2010[14]
CX7;CXoC Parent et al., 2016[15]

CXsCXC Thweat et al., 2016[16]

CXoCX,C Greenwood et al., 2009[17]

CX1CXoC Dowling et al., 2014[18]

CX,CX21CXsC Kamat et al., 2013[19]

CXCX4C Chatterjee et al., 2008[20], Fenwick et al., 2014[21]

Table 4. Motif counts for sets of standard Radical SAMs and
ferredoxins. The length cutoff refers to excluding sequences with the
CX4CX,C motif that are shorter than 400 amino acids.

Without CX4CX,C With CX4CX,C
length cutoff length cutoff
e R
SAMs SAMs
CX3CX,C 110 2 110 2
CX4CX:C 1 106 1 0
CXsCX,C 3 0 3 0
CX7CX,C 1 3 1 3
CXsCX,C 2 0 2 0
CXoCX,C 5 0 5 0
CX14CXoC 1 0 1 0
CX,CX21CXsC 1 0 1 0
CX2CX4C 3 5 3 5
Total Proteins 119 149 119 149
Total Radical
SAMs 119%* 112 119* 7

*Radical SAMs can have more than one iron-sulfur-binding cluster and this
was taken into account when total radical SAM sequences were calculated.
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Initially, the search of the motifs in the standard radical SAM and ferredoxins sequences
resulted in a very large number of false positives from ferredoxins with the CX4CX>C motif and
others (false positive rate of 75.2%), so sequences with CX4CX,C motifs that were shorter than
400 amino acids were excluded. This modification decreased the false positive rate to 4.70%.
(Table 4). However, because many radical SAM enzymes are shorter than 400 amino acids, this
criterion likely increased the rate of false negatives of this method.

The motif search was then performed on full proteomes (Supplemental Table 5). For each
batch of proteomes, the script automatically generated a CSV file with rows listing each proteome,
the number of each type of motif match, the total number of proteins, the total number of sequences
that contained at least one of the radical SAM motifs, and the total numbers of proteins UniProt
marked as “Uncharacterized.” The CSV files were generated with the Python Pandas package
(version 0.24.2) [90]. Further examination of the sequences that matched the radical SAM motifs
revealed a large number of sequences that are highly unlikely to be radical SAM enzymes. Many
of these sequences belonged to well-characterized proteins that are not radical SAM enzymes, or
were sequences sharing little identity with known radical SAM enzymes. These results prompted
a new approach.

2.3.2.2 Methods: Identification and Quantification of Putative Radical SAM Enzymes Using
Hidden Markov Models (HMMs)

HMMs were first tested on the sets of radical SAM and ferredoxin standards, and yielded
positive results. HMMER (version 3.2.1 ) was used (hmmer.org), in a method based on the protocol
by Aylward [91]. The HMM models were built from the seed alignments of Pfam families
PF04055, PF06007, and PF01964. An E-value cutoff of 1e-3 was used for the HMM search against
the proteome FASTA files, as recommended in the manual (hmmer.org). Proteins in other
preliminary analyses with these lower E-values still retained the characteristics of radical SAM
enzymes. These HMM searches against the standard radical SAM sequences and standard
ferredoxin sequences yielded 0 false positives and 0 false negatives.

HMMs yielded more reliable results than the motif search, so the results produced by
HMMs will be the focus for the remaineder of the study. The HMM analyses were performed on
proteomes grouped by hypothesis test, since HMM E-values depend on the size of the database
that hmmsearch is performed on. An E-value cutoff of 1e-3 was utilized again. R (version 3.3.2)
and Python were then used to combine the HMM sequence hits with metadata about each proteome
(organism ID, proteome ID, the dataset each organism belonged to, etc.), using the Biopython
(version 1.74) [89] and Pandas (version 0.24.2) [90] Python packages. Doing so allowed us to
efficiently identify possible radical SAM enzymes from a large number of organisms and quickly
summarize the data.

2.3.3 Methods: Statistical Analysis

Statistical analyses were performed in R (version 3.3.2) to test the differences in the
amounts of radical SAM enzymes in different types of organisms. Kruskal-Wallace tests were
performed to test the differences in counts and percentages of radical SAM proteins between the
different domains of life, and were followed up with post-hoc Dunn tests (dunn.test version 1.3.5).
The differences between counts and percentages of radical SAM enzymes in aerobic and anaerobic
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prokaryotes, aerobic and anaerobic eukaryotes, and photosynthetic and non-photosynthetic
eukaryotes were analyzed with two-sided t-tests.

2.3.4 Methods: Analysis of Putative Radical SAMs in Select Eukaryotic Organisms
2.3.4.1 Methods: Putative Radical SAMs in Entamoeba histolytica

Putative radical SAM enzymes in Entamoeba histolytica (UniProt proteome ID
UP000078387) were chosen for further analysis. This organism had a high percentage of radical
SAM enzymes based on the motif search, although the results varied significantly in the HMM
analysis. Nevertheless, this proteome 1is valuable because this organism is an
anaerobic/microaerophilic eukaryote, and we suspected that the evidence that some prokaryotic
genes have been transferred to its genome could prove relevant for the study of radical SAM
enzymes [58,59,92]. Further, many of this organism’s proteins have not been characterized,
suggesting that it is an understudied organism that would benefit from high-throughput
computational analysis.

To predict the functions of any putative radical SAM enzymes, we performed BLAST
comparisons of the four Entamoeba histolytica proteins that had matched radical SAM HMM
profiles, against the sets of standard radical SAM enzymes (Table 5). We also performed BLAST
comparisons of these four proteins and the sequences of radical SAM enzymes with solved crystal
structures (Table 6). One possible E. histolytica methylthiotransferase, (Uniprot ID
AOASK1U8H1 ENTHI), was selected to assess its suitability for homology modelling, based on
its relatively high degree of sequence similarity (25.48%) to Thermotoga maratima RimO, a
radical SAM. The RimO structure was downloaded from PDB ID 4JCO0 [93].

The AOASK1U8H1 ENTHI sequence was submitted to I-TASSER [94] for homology
modelling. Energy minimization was then performed in Schrodinger [95]. Model validation on the
energy minimized model was performed in Swiss-Model [96]. A structural overlay was produced
from the energy minimized model and the structure that [-TASSER had used as its primary
reference structure (PDB 4JC0). To determine the quality of the model in terms of the formation
of a likely [4Fe-4S]™ binding site, the distances between the cysteine residues around the
corresponding location in the model and the primary iron-sulfur cluster in RimO were measured
(Figure 9), as were the distances between each cysteine residue, using PyMOL (version 1.7.4.5)
(Supplemental Figure 2) [97].

2.3.4.2 Methods: Putative Radical SAMs in Gossypium barbadense

Preliminary results indicated that plants had higher amounts of radical SAM enzymes in
eukaryotes, and that photosynthetic eukaryotes seemed to have high levels compared to non-
photosynthetic eukaryotes. The 37 sequences that fit radical SAM HMM profiles from G.
barbadense (UP000327439) were further characterized. As with E. histolytica, we performed
BLAST comparisons between these sequences with HMM matches against standard sets of radical
SAM enzymes (Supplemental Table 1), and against a set of radical SAM enzymes with solved
crystal structures (Supplemental Table 2).

Analysis was also performed to compare the G. barbadense hits against the 16 Arabidopsis
thaliana (UP000006548) hits. Because A. thaliana is a relatively well-characterized model
organism, this plant was thought to be a good baseline to compare the G. barbadense hits; in fact,
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some of the sequences were already included in the set of standard radical SAM sequences. A tree
was constructed in MAFFT [98] and visualized in iTOL [99]. The tree was built from the standard
radical SAM sequences, the 37 G. barbadense (UP000327439) hits, and the 16 A. thaliana
(UP000006548) relatively well-characterized hits. MAFFT settings were as follows: Output
format: Pearson/fasta (default), Matrix: BLOSUMG62 (default), Gap open penalty: 1.53 (default),
Gap extension penalty: 0.123 (default), Order: aligned (default), Tree rebuilding number: 100
(raised from default 2 to be maximally rigorous), Guide tree output: ON (default), Maxiterate: 100
(raised from default 2 to be maximally rigorous), Perform FFTS: none (default). This phylogenetic
protein tree showed a potentially interesting relationship between three Gossypium barbadense
proteins (AOASJISPDX9, AOASJSPNT?2, and AOAS5J5U143) and one of the Arabidopsis thaliana
proteins (Q8HOV 1), so these were compared in a separate BLAST analysis (Table 7).

2.4 Results
2.4.1 Results of Large-Scale Proteome HMM Searches

The results of the search for sequences that matched HMM profiles of radical SAM
enzymes are summarized in Figures 4-7 and Supplemental Figure 1, and the full results are
contained in Supplemental Table 7 and Supplemental Table 8. Most of the matches are from the
Pfam PF04055 family, which contains radical SAM enzymes with canonical motifs and variations.
Most living organisms have at least a few sequences that match radical SAM profiles, although
some exceptions exist, including Tremblaya princeps, Mycoplasma pneumoniae, and
Lactobacillus paucivorans. None of the viruses analyzed contained any sequences that matched
radical SAM HMM profiles. In organisms that had sequences with HMM matches, the counts
ranged from 1 to 131, and their percentages in the proteome ranged from 0.01% to 3.95%. Many
methanogens appear to be at the high end of the count and percentage spectrum in archaea,
although this outcome was not analyzed further. It was observed that the majority of eukaryotic
proteomes used in the analyses belonged to funguses.

We found statistically significant differences between some groups of organisms (Figure
4). The Kruskal Wallis test between the counts in the three domains of life yielded a p-value of p
<2.2e-16. This means that the Kruskal Wallis test determined that the three distributions were not
identical. The follow-up Dunn test found a p = 0.1366 between archaea and bacteria, p < le-4
between archaea and eukaryotes, as well as between bacteria and eukaryotes. A way to interpret
this is that the comparisons that yielded p-values less than an alpha of 0.05 have distributions that
are statistically significantly different from each other. The p-values are based on the means,
standard deviations, and (large) sample sizes of each of the groups compared. The Kruskal Wallace
test between the percentages of putative radical SAM enzymes in proteomes of the three groups
of organisms yielded a p-value of p < 2.2e-16. The follow-up Dunn test determine p=0.0001
between archaea and bacteria, and p < 1e-4 between archaea and eukaryotes, as well as between
bacteria and eukaryotes.

The number of radical SAM motifs appear to be different between aerobic and anaerobic
prokaryotes (Figure 5). The t-tests yielded a yielded p = 8.165e-12 for counts, and p <2.2e-16 for
percentages. Comparisons between eukaryotes that live in different oxygen levels had more mixed
results. In aerobic vs. anaerobic eukaryotes (Figure 6), the t-test between the counts yielded
p=0.1937. The percentages yield a p=0.0936, but it is decreased to 3.686e-05 if the information
from Nephila clavipes, an extreme outlier with 0.33% radical SAM enzymes, is excluded.
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Figure 4. Boxplots of the percentages of putative radical SAM enzymes found in the proteomes
of the 400 organisms randomly chosen from the three domains of life. None of the sequences
in any of the 100 virus proteomes matched a radical SAM HMM signature. The archaeal
outliers are strains of Methosarcian mazei and Saccarolobus solfataricus. Some of the bacterial
outliers include Acidobacteria bacterium and Clostridiodes difficile. Some of the eukaryotic
outliers are plants, mammals, and algae. The exhaustive list of these results is in Supplemental
Table 8.
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Figure 5. Boxplots comparing the amounts of putative radical SAM enzymes found in the
proteomes of aerobic prokaryotes (n=65) and anaerobic prokaryotes (n=69). There is a
significant difference between the two groups of organisms, in both the count of radical SAMs
present, and the percentage of radical SAMs present. Some of the aerobic outliers include
Aeribacillus composti and Acetobacter senegalensis, and anaerobic outliers include
Lachnotalea glycerini, and Thermatoga petrophila. The exhaustive list of these results is in
Supplemental Table 8.
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Figure 6. Boxplots comparing counts and percentages of putative radical SAM enzymes from
aerobic eukaryotes (n=30) and anaerobic/microaerophilic eukaryotes (n=21). The anaerobic
outlier is a strain of Piromyces. The most dramatic aerobic outlier is Nephila clavipes, and
others include Syncephalis pseudolumigal and Sugiyamaella lignohabitans. The exhaustive list
of these results is in Supplemental Table 8.
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Figure 7. Boxplots comparing counts and percentages of putative radical SAM enzymes in
photosynthetic eukaryotes (n=31) and non-photosynthetic eukaryotes (n=29). Outliers in
photosynthetic eukaryotes include species of Gossypium and algae. Outliers in non-
photosynthetic eukaryotes include Saimiri boliviensis and Byssochlamys spectabilis. The
exhaustive list of these results is in Supplemental Table 8.
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2.4.2 Results: Sequence and Structural Analysis of Putative Entamoeba histolytica Radical
SAM Enzymes

The HMM search marked four sequences from the E. histolytica proteome (UniProt
proteome ID UP000078387). Each of these sequences has a high degree of similarity to at least
one of the sequences in the set of standard radical SAM enzymes (Table 5). The four E. histolytica
sequences are similar to a methylthiotransferase, a glycyl-radical activating enzyme, an elongator
complex protein 3, and an anaerobic sulfatase-maturating enzyme, respectively. Alignments
between these four sequences and those of radical SAM enzymes with solved crystal structures
exhibit a low degree of sequence identity (Table 6). Despite the low sequence identity, we
attempted to build a structural model of the E.. histolytica sequence AOASK1U8H1 ENTHI.

Table 5. Top BLAST hits between each of the four Entamoeba histolytica (UP000078387)
sequences found from HMM profile searches, and the radical SAM standard sequences

Entamoeba histolytica Radical SAM Sequences Query E-value Perce'nt
Query Sequences Cover Identity
AOASKI1U8H1 ENTHI  Homo sapiens CDKAL HUMAN 97%  6e-131 46.21%
Threonylcarbamoyladenosine tRNA
methylthiotransferase
AOASKIULO8 ENTHI  Escherichia coli YJJW_ECOLI Putative 52% le-09  23.08%
glycyl-radical activating enzyme
AOASKIUWY4 ENTHI Arabidopsis thaliana ELP3_ARATH 93% 0.0 5821%

Elongator complex protein 3
AO0ASK1VD25 ENTHI  Clostridium perfringens ANSME_CLOPI 90% 2e-12 23.76%
Anaerobic sulfatase-maturating enzyme
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Table 6. The top blast hits between the four Entamoeba histolytica (UP000078387) proteins
found from HMM search, and radical SAM enzymes with solved crystal structures

Entamoeba histolytica . Query E- Percent
Query Sequencyes Radical SAM Sequences Cover  value Identity
AOASKI1U8H1 ENTHI  Thermatoga maritima RIMO_THEMA 79%  2e-31  25.48%
ribosomal protein S12
methylthiotransferase
AOASKI1U8H1 ENTHI  Thermotoga maritima HYDE THEMA 57%  5e-04 24.63%
[FeFe] hydrogenase maturase subunit
AOASKIULO8 ENTHI  Escherichia coli PFLA_ECOLI Pyruvate 61%  2e-08 18.42%
formate-lyase 1-activating enzyme
AOASKIULO8 ENTHI  Bacteroides vulgatus A61.094 BACVS 48% 2e-05  21.55%
Pyruvate-formate lyase-activating enzyme
AOASKIULO8 ENTHI  Staphylococcus aureus MOAA STAAN 45% 2e-05  23.67%
GTP 3°,8-cyclase
AOASKIUWY4 ENTHI Streptoalloteichus tenebrarius 34% 0.067 22.30%
Q2MFI17_STRSD Putative apramycin
biosynthetic oxidoreductase
AOASK1VD25 ENTHI  Clostridium perfringens ANSME CLOP1 90% 3e-13  23.76%
Anaerobic sulfatase-maturating enzyme
AOASK1VD25 ENTHI  Hungateiclostridium thermocellum 69% 2e-11  25.35%

A3DDWI1_HUNT2 Radical SAM domain
protein

The output of the validation of the E. histolytica AOASK1U8H1 ENTHI structural model
is summarized in Figure 8. The quality scores along different portions of the protein structure are
highlighted in Figure 8B, in which residues with low scores are red, and residues with high scores
are blue. The QMEAN Z-scores (Figure 8C) for the Cp, all-atom, and solvation geometrical
properties are close to zero, indicating reasonable agreement between this model and those of
structures of a similar size [100]. The QMEAN Z-scores for torsion and the model overall are
much lower than the acceptable threshold of -4 (Figure 8C). This indicates that the model has

overall low-quality [100].

The structural overlays are shown in Figure 9 and Supplemental Figure 2. Supplemental
Figure 2 shows the measured distances between the sulfur atoms of the cysteine residues that
comprise the “nest” that coordinates the iron-sulfur cluster [42].
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Figure 8. Validation of energy-minimized AOASK1U8H1 ENTHI homology model. (A)
Ramachandran Plot. (B) Cartoon depiction of model, colored by QMEAN model quality. Blue is
high quality and red is low quality. (C) QMEAN quality estimates. The torsion and overall
QMEAN Z-scores are very low. The other individual scores are reasonable and do not pass the
threshold of -4.
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Figure 9. Homology modelling structural overlays. (A) Structural overlay of homology model of
AOASK1U8H1 ENTHI from Entamoeba histolytica (teal), and RimO (PDB 4JCO0) template with
cofactors (magenta). (B) 4JCO template and iron-sulfur cluster. (C) AOASKI1U8SH1 ENTHI
homology model overlaid with iron-sulfur cluster from 4JCO template. Distances between cysteine
Sy atoms and the iron atoms are measured in A in panels (B) and (C).

2.4.3 Results: Sequence Analysis of Putative Gossypium barbadense Radical SAM Enzymes

The radical SAM HMM profiles matched 37 sequences from the Gossypium barbadense
(UP000327439) proteome. BLAST alignments between these sequences and the set of standard
radical SAM enzymes show that most of them are homologous sequences (Supplemental Table 1).
However, one sequence (AOASJSPQX6 GOSBA) was found to have low similarity to any of the
sequences. This sequence also had a relatively unfavorable E-value (0.00089) in the HMM profile
search, so it is likely not a radical SAM enzyme. BLAST alignments between the G. barbadense
sequences and radical SAM enzymes with solved crystal structures have some sequences with a
relatively high degree of similarity (Supplemental Table 2).

All of the 36 Gossypium barbadense sequences that are likely to be radical SAM enzymes
are similar to the 16 Arabidopsis thaliana sequences to some degree, as seen in the phylogenetic
tree (Figure 10). The relationship between the group of sequences with the longest branch lengths
is summarized in Table 7. The query cover and E-values between the searches are good. The
degrees of percent identity between the proteins are high but show some degree of divergence.
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Figure 10. Tree of MAFFT alignment between selected standard radical SAM sequences, and
Arabidopsis thaliana (brown) and Gossypium barbadense (blue) sequences that matched radical
SAM HMM profiles. The relationship between the circled proteins are explored in Table 7. The
AOASJ5PQ sequence from G. barbadense did not appear to be a radical SAM enzyme upon further

inspection.

22



Table 7. BLAST between Gossypium barbadense (UP000327439) uncharacterized
protein AOASJSPDX9 and nearby neighbors circled in Figure 10.

Description Query E-value % Identity
Cover

Gossypium barbadense uncharacterized protein AOASJSPNT2 99% 0 85.32%

Gossypium barbadense uncharacterized protein AOASJ5U143 99% 0 79.71%

Arabidopsis thaliana CDK5RAP1-like protein Q8HOV 1 91% 0 75.26%

2.5 Discussion
2.5.1 Hidden Markov Model (HMM) Method Discussion

Utilization of HMMs provided much more reliable results than simple motif searches to
identify putative radical SAM enzymes. The high number of motif matches in the eukaryotes was
rational given that they have thousands more sequences in which the pattern can match by random
chance. We found that the HMMs provided a more statistically robust method of detecting radical
SAM enzymes that still incorporated information about the conserved cysteine motifs. This search
alone does not reveal what the functions of the proteins are, but narrows down the candidates for
laboratory experiments.

2.5.2 Large-Scale Proteome Searches and Comparisons Between Phylogenetic Groups
Discussion

Differences were observed between phylogenetic groups. The most apparent difference,
besides no viral sequences matching any of the HMMs, is the small number and percentage of
putative radical SAM enzymes in eukaryotic organisms compared to either of the prokaryotic
lineages (Figure 4). Eukaryotes had counts of 1-31 (mean = 7.24) and percentages of 0.01-0.22%
(mean 0.058%), while prokaryotes had counts of 0-131 (mean = 19.82) and percentages of 0-
3.95% (mean = 0.79%) (Figure 4, Supplemental Table 8). The stark difference might be correlated
with the fact that most eukaryotes rely on high concentrations of oxygen and aerobic respiration.

Results should be critically interpreted because many of the eukaryotes that were included
in the analysis turned out to be funguses. Although this was not tested, it appears in Supplemental
Figure 1 that fungi may have fewer radical SAM enzymes, and at a lower percentage, than other
eukaryotes. This means that it is possible that in the analyses between eukaryotic groups, the
anaerobic eukaryotes vs. aerobic eukaryotes (Figure 7), and photosynthetic vs. non-photosynthetic
eukaryotes (Figure 8), might be better interpreted as comparisons against fungi than against all
eukaryotes with the given traits. The p-value between percentages of anaerobic vs. aerobic
eukaryotes changed drastically when the outlier Nephila clavipes, a spider, was removed. It is
important to consider that this was one of the rare proteomes that did not belong to a fungus that
was included in that dataset. Future studies that examine these comparisons should utilize stratified
random sampling or cluster random sampling, or compare the means between all groups, with
fungi comprising one of the individual subgroups. In fungi, it might also be important to consider
that they are haploid for most of their lives [54], while many plants are diploid or polyploid
[101,102], although it is unknown in what manner UniProt takes ploidy into account in proteome
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annotations. In future analyses, the BUSCO score could also be treated as a covariate, such that
more organisms could be included in the analysis.

We also observed differences between organisms of different oxygen tolerances. This was
especially apparent in the comparison between anaerobic and aerobic prokaryotes, which has been
discussed in literature but perhaps not quantified before as we did here [11]. The results are
consistent with the idea that there are well-characterized radical SAM proteins that are known to
be directly involved in anaerobic metabolism [11,103,104].

2.5.3 Entamoeba histolytica and Other Anaerobic Eukaryotes Discussion

Correlation was observed between an anaerobic lifestyle and the quantity of radical SAM
enzymes in organisms proteomes (Figure 6). With the current comparison it cannot be ruled out
that the outcome reflected fungi more than then general aerobic eukaryote population, although
the correlation that we found is in the expected direction. It also cannot be ruled out that the counts
of radical SAM enzymes between the two groups is not significantly different because all
eukaryotes could have a conserved set of radical SAM enzymes. It would be expected for anaerobic
eukaryotes to have more radical SAM enzymes than aerobic eukaryotes, because of the different
exposures to oxygen which degrades iron-sulfur clusters, and because of evidence that some
prokaryotic genes have been transferred to the genomes of anaerobic eukaryotes [58,59,92]. It also
follows the logic that radical SAM enzymes are sometimes involved in pathways under low-
oxygen conditions but other types of enzymes are utilized under aerobic conditions [52,105].

Data gathered from the large-scale phylogenetic analysis aided in choosing candidates for
finer-scale analysis of the functions of the HMM-matching sequences in E. histolytica
(UP000078387). We were able to use this method to identify potential candidates to further
characterize from the E. histolytica proteome. E. histolytica is especially interesting for studying
radical SAM enzymes because iron-sulfur proteins tend to be different in these and other protozoan
parasites compared to their hosts [106]. Phylogenetic analysis performed on similar differences in
iron-sulfur proteins (or other markers) dependent on environment or lifecycle have yielded
interesting results in past studies [47-49,107]. All four of the sequences identified by HMMs share
a percentage of identity with more well-characterized radical SAM enzymes (Table 5), which
increases the likelihood of future characterization.

The potential of studying these four enzymes through homology modeling is somewhat
limited by the available radical SAM enzymes with solved crystal structures. None of the four
sequences matched any of the radical SAM enzymes with solved crystal structures especially well
(Table 6). The low percentage of identity between Entamoeba histolytica’s
AOASK1U8H1 ENTHI sequence and 4JCO was reflected in the homology model.

If homology modeling, molecular dynamics simulations, docking, or other computational
biochemistry techniques are to be used on any of these four Entamoeba histolytica enzymes, it
appears necessary for the crystal structures of more homologous proteins to be solved. Because it
is not possible to include the iron-sulfur cluster or other cofactors in homology models, it would
also be necessary for the cluster to be super-positioned into the starting coordinates for molecular
dynamics simulations. It is possible that at least a small amount of the low QMEAN scores can be
attributed to the lack of the iron-sulfur cluster in the model, though most of the degradation in
quality can be attributed to the fact that AOASK1U8H1 ENTHI had a higher sequence identity to
a different methylthiotransferase than the RimO methylthiotransferase that formed the basis for
most of the model.
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2.5.4 Gossypium barbadense and Other Photosynthetic Eukaryotes Discussion

Considering the other trends observed between oxygen levels and the prevalence of radical
SAM enzymes, it was surprising to see a higher number of putative radical SAM enzymes in
eukaryotes capable of oxygenic photosynthesis compared to other eukaryotes (Figure 7). Although
at this time we are unable to rule out that the polyploidy of plants might be a confounding variable
[101,102], the result might be consistent with the complex physiology of plants. For example,
although it is well-established that oxygen levels in photosynthetic plant cells can build to the point
that it inhibits the carbon-fixation enzyme [63,64], plants have developed Krantz anatomy and
CAM photosynthesis to isolate RUBISCO from oxygen [54,64]. However, even oxygenic
cyanobacteria are able to separate oxygen production from oxygen-sensitive processes [108].
Additional analysis would need to be performed to thoroughly test whether or not there is a trend
in the abundance of radical SAM enzymes in organisms capable of producing oxygen, compared
to organisms that do not.

All of the 36 G. barbadense sequences that are likely to be radical SAM enzymes
(Supplemental Table 1) share a good amount of sequence identity with radical SAM enzymes that
have been well-characterized. It is interesting to note that many of them share sequence identity
with radical SAM enzymes that are encoded in mitochondria or chloroplasts (Supplemental Table
1). There are also sequences that pass the recommended minimum 30% sequence identity with
radical SAM enzymes with solved crystal structures, for homology modeling (Supplemental Table
2). Once these Gossypium sequences are examined further and found to share other signatures with
the crystal structures they align with, homology modeling could be performed.

The phylogenetic comparison between the G. barbadense, A. thaliana, and other standard
radical SAM sequences showed an interesting trend. The tree (Figure 10) demonstrates that all of
the 36 G. barbadense sequences that are likely to be radical SAM enzymes share a relatively high
amount of sequence similarity to the set of 16 A. thaliana sequences, rather than other standard
radical SAM sequences. They are likely homologues. However, in most cases, there is more than
one Gossypium sequence for every Arabidopsis sequence. It may be relevant that G. barbadense
is a tetraploid species [109], whereas laboratory Arabidopsis thaliana is diploid [110]. It will be
important to assess the status of the homology of each of the Gossypium sequences and determine
whether or not they are artifacts of either the sequencing process or automatic annotations before
further analysis is conducted. If they instead represent true G. barbadense biology, it could be
important to identify if they are the products of polyploidy or gene duplications, and determine
what type of homology the sequences share. The results of the four sequences further analyzed in
a BLAST alignment (Table 7) likely tell an interesting evolutionary story, because the sequence
of AOASJSPDXO is so different from the neighboring Gossypium sequences. The sequence itself
is similar to a CK5P1 RAT mitochondrial tRNA methylthiotransferase (Table 5). Further analysis
will need to be performed to determine whether the sequences are paralogous or simply highly
divergent.
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2.6 Supplemental Figures and Tables
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Supplemental Figure 1. Phylogenetic tree of the 100 randomly-selected eukaryotic organisms.
Counts of radical SAM HMM hits are blue, percentages of radical SAM HMM hits in each
proteome is in red.
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Supplemental Figure 2. Homology modelling structural overlays. (A) Structural overlay of
homology model of AOASK1U8H1 ENTHI from Entamoeba histolytica (teal), and RimO (PDB
ID: 4JCO0) template with cofactors (magenta). (B) 4JCO template and iron-sulfur cluster. (C)
AOAS5SK1U8H1 ENTHI homology model overlaid with iron-sulfur cluster from 4JCO template.
Distances between cysteine Sy atoms of the “nest” and the iron atoms are measured in A in panels

(B) and (C).
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3 Conclusions
3.1 Summary

The main purpose of this work was to identify candidate radical SAM enzymes for
biochemical characterization, and Hidden Markov Models allowed us to select the sequences. By
establishing a computational workflow, our investigation narrowed the full sets of proteomes down
to those sequences that contain known radical SAM signatures. We were also able to analyze trends
across coarse phylogenetic groups and organisms with different oxygen tolerances. We were able
to further identify putative radical SAM enzymes from the proteomes of microaerophilic parasite
Entamoeba histolytica and cotton species Gossypium barbadense by comparing these sequences
to those of well-characterized radical SAM enzymes. The Entamoeba histolytica sequence
AOASK1U8H1 ENTHI did not share enough sequence identity with any of the radical SAM
enzymes with solved crystal structures to yield a good homology model, but several Gosspyium
barbadense sequences share a reasonable amount of sequence identity to be used in future
computational biochemistry studies. Possible biochemical reactions of the Entamoeba and
Gossypium sequences have been identified, and can be further tested and characterized in
laboratory experiments.

3.2 Conclusions and Future Directions

We have curated a set of proteins that are likely to function as radical SAM enzymes and
have yet to be fully characterized. Many of the sequences contained in the UniProt database are
based on automatic annotations of metagenomics data, so the next step in any analysis should be
establishing the true sequence of the DNA and/or protein of interest. One of the next steps is to
investigate the Entamoeba histolytica sequences that were selected with Hidden Markov Models,
which do not have high similarity to radical SAM enzymes with solved crystal structures but are
sufficiently similar to radical SAMs that have been experimentally characterized in other ways.

The Gossypium barbadense sequences selected by Hidden Markov Models can also be
further characterized. Their BLAST similarities to well-characterized radical SAM sequences are
encouraging, and some of the sequences share a degree of similarity with radical SAMs that have
solved crystal structures that would be suitable for computational biochemistry techniques such as
homology modeling, molecular dynamics simulations, and docking.

To study radical SAM enzymes in plants at a larger scale, larger phylogenetic trees or
Sequence Similarity Networks could be composed from the HMM-matching sequences of more
plant species, and then examined to see if there are any outliers that might be involved in pathways
particular to plant physiology. The relationship between sequences like Gosspyium barbadense’s
AO0AS5J5PDX9 and its homologues should also be further investigated to see whether or not they
might be involved in novel pathways.

As for evolutionary trends in the varying amounts of radical SAM enzymes due to oxygen
tolerances of the organisms analyzed, some expected trends were confirmed, while other results
were more surprising. We saw a trend of fewer radical SAM enzymes in prokaryotes that were
anaerobic compared to those that were aerobic. The trends were not consistent for oxygen levels
in eukaryotic organisms; this either reveals a biological quirk in eukaryotes, or is an artifact of
either the sampling methods used, eukaryotic ploidy, or the UniProt method of annotating
sequences.
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