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S-Adenosylmethionine (SAM) belongs to the class of group-transferring coenzymes, whereby alkyl group
transfers, especially electrophilic methylations, on the one hand, and radical reactions, which are
characterised by initial H radical abstractions, on the other hand, are predominant. From an evolutionary
point of view, these types of reactions are fundamental e.g. in the modification of nucleobases and fatty
acids but also in methionine biosynthesis. At which point of chemical and biological evolution did SAM
come into play? Since SAM s closely tied to nucleotide biochemistry both structurally and
Received 14th November 2025 biosynthetically, a discussion linking it to RNA appears to be reasonably. Apart from general overviews of
the early evolutionary role of coenzymes and cofactors, the appearance of SAM on the evolutionary
DOI: 10.1039/d5np00079¢ stage has only been dealt with superficially so far. This report attempts to achieve such a classification,

rsc.li/npr both prebiotically and biosynthetically within the RNA world theory.
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1. Introduction

As early as 1976, White III proposed that coenzymes are the
surviving vestiges of nucleic acid enzymes due to the fact that
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many coenzymes contain structural elements derived from RNA
nucleotides." He claimed that their occurrence preceded the
evolution of ribosomal protein synthesis. Although this led to
some profound reflections in the years that followed,>* this
earlier insight only recently gained momentum with respect to
hypotheses on the origin of life.* In fact, coenzymes and
cofactors must be very ancient, because (a) they occur in all
kingdoms of life, (b) the Last Universal Common Ancestor
(LUCA) model,® a theoretical one recently substantiated by
phylogenetic and bioinformatics analyses, must have used the
majority of coenzymes and cofactors known today® and (c) the
biosynthesis of proteinogenic amino acids and the enzymatic
formation of coenzymes represent a classical case of a “chicken
and egg” problem.” From a chemical point of view, they can be
considered the most chemical species that nature has
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Fig.1 SAM-promoted reactions.
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developed, since their almost unaltered sole purpose is to act as
(co-) catalysts for enzymes, and this was probably also the case
in LUCA Fig. 1.>*

S-Adenosylmethionine (SAM, 1)° falls precisely into this
category, as it contains an adenosine group and thus belongs to
those small molecules that fit into the concept of the RNA-first
theory." Other examples of coenzymes containing adenosine
are nicotinamide dinucleotide (NAD"), flavin adenine dinucle-
otide (FAD) and coenzyme A (CoASH). Associated with iron-
sulfur clusters, SAM is also involved in radical chemistry. In
addition, iron-sulfur complexes are suggested to be the oldest
redox systems present when Life emerged on planet earth." In
view of the close relationship with S-adenosylmethionine in
radical SAM biochemistry,'* a discussion on SAM in the context
of the origin and evolution of Life seems to be overdue.

2. Coenzymes including SAM and the
RNA world theory

The history of Earth is commonly divided into four major
phases, each of which is further subdivided. The four geological
eons are the Hadean (4.6-4.0 Ga ref. 13), the Archaen (4.0-2.5
Ga), the Proterozoic (2.5 Ga-538.8 Ma), and the current geologic
eon called Phanerozoic.

Prebiotic evolution began under conditions that existed
during the Hadean Earth and provided the first organic mole-
cules and early pre-metabolic networks. Dramatic events sepa-
rate the Archaen eon from the Proterozoic, and the Proterozoic
in turn from the Phanerozoic. Both are associated with the
sudden and substantial increase of oxygen concentration in the
atmosphere and, in part, in dissolved form in the oceans.**
Several theories on the origin of life are being discussed,
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including the topic of prebiotic chemistry and, building on this,
the question of which of the three central biomacromolecules of
life (proteins, DNA, and RNA) appeared first on Earth, suppos-
edly in the Archaen eon. This has led to the emergence of the
RNA world theory. Its scenario states that RNA with a defined
sequence must have preceded proteins with a defined sequence.
This assumption is based on the fact that, unlike proteins, RNA
molecules have the ability to self-replicate and also perform the
function of transcribing protein structures. Furthermore, RNA
exhibits catalytic properties, and so-called ribozymes can
perform a limited number of chemical transformations. This is
evident, for example, in the ability of RNAs to catalyze their own
synthesis from activated monomers, as has been demonstrated
invitro.” This dual role forms the basis for the RNA-first theory.
In essence, RNA combines elements of coding with metabolic
properties. Accordingly, it is assumed that RNA played a key role
in the evolution of prebiotic replication.*® This assumption has
recently found support by chemical approaches to the synthesis
of nucleotides under plausible prebiotic conditions."®

However, without metal or co-enzymes, the variety of known
ribozyme-promoted reactions is very limited and is based
mainly on acid-base-catalysed hydrolysis and a few group
transfer reactions of nucleotide and peptide elements. Redox
chemistry, alkylations and group transfer chemistry require co-
catalysts or coenzymes, including S-adenosylmethionine (1).

If RNA was indeed a precursor to the protein-based enzymes
that appeared later and thus played a decisive role in governing
pre-metabolism, the reaction repertoire of RNA must had been
considerably larger. It can therefore be assumed that small, co-
catalytically active molecules ought to have been around that
provided functional co-ribozymes through covalent, coordina-
tive or hydrogen bonds to RNA. This brings coenzymes and
metallic cofactors into play, especially as some coenzymes
contain the adenosine phosphate handle. Several cases have
been described in which the weak binding of small molecules to
the RNA template has been achieved or demonstrated.'” Alter-
natively, adenosyl-containing coenzymes can themselves be
regarded as nucleotide building blocks which, when covalently
bound to the 5'-terminus of a ribozyme, would in fact resemble
catalytically active nucleotide building blocks.

Today, the concept of RNA able to bind small molecules is
manifested in small mRNAs called riboswitches.*® This includes
several coenzymes like thiamine pyrophosphate (TPP)," flavine
mononucleotide (FMN),* tetrahydrofolate (THF),* adenosyl
cobalamine (AdoCbl),>* SAM> and others.** Binding of metab-
olites occurs directly via electrostatic ineractions or through
hydrogen bonding, without be induced by proteins. Upon
binding, the secondary RNA structure is altered resulting in
a change in production of the proteins encoded by this mRNA.**
This is how SAM biosynthesis is regulated by SAM riboswitches
in bacteria.”® SAM itself is biosynthesised by methionine ade-
nosyltransferase from r-methionine (4) and adenosine triphos-
phate (ATP). After SAM 1, bound in the corresponding protein
matrix, has transferred its methyl group to a nucleophilic
substrate, S-adenosyl-.-homocysteine (SAH, 2) remains in the
enzyme pocket and has to be regenerated to 1 via several
enzymatic steps. Most organisms convert homocysteine into

This journal is © The Royal Society of Chemistry 2026
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methionine using methylfolate or methylcobalamin (MeCbl) as
methyl donors.”®* It is known that several classes of SAM
riboswitches act as control points in this “SAM cycle.” (Scheme
1A).%®

Assuming that SAM was already present at an early stage of
life (a detailed discussion can be found in Section 4), two
scenarios are conceivable as to how a ribozyme can become
a catalytic system with alkylating properties. On the one hand,
SAM can be bound to a protoribozyme via weak interactions, as
is currently the case in SAM riboswitches 5. Could there be other
possible grounds for the existence of an early and active form of
SAM? The “AMP handle” present in some coenzymes and
adenosine in SAM point not only structurally but also func-
tionally to the RNA world theory, because adenine can be
actively associated with RNA by pairing with the base uracil. It is
also noteworthy that nicotinamide (in NADH) forms hydrogen
bonds with uracil and cytosine (Scheme 1B) so that nicotin-
amide was designated as a possible pre-genetic code
dehydrogenase.**¥ Indeed, Breaker expressed the idea early on
that some riboswitch aptamers, especially those that bind
coenzymes, could be derived from early ribozymes.* Either they
were responsible for the synthesis of coenzymes, or they served
as RNA-coenzyme complexes for the catalysis of metabolic
reactions. In either case, a coenzyme-dependent ribozyme as
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well as a coenzyme-responsive riboswitch would have to have
a coenzyme binding site.

Recently, Hobartner and colleagues described a ribozyme
that, by binding SAM, is able to alkylate RNA in a site-specific
manner, thus supporting the theory presented here of the
close evolutionary entanglement of ribozymes and coenzymes.*

Assuming that SAM was already present at an early stage of
life (a detailed discussion can be found in Section 4), two
scenarios are conceivable as to how a ribozyme can become
a catalytic system with alkylating properties (Scheme 1C; and
C,). On the one hand, SAM can be bound to a protoribozyme via
weak interactions, as is currently the case in SAM riboswitches
5. In contrast to riboswitches, this complex acts as a chemically
active species for the alkylation of substrates of an early stage of
metabolism. Alternatively, ribozymes could bind methionine at
the perphosphorylated 5'-terminal end of the ribozyme. The
resuting sulfonium species 6 is in essence SAM with an oligo-
nucleotide. In fact, it has been demonstrated that methionine*®
reacts spontaneously with ATP, but also with adenosyl mono-
phosphate which is more relevant from a prebiotic perspec-
tive.** However, these approaches have a fundamental weakness
if one includes the question of regeneration, i.e., the reloading
with a methyl group. At this point, it is necessary to consider
plausible prebiotic chemistry.
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Scheme 1 (A) The “SAM cycle” and points where SAM/SAH riboswitches interfere into it; (B) the nicotinamide core in NAD*/NADH, a nucleotide
building block that forms hydrogen bonds with uracil and cytosine; C;/C,: models of SAM riboswitches that may have functioned as proto-
ribozymes in the RNA world. (SAH = S-adenosyl-L-homocysteine; MeCbl = methylcobalamin, PLP = pyridoxal phosphate, NADH = nicotinamide

dinucleotide).
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3. Prebiotic SAM models

3.1 Electrophilic methylations

The primary metabolic role of SAM is methyl group transfer
onto nucleobases in DNA and tRNA* as well as onto homo-
cysteine, guanidine acetate and o«-amino acids in proteins.
Other methyl acceptors are aminoalcohols such aminoethanol
and the precursor of epinephrine. Also methylations of unsat-
urated fatty acids are driven by SAM leading to branched or
cyclopropyl fatty acids. In search for simpler, prebiotic models
of SAM, first experimental studies on the methylation of ethanol
amine set the trimethylsulfonium ion (Me;S*, 7) into focus.*
The chemoselective methylation was successful with 7 con-
ducted under dilute, aqueous conditions (Scheme 2A).
However, the probable origin of these cationic species under
prebiotic conditions has not yet been clarified, as a chemical
route would have to start from dimethyl sulfide 16. While 16,
like thiomethanol 11, are products of deep-sea vents, the source
of the third methyl group is unclear, which calls into question
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Scheme 2 (A) The methylating properties of the trimethylsulfonium
cation 7; (B) formation of (poly)sulfanes 10 and 12; (C) hypothetic
sulfonium species 13—15 derived from sulfanes and possible routes
from prebiotic plausible sulfur sources (possible oxidants: Fe**, H,0,
and NO).
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the legitimacy of 7 as a plausible prebiotic source of an elec-
trophilic methyl group.®® Alternatively, formaldehyde
(CH,0)*** and diazomethane*® were proposed as ancient
methylating agents. The former was used in N-methylations of
primary amines via intermediate imine formation, while the
latter was formed under presumably prebiotic conditions, but
due to its high chemical instability, the relevance of di-
azomethane on early Earth can be critically dicussed.

3.2 Sulfanes as precursors for mercaptodimethylsulfonium
cations - a “Gedankenexperiment”

An alternative to trialkylsulfonium species would be to replace
one of the three methyl groups in 7 with a heteroatom-bearing
substituent such as sulfur or nitrogen.*” The early world was
very likely marked by the presence of sulfur and this element
played a key role in prebiotic chemistry as it was supposedly
present in multiple forms such H,S 8 and elemental S,, as well
as SO,, sulfite, sulfate and thiosulfate.*® In addition, dimethyl
sulfide 16 and thiomethanol 11 are found to be present in deep
sea vent systems (black smoker) which make them candidates
already present in a prebiotic world.*

It is proposed here, that the mercaptodimethylsulfonium
species 13-15 could be sensible alternatives to the classic tri-
alkylsulfonium species (e.g. 7) as well as in SAM 1. Here, a thio
substituent is part of the substitution sphere around the central
sulfonium species. But how can such sulfonium species be
generated under plausible prebiotic conditions and are they
capable of performing methyl transfer chemistry? Polysulfanes
10 or 18 can serve as starting point for conducting such
a “Gedankenexperiment” (Scheme 2B).

In analogy to alkanes,*” polysulfides are also called sulfanes
or polysulfanes for which H,(S), 10 and 12 are typical repre-
sentatives. But investigations on this special sulfur geochem-
istry are still in their infancy including considerations linked to
the origin of Life. Sulfanes are relevant for pyrite formation and
metal chelation. They are stable under alkaline conditions, but
below a neutral pH value, polysulfides form molecular sulfur Sg.
In prebiotic times, the S-S bonds in di- (HSSH 9 or MeSSMe 17)
and polysulfanes 10, 12 and 18 could have formed from the
corresponding thiols (e.g. MeSH),* but also from H,S by various
oxidizing agents such as H,0,, NO, or by trace metals such as
Fe(mr).* In this context, H,S 8 plays a central role in the initia-
tion and control of complex sulfane equilibria. Furthermore,
polysulfanes 10 and 12 can also form when hydrogen sulfide
reacts with elemental sulfur (S,,).**

In theory this dynamic system can serve as initiation point
for the formation of sulfonium species 13-15. E.g. if dimethyl
sulfide reacted with electrophilic sulfur present in polysulfanes,
these type of sulfonium species would be formed and would, in
principle, be capable of undergoing methyl transfer reactions in
the same way as sulfonium species like 7 or SAM 1.

What evidence would support this hypothesis? Di-
methyl(methylthio)sulfonium salts (14 or 15) are well estab-
lished and are usually obtained by methylation of disulfides or
by reactions of thiols with electrophilic thiols (e.g. sulfenyl
chlorides); these represent the disulfides or polysulfanes

This journal is © The Royal Society of Chemistry 2026
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suggested here (Scheme 2B and C).***? It has also been shown
that these cationic species can act as alkylating agents with
various nucleophiles,** confirming that these salts can in
principle be regarded as prebiotic SAM substitutes.

Interestingly, it has been shown that dimethyl(methylthio)
sulfonium salts such as 14 form trimethylsulfonium salt 7
under the influence of organic trialkyl or triphenyl phosphites.
The corresponding phosphorothioate triester is formed as a by-
product.®® Is this the missing link to the simplest prebiotic
analogue of SAM, sulfonium cation 7? However, in order to
draw this conclusion, prebiotic equivalents of such phosphites
must first be found.

An ideal pre-geological location where one could imagine
this type of chemistry taking place are hydrothermal fields with
periodical “wet-and-dry” cycles. Such oscillating cycles in
hydrothermal ponds have been identified as crucial environ-
ments for promoting prebiotic chemistry, particularly for
condensation and oligomerization processes (such as peptides,
RNA) during dry periods. In contrast, colder rainy periods cause
reaction partners to dissolve and mix, which in turn enables
chemical reactions in solutions that lead from simple building
blocks of life to more complex structures and even protocells.
Conditions prevailing during the “dry phase” and high local
concentration in particular could ensure the presumed forma-
tion of sulfonium cations 13-15 as proposed here.*®

3.3 Radical SAM models

Iron-sulfur clusters are ancient cofactors*” that play a funda-
mental role in metabolism and radical SAM enzymes contain
iron-sulfur clusters which act by generating radicals as a result
of a homolytic cleavage of S-adenosylmethionine in SAM.*® The
resulting adenosyl radical induces hydrogen atom abstractions
from the substrate, leading to a plethora of subsequent
reactions.

This kind of chemistry may also have impacted the prebiotic
chemistry that led to life. In fact several accounts showed that
iron-sulfur clusters can be produced under plausible prebiotic
conditions, whereby photochemical excitation of the starting
components was one of the activation methods.* This opens
the gate for considering radical SAM chemistry in a prebiotic
context. Iron-sulfur clusters are stabilised by a wide range of
cysteine-containing peptides, where either prebiotically
produced cysteine®® or thiomethanol 11 could have taken on
this role before the appearance of complex peptides.

Aqueous FeS clusters, in which FeS clusters are directly
hydrated by water, were first observed in seawater by Buffle
et al>* Aqueous FeS clusters are also found in marine
sediments®” and hydrothermal vents in the deep sea. The
stoichiometry of these FeS clusters appears to range from Fe,S,
to Fe;50S150. The smaller aqueous clusters Fe,S, and Fe,S, show
structures similar to those of the cluster form in FeS proteins.
Further evidence that iron sulfide was available from
geochemical sources during prebiotic times is revealed by the
fact that the structure of Fe,S, resembles the basic structural
component of the mineral mackinawite (FeS).>*

This journal is © The Royal Society of Chemistry 2026

View Article Online

Natural Product Reports

For a prebiotic radical SAM system to exist, it would also be
necessary to identify a prebiotic form of sulfonium cations for
which suggestions are given above. Only in recent years has
synthetic chemistry developed an awareness for radical chem-
istry based on sulfonium salts, whereby photochemical activa-
tion has typically been used to achieve homolytic bond
cleavage.”® However, biomimetic electron transfer from
a metal, has hardly been studied to date. And only a few
examples of alkyl radical formation has being pursued so far;***
instead, aryl radical formation dominates the field. Since this
chemistry has not yet been investigated under plausible prebi-
otic reaction conditions e.g., with abiotic iron-sulfur clusters,
no statement can be made at this point as to whether radical
SAM chemistry played a significant role at such an early stage in
Earth's history.

4. SAM - an early player in biological
evolution?
4.1 How “simple” is SAM biosynthesis?

The biosynthesis of SAM is based on the building blocks ATP
and methionine. The coenzymes pyridoxal phosphate (PLP),
NADH and THF are necessary for the regeneration of the
sulfonium species, all of which may be regarded to be old with
respect to their appearance, due to the simplicity of their
biosynthesis with respect to coenzymes required (Scheme 3).*

In fact, the biosynthesis of PLP appears to be the simplest of
all coenzymes and cofactors, assuming that nucleotides existed
in view of the RNA world theory. Only ATP and building blocks
from carbohydrate metabolism are required here. NADH is also
easily accessible biosynthetically if the same type of analysis is
chosen. Similarly, the biosynthesis of the simplest porphyrin,
uroporphyrinogen III, and iron-sulfur clusters can be consid-
ered simple too. Next, NADH is required for the biosynthesis of
THF, and hence THF is required for the regeneration process of
SAM. p-Aminobenzoic acid (PABA), being structural element in
THF is produced by the shikimic acid pathway, and its biosyn-
thesis splits off from it at the stage of chorismic acid. The classic
shikimate biosynthesis pathway requires a TPP-dependent
transketolase step. According to this kind of analysis the
biosynthesis of TPP did not necessarily appear at an early stage
in evolution when THF became necessary as a coenzyme for
methionine regeneration. However, an alternative, TPP-free
biosynthetic approach to shikimic acid was recently discov-
ered in Methanocaldococcus jannaschii.> This shows that in such
a case the THF-dependent regeneration system could have been
already present at an early stage of a biological proto-life and
this would consequently mean that the SAM biochemistry still
represents a biosynthetically fairly simple system.

4.2 Tetrahydrofolic acid or cobalamin - which methyl
regenerating system is older?

The above analysis demonstrates that THF is a relatively readily
accessible coenzyme in terms of biosynthesis. What about
cobalamin, which can serve as an alternative to THF? Unlike
uroporphyrinogen III, the biosynthesis of the corinoid core in
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Scheme 3 Proposed timing of coenzyme biosynthesis, taking into account the necessary building blocks and coenzymes. According to ref. 6, all
of these biosynthesis already existed in LUCA (R5P = ribose-5-phosphate; GAP = glyceraldehyde-3-phosphate; DHAP = 3-deoxy-bp-arabino-
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nucleotide, DMB = dimethyl-benzimidazole).

cobalamin requires up to ten equivalents of SAM and one
equivalent of FeS/SAM (from uroporphyrinogen III) as well as
a series of other coenzymes (Scheme 3). From an evolutionary
perspective, cobalamin must therefore have appeared long after
the establishment of SAM biosynthesis and consequently the
cobalamin-based regeneration system from r-homocysteine 3 to
SAM 4 (Scheme 1A) can be considered a “latecomer”. Thus, the
tetrahydrofolate-dependent regeneration of SAM represents the
older system in evolutionary terms. Another implication of this
analysis is that the second adenosyl radical-induced chemistry,
which utilises vitamin B12, appeared evolutionarily later than
radical SAM, solely due to the complex biosynthesis of the
corinoid ligand.

4.3 How old might the radical SAM system be?

A similar argument can be made with regard to the occurrence
of iron-sulfur clusters. According to the analysis used here,
these can be described as “early arrivals.” Consequently, the
couple [FeS] clusters and SAM have likely also existed early in
the evolution of Life and may have been involved in funda-
mental biological processes such as formation of selected
coenzymes and metal cofactors as well as in radical SAM reac-
tions.** The analysis also reveals that methanogenesis may have
arrived at a later stage in evolution as several cofactors require
SAM and radical SAM for the biosynthetic generation.

4.4 Impact of SAM on the biosynthesis of other cofactors

S-Adenosylmethionine (1) is not only involved in electrophilic
alkylations and sulfur ylide chemistry, but various coenzymes
and cofactors are known whose biosyntheses are based on iron—-
sulfur clusters in combination with SAM (Scheme 4).%*

Nat. Prod. Rep.

These are lipoic acid, biotin, thiamine pyrophosphate (TPP;
those biosynthetic variants that are found in bacteria and
archaea), menaquinone,* pyrroloquinoline quinone, FeM (M =
Mo, V, Fe) cofactors found in different nitrogenases,*® [FeFe]-

prebiotic world

time ; h
arrow SAM equivalents: sulfonium salts
or formaldehyde
[FeS]
BLE cluster
NAD(P) uroporphyrinogen Il
|
/ THF radical SAM
SAM
regeneration
COH
H,NI- NH,
SAM o ¢T N
P N7 N7
Me
OHOH
oFan| | | |
: monas Moco [FeFe] [FeM]
THMPT quinone H-clusters clusters
+ M= M0¢V, Fe
methanogenesis hydrogenation N, fixation

diverse redox
chemistries
(anaerobic world)

e. g. archaeal
electron transfer
chains

Scheme 4 A model of the evolutionary role of SAM in the develop-
ment of biosyntheses of other cofactors and coenzymes and conse-
quences for the emergence of (selected) fundamental biochemical
processes of life. These supposedly could only develop after SAMs first
appearance in early life forms.
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hydrogenase H-cluster,”” the molybdenum cofactor (Moco) and
at least three cofactors involved in methanogenesis, specifically
coenzymes F/F;5, and tetrahydro-methanopterin (THMPT).*®
This suggests that many fundamental biochemical processes,
from an evolutionary perspective, are only conceivable in their
current form due to the presence of SAM and its coupling to 1-
electron transfer systems. This applies in particular to Wood-
Ljungdahl C1 fixation coupled with molecular hydrogen and
nitrogen fixation. But archaean electron transfer chains and the
diverse redox chemistry mediated by Moco also need to be taken
into account.

5. Conclusions

Coenzymes and cofactors have most likely played an important,
if not decisive, role in the evolution and origin of life; they may
be the key to resolving the often-cited dichotomy between the
“RNA world” theory and the “metabolism first” theory. Their
chemical role is clearly and predominantly located in metabo-
lism, while several representatives, including S-adenosylme-
thionine discussed here, bear structural features of nucleotides.
In an “RNA world”, such coenzymes and cofactors were partners
of RNA rather than of proteins.

An analysis based on biosynthetic aspects prescribes SAM
biosynthesis at an early stage of biological evolution; the same
applies to iron-sulfur clusters, so that not only the classic
chemical role of SAM, especially methylations, but also radical
SAM reactions can be declared to be ‘ancient’. If we continue the
chosen analysis based on this finding, then many fundamental
biochemical processes such as methanogenesis, nitrogen fixa-
tion and hydrogenation, the latter being embedded in the
Wood-Ljungdahl C1 fixation pathway, only appeared in the
form we know today with the emergence of SAM. The analysis
also shows that corinoids appeared relatively late in biological
evolution. Radical chemistry induced by the adenosyl radical
emerged twice, with the homolytic cleavage of the sulfonium
cation initiated by the iron-sulfur cluster in SAM having the
edge in terms of timing.

Clearly this report is speculative, but that applies to the
entire field of deciphering evolution and the origin of Life.>® As
Albert Eschenmoser put it: “The origin of Life cannot be
discovered, it has to be reinvented”.®®
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