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ABSTRACT

The recently identified glmS ribozyme revealed that RNA enzymes, like protein enzymes, are capable of using small molecules
as catalytic cofactors to promote chemical reactions. Flavin mononucleotide (FMN), S-adenosyl methionine (SAM), adenosyl
cobalamin (AdoCbl), and thiamine pyrophosphate (TPP) are known ligands for RNA riboswitches in the control of gene
expression, but are also catalytically powerful and ubiquitous cofactors in protein enzymes. If RNA, instead of just binding these
molecules, could harness the chemical potential of the cofactor, it would significantly expand the enzymatic repertoire of
ribozymes. Here we review the chemistry of AdoCbl, SAM, FMN, and TPP in protein enzymology and speculate on how these
cofactors might have been used by ribozymes in the prebiotic RNA World or may still find application in modern biology.
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INTRODUCTION

The identification of catalytic RNAs led to the RNA World
hypothesis, a point in evolution when RNA acted as both
the carrier of genetic information and the catalyst of
essential chemical reactions (Gilbert 1986). Most naturally
occurring ribozymes promote phosphoryl transfer, includ-
ing both autolytic cleavage and splicing reactions (Fedor
and Williamson 2005). The peptidyl transferase center of
the ribosome, which catalyzes ester aminolysis and hydro-
lysis reactions, is the only naturally occurring exception
identified to date (Crick 1968; Noller 1991; Schmeing et al.
2002). For such an RNA World to be viable, RNA must
have performed a greater diversity of chemistries than these
two rather basic reactions. Efforts to repopulate the RNA
World by in vitro selection have resulted in RNA enzymes
that catalyze additional reactions (Fiammengo and Jäschke
2005). These include reactions that would have been
essential for even the most primitive forms of life, including
an RNA-dependent RNA polymerase that is capable of self-
replication (Johnston et al. 2001). Other ribozymes have

been selected to catalyze carbon–carbon bond formation,
isomerization, redox chemistry, and even small molecule
synthesis (Prudent et al. 1994; Seelig and Jäschke 1999;
Huang et al. 2000; Tsukiji et al. 2003). The experimentally
established precedent for this breadth of RNA chemistry
is informative regarding the possible mechanisms for the
synthesis and breakdown of small molecules by RNA
enzymes that would have been a vital component of any
RNA-based metabolism (White 1976).

RNA enzymes have persisted into modern genomes
despite a selective pressure toward chemistry by protein
enzymes, which are better suited for chemical catalysis. The
20 amino acids, some that have neutral pKa’s, display a
much more diverse set of functional groups than the four
nucleotides, all of which have unperturbed pKa’s well
removed from neutrality. Despite the chemical capacity
available to proteins, some chemical reactions still require
the use of catalytic cofactors, small molecules with chemical
potential that goes beyond the standard amino acids.
Although prevalent in protein enzymes, only recently was
a catalytic cofactor discovered in a naturally occurring
catalytic RNA.

The glmS ribozyme catalyzes nucleolytic RNA cleavage in
the presence of glucosamine-6-phosphate (GlcN6P). The
glmS ribozyme is upstream of the open reading frame for
GlcN6P synthase and is proposed to regulate expression of
the protein and GlcN6P production. High concentrations
of GlcN6P lead to mRNA cleavage and decreased GlcN6P
synthase expression in reporter constructs (Winkler et al.
2004). This role of the glmS ribozyme in gene expression
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makes it a member of another class of functional RNA
molecules, the riboswitches (Barrick et al. 2004). Ribo-
switches directly sense and regulate levels of cellular metab-
olites (Winkler and Breaker 2005). In general, ligand
binding to the riboswitch stabilizes a conformation that
affects transcriptional termination, translational initiation,
or alternative splicing. Unlike traditional riboswitches,
binding of GlcN6P does not induce a structural rearrange-
ment within the RNA (Hampel and Tinsley 2006; Klein and
Ferré-D’Amaré 2006; Cochrane et al. 2007; Tinsley et al.
2007). Instead, GlcN6P directly participates in the chemical
reaction (McCarthy et al. 2005; Klein and Ferré-D’Amaré
2006; Cochrane et al. 2007). Within the crystal structures of
the glmS ribozyme the primary amine of GlcN6P, the key
functional group on the sugar, is within hydrogen bonding
distance of the leaving group (Cochrane et al. 2007; Klein
et al. 2007). Its near neutral pKa (z8.2) makes it well suited
for participation in acid-base catalysis (McCarthy et al. 2005).

Cofactors are exploited by many protein enzymes to
catalyze chemistry that is otherwise difficult. There are
several thousand chemical reactions catalyzed by enzymes,
many of them requiring the participation of small molecule
cofactors (Holliday et al. 2007). These cofactors promote
reactions that include carbon–carbon bond making and
breaking, oxidation/reduction, and radical chemistry. Com-
mon cofactors include adenosine triphosphate (ATP),
coenzyme A, riboflavin (from which both flavin adenine
dinucleotide and flavin mononucleotide are derived), thia-
mine pyrophosphate, nicotinamide adenine dinucleotide,
coenzyme B12 (parent molecule for both methylcobalamin
and adenosyl cobalamin), and S-adenosyl methionine.
Many of these cofactors are derived from vitamin mole-
cules, and nearly all of them have a nucleotidyl group.

Intriguingly, naturally occurring riboswitches have been
identified that are responsive to several of the most
ubiquitous coenzymes found in proteins (Vitreschak et al.
2004; Winkler and Breaker 2005; Barrick and Breaker 2007).
To date, 11 different small molecules have been identified as
riboswitch targets. These include: adenosyl cobalymin
(AdoCbl), flavin mononucleotide (FMN), thiamine pyro-
phosphate (TPP), S-adenosyl methionine (SAM), guanine
(G), adenine (A), preQuosine1 (preQ1), glycine (gly), lysine
(lys), GlcN6P, and deoxyguanosine (dG) (Winkler et al.
2002a,b, 2003, 2004; Mandal et al. 2003, 2004; Sudarsan et
al. 2003; Mandal and Breaker 2004; Corbino et al. 2005;
Fuchs et al. 2006; Kim et al. 2007; Roth et al. 2007).
Additional riboswitches have been identified for which the
ligand is still unknown (Barrick et al. 2004). This raises the
intriguing question: Could RNA, in addition to binding
these small molecules, use their chemical diversity to pro-
mote reactions beyond what is feasible with only the four
nucleotides? If so, the glmS ribozyme, though it catalyzes the
same nucleolytic reaction as other ribozymes, may be the
first member in a class of naturally occurring RNAs that
employ cofactors in catalysis. Such a possibility provokes

two questions that constitute the focus of this review. First,
what chemistries do riboswitch-bound metabolites make
possible when used as cofactors in protein enzymes? And
second, how might such chemistries contribute to the
viability of a prebiotic RNA world (White 1976)?

ADENOSYLCOBALAMIN

The adenosylcobalamin (AdoCbl) riboswitch is found in the
genomes of most prokaryotic organisms, where it controls
the levels of AdoCbl by regulating the genes responsible for
synthesis or import of the cofactor (Nahvi et al. 2002).
AdoCbl (Fig. 1A) is a source of carbon-based free radicals
that enzymes use to catalyze a variety of isomerizations
(Marsh 1999). AdoCbl is one of two coenzymes derived
from vitamin B12, the other being methylcobalamin
(MeCbl) (Banerjee 2006). Both coenzymes derive biological
function from the ability to form a unique, stable, covalent
bond between the central cobalt atom and carbon (Marsh
1999). The energy for homolysis of the bond between the
cobalt and the 59 carbon of adenosine is about 30 kcal/mol,
which is weak relative to typical covalent bonds (Ludwig
and Matthews 1997). AdoCbl-dependent enzymes use
radical chemistry to break carbon–nitrogen, carbon–oxygen,
and even carbon–carbon bonds (Marsh 1999).

An AdoCbl-dependent ribozyme may have been able to
draw nutrients from a variety of sources, which would have
been advantageous in a pre-biotic world. Modern AdoCbl-
dependent isomerases are found only in microbes and
allow anaerobic bacteria to utilize alternative carbon
sources (Marsh 1999). All of these rearrangements involve
the interchange of a hydrogen with an electron-withdraw-
ing group on the adjacent carbon, facilitating the move-
ment of a hydroxy or amino group to convert substrates
containing vicinal diols or amino alcohols into aldehydes
following dehydration or deamination (Fig. 2A). In accept-
ing amino acids as the substrates and using pyridoxyl
phosphate as a second coenzyme, AdoCbl-dependent ami-
nomutases catalyze the migration of an amino group.
Finally, carbon-skeleton mutases use amino or carboxylic
acids as substrates and catalyze isomerizations of the
carbon skeleton (Halpern 1985). Of these, only the car-
bon-skeleton mutase, methylmalonyl-CoA mutase, is found
in mammals, as well as microbes (Banerjee 2006). Methyl-
malonyl-CoA mutase transfers a carboxyate group to an
adjacent carbon, catalyzing the conversion of succinyl-CoA
to methylmalonyl-CoA (Fig. 2A; Marsh 1999).

In the structures of AdoCbl-dependent enzymes, AdoCbl
is bound noncovalently in the active site. However, a spe-
cific metal–protein interaction is formed, in which a histi-
dine residue replaces one axial ligand to the cobalt. In a
ribozyme, this axial ligand could be replaced by a nucleo-
tidyl group, such as the N7 of purines, which originated in
the ribozyme and not in AdoCbl. However, in the structure
of the selected AdoCbl-binding aptamer this interaction is
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not seen (Sussman et al. 2000). In fact, in this structure
AdoCbl is recognized through hydrophobic interactions
with the face of AdoCbl and hydrogen bonding interactions
with the amine containing functional groups of AdoCbl
(Sussman et al. 2000).

An AdoCbl-dependent ribonucleotide reductase, or its
RNA enzyme equivalent, would have been key as the RNA
World gave way to a more evolved world where DNA
carried genetic information. Ribonucleotide reductase cata-
lyzes the conversion of a ribonucleotide into a deoxyribo-
nucleotide (Fig. 2B). DNA would allow organisms to have
longer life spans and facilitate larger, more complex
genomes. There are (at least) three different classes of
ribonucleotide reductases that differ only in the nature of
the coenzyme used to generate free radicals (Reichard 1993).
The AdoCbl-dependent ribonucleotide reductases gener-
ate free radicals (Fig. 2B), like other AdoCbl-dependent
enzymes, by symmetric breaking of the carbon–cobalt bond
(Marsh 1999). The radical is then transferred to the enzyme
to generate a cysteine radical, a common reactive group in
the mechanisms of all ribonucleotide reductases (Reichard
1993; Booker et al. 1994). The cysteine radical removes the
39 hydrogen of the ribose, generating a radical adjacent to

the 29 carbon. This causes the 29-OH to become a better
leaving group, eliminating and producing an activated
substrate radical cation. Two active-site cysteines reduce
the substrate leading to a disulphide bridge and substrate
radical. The 39 hydrogen is then replaced to regenerate
the cysteine radical and a 29-deoxyribonucleotide (Stubbe
1989). The action of most, if not all, ribonucleotide
reductases is dependent on the formation of this cysteine
radical (Reichard 1993). Although there are no side chains
comparable to cysteine in RNA, perhaps a modified
nucleotide was present in a prebiotic ribozyme, like 4-
thio-uridine or 6-thio-guanosine, or perhaps a second
cofactor, even a cysteine amino acid, was responsible for
facilitating the radical reaction. The free radical chemistry of
AdoCbl-dependent ribozymes may have played an instru-
mental role in the development of an RNA world and its
segue into the current biology with DNA-based genomes.

S-ADENOSYL METHIONINE

There are at least three different types of S-adenosyl
methionine (SAM) riboswitches; however, all of the known
types of the SAM-riboswitch appear to be involved in the

FIGURE 1. Structures of the four protein cofactors that are also riboswitch effectors. (A) Adenosyl cobalamin; (B) S-adenosyl methionine;
(C) flavin mononucleotide; (D) thiamine pyrophosphate.
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same biosynthetic pathways (Winkler et al. 2003; Corbino
et al. 2005; Fuchs et al. 2006). SAM-riboswitches are found
in many bacteria upstream of genes involved in SAM (Fig.
1B) synthesis or import as well as cysteine and methionine
synthesis (Winkler et al. 2003). SAM is synthesized in the re-
action of methionine and ATP by SAM synthase (Fontecave
et al. 2004).

SAM is the second most ubiquitous protein substrate
after adenosine triphosphate (ATP) (Cantoni 1975). Due
to the positive charge on the sulfur atom adjacent to the
methyl, methylation by a SAM-dependent methyltransfer-

ase is a relatively low-energy reaction
(Cantoni 1975). SAM is the major methyl
donor in biological methylation of car-
boxyls, alcohols, and amines, making it
essential for the viability of all living
organisms (Chiang et al. 1996). Meth-
ylation by SAM is used in a regulatory
capacity in cells to exert control over
replication, transcription, and transla-
tional fidelity (Loenen 2006). However,
SAM is much more than a source of
methyl groups and is widely used for its
other functional groups in biological
synthesis (Fig. 3; Roje 2006). Further,
with the aid of an iron–sulfur cluster
(4Fe–4S), which functions as a second
cofactor, SAM is able to undertake the
same types of radical reactions as cata-
lyzed by AdoCbl (Frey and Magnusson
2003). The versatility and universality of
this substrate suggests that it arose early
in evolution.

A riboyzme capable of using SAM not
just as a structural ligand, but also as a
substrate in reaction, would have the
ability to methylate both itself as well as
other RNA molecules. In modern biol-
ogy, there is extensive methylation of
nucleotides in functional RNA mole-
cules. Within eukaryotic ribosomal RNA
(rRNA) and transfer RNA (tRNA), there
are many conserved positions of meth-
ylation (Decatur and Fournier 2003).
A class of small nucleolar ribonucleo-
proteins (snoRNPs), the box C/D sno
RNPS, directs and catalyzes this 29-OH
methylation (Decatur and Fournier 2003).
Ribose methylation stabilizes RNA mol-
ecules and may have led to longer-lived
ribozyme structures.

While most of the SAM present in
cells is used as a donor of methyl groups,
it also acts as a substrate in enzymes
that catalyze the transfer of methylene,

amino, ribosyl, aminoalkyl, and aminopropyl groups (Fig.
3A; Fontecave et al. 2004). In the pre-biotic RNA world,
this might have been a key role for a SAM-dependent
ribozyme, as both spermine and spermidine are synthesized
from SAM (Yoon et al. 2000). These positively charged,
polyvalent amines are known to interact with RNA, DNA,
and phospholipids in vivo (Loenen 2006). In vitro, sper-
mine and spermidine are used to stabilize RNA struc-
ture through neutralization of the polyanionic backbone
(Pyle 2002). In the first step of the reaction, SAM de-
carboxylase converts SAM into decaborboxylated SAM

FIGURE 2. (A) The mechanistic scheme for the isomerization reaction catalyzed by AdoCbl-
dependent enzymes. In the first step, the cobalt–carbon bond undergoes homolysis, leading to
the adenosyl radical. The reactive carbon then abstracts a proton and then using a variety,
some unknown, of mechanisms catalyzes the migration of a functional group from the
adjacent carbon. In the mechanism of methylmalonyl-CoA mutase, a putative oxycyclopropyl
intermediate is formed and the carboxylate functional group migrates. Based on material from
Marsh (1999). (B) The mechanistic scheme for AdoCbl-dependent ribonucleotide reductase.
Again, homolysis of the carbon–cobalt bond leads to radical formation; however, the radical is
then transferred to a cysteine side chain in the enzyme. The radical abstracts a proton, causing
the 29-OH to leave via a proton transfer from a second cysteine side chain in the enzyme. Based
on material from Marsh (1999).
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(dcSAM). Spermidine synthase then uses the aminopropyl
group of one molecule of dcSAM to covert putricine into
spermidine. Conversion of spermidine to spermine by
spermine synthase uses a second molecule of dcSAM.

The structures of two types of SAM-riboswitches bound
to SAH or SAM have recently been determined (Montange
and Batey 2006; Gilbert et al. 2008). Most SAM-dependent
protein enzymes bind SAM in an extended, trans confor-
mation. The SAM-I riboswitch bound the SAH molecule
in a compact conformation with the methionine moiety
stacked on the adenine ring (Fig. 3B;
Somers and Philips 1992; Berkovitch
et al. 2004; Montange and Batey 2006;
Gilbert et al. 2008). This compact con-
formation is seen in the structures of
some methyltransferases, suggesting
that an RNA-based methyltransferase
might be able to bind and use SAM in
the conformation seen in the riboswitch
(Schubert et al. 2003). However, in the

SAM-II riboswitch structure, the bound SAM molecule is
in an extended conformation, more closely resembling that
of the typical binding mode for SAM (Gilbert et al. 2008).

FLAVIN MONONUCLEOTIDE

Flavin mononucletoide (FMN) riboswitches are found exclu-
sively upstream of genes involved in riboflavin biosynthesis
and transport (Winkler et al. 2002a); riboflavin is the
precursor for FMN (Fig. 1C). The flavin moiety, a hetero-
cyclic isoalloxaine chromophore, is a potent redox agent and
flavin-dependent enzymes catalyze redox reactions (Massey
1995; De Colibus and Mattevi 2006). Flavin-containing co-
factors, FMN and flavin-adenine dinucleotide (FAD), can
accept electrons one at a time and exist in three different
states, i.e., oxidized, one-electron reduced, and two-electron
reduced (Massey 1995). Each of the redox states of FMN
has different chemical properties that vary with the pro-
tein environment. A ribozyme that was able to harness the
chemical capability of FMN would have been able to carry
about photosynthetic reactions as well as pyruvate oxidation
and nitrogen fixation (Swartz et al. 2001; Sancho 2006).

The oxidized state of FMN is most stable in solution;
in fact, FMN cannot access the reduced states unless it is
bound to a protein due to the instability of the one-electron
reduced state (Fig. 4). A FMN-dependent ribozyme would
be able to use mechanisms similar to those used by
flavodoxins to stabilize the one-electron reduced state with
respect to the oxidized and two-reduced states. Flavodoxins
are small, anionic (140–160 amino acid), electronic transfer
proteins that contain one molecule of noncovalently bound
FMN. First, the one-electron reduced form of FMN can
participate in an additional hydrogen bond compared with
the oxidized state, thus stabilizing the one-electron reduced
state with respect to the oxidized state (Lostao et al. 1997).
Second, in flavodoxins (and flavodoxin-like proteins), the
isoalloxazine ring is bound between two conserved cyclic
amino acids, a tyrosine and a tryptophan (De Colibus and
Mattevi 2006). In the structures of flavodoxins, the tyrosine
is tightly packed to the face of the isoalloxazine ring and
provides much of the affinity of flavodoxins for FMN
(Lostao et al. 1997). Although the structure of the FMN-
bound riboswitch is not available, the stacking of the iso-
alloxine ring might be mimicked in a ribozyme by stacking
with a cytosine or uracil base. This interaction provides

FIGURE 3. (A) The many chemical precursors of biological synthesis
provided by S-adenosyl methionine and decarboxylated S-adenosyl
methionine. (B) Superpostion on the adenosine moiety of S-adenosyl
methione of the cofactor bound by the SAM-dependent SAM-I
riboswitch in green (PDB ID 2GIS) and SAM-II riboswitch in gray
(PDB ID 2QWY) and in two SAM-binding proteins, MET repressor
in light pink (PDB ID 1CMA) and biotin synthase in light blue (PDB
ID 1R30).

FIGURE 4. The three redox states of flavin mononucleotide.
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positive interaction energies with all three states of FMN,
but those with the two-electron reduced state are much
weaker than those with either of the other states. This
destabilizes the two-electron reduced state with respect to
the other states (Lostao et al. 1997). Further, the overall
negative charge of flavodoxins destabilizes the negatively
charged two-electron reduced state of FMN (Sancho 2006).
The polyanionic RNA backbone would also be able to use
this mode of destabilization to access the reduced states of
FMN. Using these three modes for stabilization of the one-
electron reduced state means that a pathway for electron
transfer that is unusable in solution becomes quite efficient
in the active site of a flavodoxin or in a hypothetical FMN-
dependent ribozyme.

Like flavodoxins, an FMN-dependent ribozyme may
have served a role in photosynthesis. In the photosystem
I (PSI) photosynthetic complex, light capture initiates
successive steps of electron transfer, leading to the oxida-
tion of a chlorophyll dimer and the reduction of two
terminal acceptors. Both flavodoxin and ferrodoxin, an
iron–sulfur (2Fe–2S) complex containing redox enzyme,
are subsequently reduced by one of the terminal acceptors
(Sétif 2001). These redox enzymes are able to sustain cyclic
as well as linear electron flow, a property that makes it
possible for ATP synthesis to occur in the absence of
photosystem II (Sétif 2001).

While all flavodoxins are responsible for electron transfer
reactions, they do not all participate in photosynthesis
(Sancho 2006). In Helocibacter pylori, flavodoxin accepts
electrons from pyruvate oxydoreductase (POR) in the
oxidative cleavage of pyruvate into acetyl-coenzyme A
(Kaihovaara et al. 1998). This FMN-dependent enzyme
exploits the redox potential of FMN to promote an other-
wise unfavorable reaction. Under anaerobic conditions, this
pathway also leads to the reduction of a potent antibacterial
compound and perhaps contributes to the drug-resistant
strains of H. pylori (Kaihovaara et al. 1998). Additionally,
the light-oxygen-voltage (LOV) proteins sense blue-light
using a bound FMN cofactor (Swartz et al. 2001; Möglich
and Moffat 2007). However, unlike other FMN-dependent
enzymes, LOV domains form a covalent bond with FMN
during the redox cycle. A cysteine in the active site of the
LOV domain forms a bond with the C(4a) atom of the
isoalloxazine ring following activation by light. While there
are no equivalent functional groups in modern ribozymes,
the pre-biotic FMN-dependent ribozyme may have
included a sulfur-containing nucleotide. This covalent
bond is then resolved through a putative acid-base cata-
lyzed reaction in the LOV protein (Möglich and Moffat
2007). Additionally, flavin-containing cofactors play key
roles in DNA repair pathways. An FMN-dependent, nucleic
acid repair ribozyme would have reduced genomic and
enzymatic variability in an RNA world. In some DNA
photolyases, 5-deazaflavin or FMN absorb light and then
transfer the energy to a second bound flavin cofactor (FAD)

that resolves the pyrimidine dimer (Klar et al. 2006). The
key chemical component of all of these cofactors is the
isoalloxazine ring.

THIAMINE PYROPHOSPHATE

The thiamine pyrophosphate (TPP)-riboswitch exists in all
three domains of life, suggesting that this riboswitch arose
very early in evolution (Winkler et al. 2002b; Cheah et al.
2007). The TPP-riboswitch is the only riboswitch currently
identified in eukaryotes, and is found in conjunction with
genes that are involved in thiamine biosynthesis, phos-
phorylation, and transport (Winkler et al. 2002b; Cheah et
al. 2007). It can be located upstream, downstream, or at
splice-site junctions in these genes, suggesting that it uses
multiple mechanisms for controlling gene expression. TPP
(Fig. 1D) is the biologically active form of vitamin B1 and is
essential in most, if not all, organisms (Frank et al. 2007).
This powerful cofactor is used for making and breaking
bonds between carbon and sulfur, nitrogen, oxygen, and
carbon. In most modern organisms, TPP-dependent
enzymes are required for intermediary anabolic and cata-
bolic metabolism and play roles in the pentose–phosphate
pathway and the Krebs cycle (Frank et al. 2007).

A structured RNA that was able to bind and use TPP for
chemistry would have, importantly, been able to decarbox-
ylate pyruvate, a major starting material used in the
synthesis of many biomolecules (Malandrinos et al. 2006).
Pyruvate decarboxylase (PDC) is one of the most well-
studied TPP-dependent enzymes and is representative of its
class. PDC catalyzes the penultimate step in the pathway to
produce ethanol by anaerobic fermentation in many fungi
(Frank et al. 2007). This pathway would certainly have been
advantageous in a pre-biotic RNA world. The first substrate
of PDC is pyruvate, which is decarboxylated by attack of the
TPP C2 carbon on the carbonyl carbon of pyruvate (Fig. 5A;
Jordan 2003). Carbon dioxide is released and the covalent
coenzyme-substrate intermediate accepts the second sub-
strate, a proton. This leads to the collapse of the covalent
complex and release of the aldehyde. The TPP cofactor acts
in conjunction with a general acid in the first step of the
reaction and a general base in the second step of the
reaction. Histidine residues often play these roles in TPP-
dependent enzymes (Frank et al. 2007). Despite the fact that
RNA has no amino acids with pKa’s close to that of
histidine, ribozymes are able to carry out reactions that
are promoted by histidines in proteins. The reaction
catalyzed by PDC is essentially the same as that catalyzed
by all TPP-dependent enzymes (Malandrinos et al. 2006).
However, the transferase class of TPP-dependent enzymes
uses a second substrate other than a proton, one that can
sometimes be as large as a protein, to catalyze the transfer of
the carboxylate.

The potency of TPP as a coenzyme is greatly enhanced
by the architecture of the enzyme active site through
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interactions with the TPP ligand (Frank et al. 2007). TPP
is composed of three basic components, a diphosphate
moiety, a thiazolium ring, and a pyrimidine ring (Fig.
1D). All TPP-dependent enzymes require divalent metal
ions for coenzyme binding (Malandrinos et al. 2006). This
is also true of the TPP-dependent riboswitches, structures
of which reveal TPP coordinated by two divalent metals.
The reactive carbon in TPP is the C2 carbon of the
thiazolium ring, which becomes a potent nucleophile
through the formation of a ylide between the N3 and C2
atoms (Fig. 5B; Breslow 1958). This intermediate is created

through deprotonation of the C2 by
the 49 imine of the pyrimidine ring, a
reaction facilitated by the orientation
and coordination of TPP within the en-
zyme active site (Fig. 5C). In all crystal
structures of TPP-dependent enzymes,
TPP is in an extended conformation,
with the orientation of the thiazolium
and pyrimidine rings such that the C2
and N49 are within hydrogen-bonding
distance (Lindqvist et al. 1992; Frank et
al. 2007). While TPP is in an extended
conformation in the three structures of
TPP-dependent riboswitches, the C2
and N49 are further apart (z5 Å) in
the riboswitches than in the protein
structures (z3.5 Å) (Fig. 5C; Edwards
and Ferré-D’Amaré 2006; McCourt et al.
2006; Serganov et al. 2006; Thore et al.
2006). A rotation of the pyrimidine ring
with respect to the thiazolium ring
would align the two important atoms
for ylide formation. Further, in TPP-
dependent enzymes, a glutamic acid
maintains the N19 atom in a protonated
state, which stabilizes the imino tauto-
mer of the pyrimidine ring. A hydrogen
bond between the resulting imino and
the backbone carbonyl of a glycine
residue serves to localize the lone elec-
tron pair on the N49 imino, priming it
to abstract the C2 proton from the
thiazolium ring and resulting in ylide
formation (Fig. 5B; Malandrinos et al.
2006). The chemistry of TPP-dependent
enzymes is dictated by the ability of the
TPP to form the ylide, which is con-
trolled by the structure of TPP in the
active site of the enzyme. While the
current structures of TPP-bound ribo-
switches would most likely not facilitate
the formation of this ylide, it may be
that in an RNA-world TPP-dependent
ribozyme this orientation was achieved.

This architecture would enable a TPP-dependent RNA
enzyme to catalyze difficult chemical reactions, such as
the making and breaking of carbon–carbon bonds.

AMINO ACIDS

AdoCbl, SAM, FMN, and TPP are the only four riboswitch
effectors identified to date that are also used by proteins as
cofactors, but it is intriguing to consider what chemistries
might be possible through the other metabolites that are
recognized by RNA riboswitches (Winkler et al. 2002b;

FIGURE 5. (A) The two-step reaction of TPP-dependent pyruvate decarboxylase. In the first
step, the C2 ylide carbon attacks the carbonyl carbon, releasing CO2 and forming a coenzyme-
substrate intermediate. In the second step, a general base protonates the intermediate leading
to reformation of the ylide and aldehyle release. (B) Activation of the ylide form of thiamine
pyrophosphate. In the first step, a glutamate stabilizes the imino tautomer of TPP, and then
abstracts a proton to lead to the ylide. (C) Superposition of TPP on the thiazolium ring, bound
in either the TPP-dependent riboswitch (PDB ID 2HOJ) in green or a TPP-dependent enzyme,
acetohydroxyacid synthase (PDB ID 1Z8N), in light blue. The key interaction in the ylide
formation, between the 49 imino and C2 carbon, is shown by a dashed line in the structure of
TPP bound to acetohydroxyacid synthase.
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Cheah et al. 2007). The most provocative set of molecules
are the amino acids. The majority of current biological
chemistries are promoted by amino acid side chains,
including lysine, which has been identified as a ligand
for a riboswitch (Sudarsan et al. 2003). The chemical ad-
vantage provided by lysine, which is conspicuously absent
from all nucleotidyl functional groups, is that it carries a
positive charge at neutral pH. Within protein-active sites,
lysine is used to neutralize the negative charge that it
builds up in the transition states of some chemical re-
actions (Raines 1998). Lysine can also act as a general base,
assisting water-mediated nucleophilic attack (Sekimoto
et al. 1993). These activities might have aided the phos-
phoryl transfer reactions that the nucleolytic ribozymes
catalyze. One way to develop protein-based catalysis would
be to use RNA as a structural scaffold and use amino
acids as cofactors to provide catalytic power. Ribozymes
that use amino acids as coenzymes may have provided a
pathway from an RNA world to a more evolved biological
state.

While the glmS ribozyme is the first natural nucleic
acid enzyme to use a cofactor to promote chemistry,
there are several selected ribozymes and DNAzyme that
have this property. A histidine-dependent DNAzyme was
selected that is able to cleave an RNA substrate (Roth and
Breaker 1998). A ribozyme that uses nicotinamide adenine
dinucleotide (NAD) to catalyze redox chemistry in the
presence of zinc has also been selected (Tsukiji et al.
2003, 2004). This ribozyme is specific for NAD and cat-
alyzes a reaction equivalent to that of an alcohol dehy-
drogenase. In the glmS ribozyme, GlcN6P is contributing
to a chemical reaction that RNA is known to promote
using other mechanisms (Winkler et al. 2004). However,
the existence of RNA structures that are designed to
specifically bind coenzymes suggests that there may have
been RNA catalysts that utilized these small molecules to
promote different types of reactions. While there is only
one example of a natural cofactor-dependent ribozyme,
there is ample precedent to expect that RNAs are able to
bind and harness the chemical potential of cofactors, which
would provide a significant evolutionary advantage. Cer-
tainly, as the RNA world evolved, more and diverse
catalytic activities would have been required, some of
which may have been facilitated through the use of
specifically bound cofactors. These cofactor-dependent
ribozymes may still exist in modern genomes, but are
sufficiently elusive to current search techniques that they
remain to be identified.
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