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The use of cofactors by proteins greatly augments the limited catalytic potential of the amino acid
side chains and is a general motif in biocatalysis. Many of the complex reactions found in living systems
are catalyzed by cofactor-dependent enzymes. Natural products chemists have been intensely interested
in cofactor chemistry and the isolation, structural characterization, and synthesis of the cofactors
constituted an important chapter in the history of organic chemistry. Cofactor chemistry has also served
as a bridge between organic chemistry and biochemistry because cofactors were tractable experimental
systems for chemical studies long before organic chemists were comfortable dealing with the complexity
of enzymes. Model studies, using simple organic mimics of the enzyme–substrate complex, have played a
major role in elucidating the biochemical functions of the cofactors. Largely based on these model
studies, our current understanding of the mechanistic role of the cofactors is now advanced and the
identification of the cofactor content of a new enzyme is often sufficient to propose a function for the
enzyme and to generate a reasonable mechanistic hypothesis.
The mechanistic enzymology of cofactor biosynthesis has lagged far behind the biosynthesis of other
primary metabolites; there are two major reasons for this delay. First, since cofactors are required in
catalytic amounts, the biosynthetic enzymes are present at levels that are too low for direct mechanistic
and structural characterization using conventional methods of protein purification. It was therefore not
possible, in most cases, to proceed beyond the identification of the cofactor precursors, using labeling
studies, until the methodologies for gene cloning and overexpression were readily available in chemistry
laboratories. Second, since cofactors are present at low concentrations in the cell, complex, slow reactions
on the biosynthetic pathways have survived evolutionary pressure toward simplification and the chemistry of cofactor biosynthesis is considerably more complex than the chemistry generally found in
primary metabolism. Therefore, the successful reconstitution of many cofactor biosynthetic enzymes
required sophisticated techniques and methodologies that have only become available recently. As a
consequence, the mechanistic enzymology of cofactor biosynthesis is a relatively young field that has
blossomed over the past 15 years. During this time, most of the genes involved in cofactor biosynthesis
in bacteria have been identified and most of the enzymes involved have been mechanistically and
structurally characterized.
Volume 7 of Comprehensive Natural Products Chemistry provides a comprehensive review of the biosynthesis and catabolism of the major cofactors (biotin, coenzyme A, folate, heme, lipoic acid,
menaquinone, methanogenic cofactors, NAD, pterins, pyridoxal phosphate (PLP), riboflavin, thiamin,
ubiquinone, and vitamin B12), as well as an overview of the catalytic motifs found in most cofactordependent enzymes. In contrast to the complexity of the cofactor biosynthetic pathways, an entirely new
set of cofactors, formed by autocatalytic posttranslational modification reactions, has recently emerged.
This topic is covered in Chapter 7.19. The use of comparative genomics to survey cofactor biosynthesis
across all sequenced genomes is a powerful strategy for identifying new cofactor biosynthetic pathways
and variations in existing pathways. This topic is reviewed in Chapters 7.5 and 7.8. Finally, the
spectacularly successful process for the production of riboflavin by fermentation is described in
Chapter 7.4. The regulation of cofactor biosynthetic operons by cofactor-binding riboswitches is covered
in Volume 6, Chapter 6.21.
While recent progress has been impressive, there are still many unsolved problems and challenges in
cofactor metabolism; some examples are as follows: The mechanistic enzymology of cofactor biosynthesis
in the methanogens is still in its infancy, cofactor catabolism is poorly understood, and cofactors have not

1

2 Overview and Introduction

yet been developed as probes in activity-based proteomics. Our understanding of cofactor biosynthesis
also has practical applications. Genetic engineering of bacteria for the commercial production of vitamins
by fermentation is an active area of current research and cofactor biosynthetic enzymes have potential as
targets for new antibiotics. We hope that this volume stimulates investigators to contribute to these
important and interesting problems.
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7.02.1 Introduction
The discovery of vitamin B2 and the functions of the flavocoenzymes derived from it are rife with famous
names. Paul Karrer and Richard Kuhn were awarded the Nobel Prize in 1937 and 1938, respectively, for their
independent (and highly competitive) work on the isolation and structure elucidation of vitamins A and B2.
Even before the structure elucidation of the vitamin, Otto Warburg, who had just been awarded the Nobel
Prize in 1931 for his work on a respiratory enzyme (i.e., cytochrome oxidase), had isolated a yellow-colored
enzyme that was subsequently shown to use the 59-phosphate of riboflavin as catalytic cofactor.1
When Hugo Theorell worked in Warburg’s laboratory between 1933 and 1935, he became familiar with that
‘yellow enzyme’; his further work on that protein was part of the achievements for which he was awarded the
Nobel Prize in 1951. According to a reference in the Encyclopedia Britannica, Warburg had been shortlisted in
1944 for a second Nobel Prize based on his work on flavoproteins, but he could not receive it due to the political
situation in Nazi Germany; however, the authenticity of that report is doubtful.2
The Nobel laudation for Karrer specifically mentions that his work served as the basis for the technical
production of vitamin B2. In fact, a modification of that work that was introduced by Tishler was actually used
for decades for the bulk production of the vitamin. However, the discovery of the vitamin and its biological
functions was rapidly followed by the first attempts directed at its production by biotechnological approaches
that were favored by the occurrence of naturally flavinogenic species of bacteria as well as fungi. That work
prompted the first studies on the biosynthesis of the vitamin (a review on this has been done by Demain3).
More specifically, in the 1950s, McLaren reported the pioneering discovery that the fermentation yield of
vitamin B2 in cultures of Eremothecium ashbyii (then in the range of milligram per liter) could be increased by the
addition of naturally occurring purines such as adenine to the culture medium.4 A flurry of papers subsequently
demonstrated that the atoms of the purine ring system, with the exception of C-8, could actually become part of
the vitamin by biochemical transformation.
Early work on flavinogenic ascomycetes by Masuda afforded a green fluorescent substance (initially
designated G-compound), which was identified as 6,7-dimethyl-8-ribityllumazine that is structurally similar
to riboflavin, although the benzenoid ring is missing.5–7 Subsequent work showed that the compound could be
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transformed into riboflavin by treatment with cell extracts. More surprisingly, that transformation could also be
achieved without enzyme catalysis by boiling the compound in aqueous solution.8–11 Riboflavin synthase
catalyzing the transformation of G-compound into riboflavin was the first enzyme, and for a considerable
period of time the only enzyme of the riboflavin biosynthesis pathway to be studied in detail.12–14
It has been known for a long time that numerous microorganisms can produce riboflavin in amounts far
exceeding their metabolic requirements. Flavinogenic organisms are found among ascomycetes (e.g., Ashbya
gossypii, E. ashbyii), yeasts (e.g., Candida guilliermondii, Candida flaveri), and bacteria. Early work on riboflavin
oversynthesis has been reviewed by Demain.3
More recently, the elucidation of the biosynthetic pathway has resulted in highly efficient biotechnical
methods that have replaced the chemical synthesis of vitamin B2.15–18
The present information on the riboflavin biosynthetic pathway is summarized in Figure 1. Briefly, the
pathway starts from GTP (1), which is converted into the first committed intermediate 2 by the hydrolytic
release of pyrophosphate and of C-8 of the imidazole ring that are both catalyzed by a single enzyme, GTP
cyclohydrolase II (reaction I). In Archaea and in fungi, that compound is transformed into 5-amino-6ribitylamino-2,4(1H,3H)-pyrimidinedione phosphate (5) by a reduction (reaction IV) that transforms the
ribosyl side chain into the ribityl side chain (4) and by subsequent deamination (reaction V) of the pyrimidine
ring yielding compound 5. In plants and in eubacteria (reactions II and III), these reaction steps occur in inverse
order via the ribosylaminopyrimidine derivative 3.
It is still unknown how the pyrimidine intermediate 5 is dephosphorylated (reaction VI). However, it is well
established that the dephosphorylation product 6 is condensed with 3,4-dihydroxy-2-butanone 4-phosphate (8)
by the catalytic action of lumazine synthase (reaction VIII). The carbohydrate substrate 8 is in turn obtained
from ribulose phosphate (7) by a complex reaction sequence that is catalyzed by a single enzyme, 3,4dihydroxy-2-butanone 4-phosphate synthase (reaction VII). As mentioned above, the lumazine 9 is converted
to riboflavin (10) by the catalytic action of riboflavin synthase (reaction IX). Ultimately, riboflavin is converted
to the coenzymes, riboflavin 59-phosphate (flavin mononucleotide (FMN), 11) and flavin adenine dinucleotide
(FAD, 12) by the catalytic action of riboflavin kinase (reaction X) and FAD synthase (reaction XI). These
reaction steps are required in all organisms, irrespective of their acquisition of riboflavin from nutritional
sources or by endogenous biosynthesis.
Earlier work on riboflavin biosynthesis has been reviewed repeatedly.19–27 The present article is focused on
recent work on the structure and mechanism of riboflavin biosynthetic enzymes. For historic aspects of this
research area, the reader is directed to review the articles cited.

7.02.2 GTP Cyclohydrolase II
A biosynthetic relationship between purines and flavin had been initially conjectured on the basis of fermentation experiments where the addition of certain purine derivatives increased the yield of riboflavin produced by
flavinogenic microorganisms. Ample confirmation for that hypothesis was obtained by isotope incorporation
studies performed in parallel by various research groups using different microorganisms. Specifically, it was
shown that the pyrimidine ring of purines can be contributed to biosynthetic riboflavin in its entirety, whereas
C-8 of the imidazole ring of purine precursors is lost. The early work has been reviewed repeatedly and will not
be discussed in detail.19,28–31
Studies with purine-deficient mutants narrowed the purine precursor down to a compound at the biosynthetic level of guanine.32–34 This implicated that the amino group of the cognate guanine precursor had to be
replaced by oxygen in the course of biosynthesis.
Work with a multiple purine mutant could also show that the pyrimidine ring and the ribose side chain of a
guanosine nucleoside or nucleotide were incorporated en bloc into riboflavin; thus, it was obviously necessary to
convert the ribosyl moiety of the guanosine-type precursor into the ribityl side chain of the vitamin by a
reduction step.34
GTP cyclohydrolase II (reaction I) catalyzing the first committed step in the biosynthesis of riboflavin was
discovered in the wake of work on GTP cyclohydrolase I (Figure 2), the enzyme catalyzing the first reaction
step in the biosynthesis of tetrahydrofolate.35–39

Figure 1 Biosynthesis of riboflavin and flavocoenzymes.
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Figure 2 GTP cyclohydrolases.

The latter enzyme enables a complex series of reaction steps involving the hydrolytic opening of the imidazole
ring of GTP between C-8 and N-9, hydrolytic deformylation of the resulting formamide-type intermediate,
Amadori rearrangement of the ribosyl side chain, and finally ring closure under formation of a dihydropterine
derivative (13).40–44 Since C-8 of the GTP precursor is liberated as formate, the reaction could be monitored by the
detection of radiolabeled formate from [8-14C]GTP.35 While GTP cyclohydrolase I activity is not affected by the
addition of EDTA, cell extracts of Escherichia coli were found to contain a second enzyme activity that was inhibited
by EDTA, but the activity could be restored by the addition of Mg2þ ions. The Mg2þ-dependent enzyme was then
shown to catalyze not only the release of formate but also of pyrophosphate from GTP, and the product was
assigned as 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone 59-phosphate (2). More recently, that structure
assignment could be confirmed directly by nuclear magnetic resonance (NMR) spectroscopy using
[U-13C10]GTP as substrate for recombinant GTP cyclohydrolase II in order to increase detection sensitivity.45
The direct NMR observation showed that the -anomer, which is the direct product of the enzyme reaction can
undergo spontaneous isomerization affording the -anomer in neutral aqueous solution at room temperature.45
Recombinant GTP cyclohydrolase II of E. coli is a homodimer of 22 kDa subunits.46 The protein contains
one tightly bound Zn2þ ion per monomer.47 The enzyme converts GTP into a mixture of about 90% of the
specific product 2 and about 10% of GMP.45 It was also shown that the 59-triphosphates of 8-oxo-7,8-dihydro29-deoxyguanosine and 8-oxo-7,8-dihydroguanosine can be converted into the respective monophosphates,
although the enzyme is unable to open the imidazole ring of the structurally modified guanine residues of these
nucleotides.48 Surprisingly, the formation of the covalent phosphoguanosyl derivative of the enzyme is the
rate-determining step of the overall reaction sequence.45 The rate of formation of the specific product 2 is
182 nmol mg1 min1 at 37  C.47
Mutation analysis identified three absolutely conserved cysteine residues (Cys54, Cys65, and Cys67); the
involvement of these residues in the complexation of the essential zinc ion was later confirmed by X-ray
structure analysis.46,47
Figure 3 shows the hypothetical reaction mechanism of GTP cyclohydrolase II. The replacement of any of
the cysteine residues that complex the catalytic Zn2þ ion afforded mutant proteins that were unable to open the

Figure 3 Hypothetical mechanism for release of formate by GTP cyclohydrolase II.
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imidazole ring of GTP or to hydrolyze the formamide motif of the reaction intermediate 18 but were capable of
generating inorganic pyrophosphate from GTP under production of GMP. Moreover, the mutants could
convert 2-amino-5-formylamino-6-ribosylamino-4(3H)-pyrimidinone 59-triphosphate (18) into the corresponding monophosphate.47
18
In H18
O is specifically incorporated into the phosphate residue of the 5-aminopyrimidine
2 O as solvent,
derivative 2 and of GMP but not into inorganic pyrophosphate.45 This is well in line with the hypothesis that a
guanylphosphate residue is covalently linked to the enzyme in an early reaction step.45 Hydrolytic cleavage of
the covalent bond between the GMP moiety and the protein, either before or after hydrolytic removal of C-8
from the imidazole moiety of GMP, should result in the observed incorporation of 18O from the bulk solvent
into the products 2 and GMP.45
Kinetic analysis showed that the rate-determining step is located in the early part of the reaction trajectory;
under single-turnover (quenched flow) conditions, the rates for the consumption of the substrate and the
formation of the product 2 were identical within the limits of experimental accuracy.49
2-Amino-5-formylamino-6-ribosylamino-4(3H)-pyrimidinone 59-triphosphate can serve as a substrate but
does not fulfill the criteria for a kinetically competent intermediate. The kinetic data suggest that the initial
formation of the covalent guanyl adduct (15) is the rate-determining step, although the hydrolytic removal of
C-8 from the imidazole ring might intuitively appear to have a higher free energy barrier than the formation of
the covalent guanyl adduct.49 The zinc ion is apparently required for both hydrolytic reaction steps involved in
the formation of formate; mutants that are unable to bind the essential Zn2þ ion are unable to form 2 from
either GTP (1) or the nonnatural substrate, 2-amino-5-formylamino-6-ribosylamino-4(3H)-pyrimidinone
59-triphosphate.47 Notably, the initial formation of a covalent enzyme adduct is absolutely required for product
formation, since the 59-monophosphate of 2-amino-5-formylamino-6-ribosylamino-4(3H)-pyrimidinone cannot be converted to product.
In summary, GTP cyclohydrolase II appears to catalyze an ordered reaction that starts with the formation of
a covalent guanyl adduct (15). This is followed by the hydrolytic opening of the imidazole ring (16, 17) and the
hydrolysis of the resulting formamide-type intermediate (18, 19); the latter two reactions depend on the Zn2þ
ion acting as a Lewis acid, which sequentially activates two water molecules (17, 19) that attack first the
imidazole carbon atom 8 of the covalent guanyl adduct 17 and then the formamide motif of the covalent
intermediate 19.
X-ray structure analysis of GTP cyclohydrolase from E. coli revealed a c2-symmetric dimer whose folding
pattern and substrate-binding topology has no similarity with GTP cyclohydrolase I.37,46,50 Based on topological arguments, arginine 128 is likely to serve as the binding partner for covalent phosphoguanylate
attachment. Tyrosine 105 is believed to cooperate with the Zn2þ ion in the activation of water.46
Recent studies have identified three different cyclohydrolase II genes/proteins in the Streptomyces coelicolor
genome.51 Two orthologues catalyze the formation of 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone
59-phosphate (2). In the third protein, a tyrosine residue that is homologous to tyrosine 105 of the E. coli protein
is replaced by methionine.52 This isoenzyme stops short of the production of 2 and generates the formamide-type
compound 14 (2-amino-5-formylamino-6-ribosylamino-4(3H)-pyrimidinone 59-phosphate) instead. The biological role of this enzyme, if any, is currently unknown. The protein has been designated cyclohydrolase III.
More importantly, Archaea have no apparent homologues of the eubacterial GTP cyclohydrolase II.
However, a cyclohydrolase III-type protein with an unrelated sequence type has been reported to produce
the formamide-type product 14.53 It is unknown how that compound is deformylated in Archaea.
Plants and certain eubacteria specify bifunctional proteins where a cyclohydrolase II domain is fused with a
domain catalyzing the formation of 3,4-dihydroxy-2-butanone 4-phosphate.54,55 Jointly, these two domains
produce both committed starting materials of the convergent riboflavin pathway (see below).

7.02.3 Deaminase/Reductase
Two somewhat different pathways exist for the conversion of 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone
59-phosphate (2) into the substrate of lumazine synthase, 5-amino-6-ribitylamino-2,4(1H,3H)-dihydropyrimidinedione (6). In fungi and Archaea (Figure 1, reaction IV), the ribosyl side chain of 2 is reduced under formation of
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2,5-diamino-6-ribitylamino-4(3H)-pyrimidinone 59-phosphate (4).56,57 Subsequent deamination of the pyrimidine
ring affords 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione 59-phosphate (5). In eubacteria and plants
(Figure 1, reaction III), the product of cyclohydrolase II (2) first undergoes deamination affording 5-amino-6ribosylamino-4(3H)-pyrimidinone 59-phosphate (3), which is then converted into 5-amino-6-ribitylamino2,4(1H,3H)-pyrimidinedione 59-phosphate (5) by side-chain reduction.58–60
By comparison with other aspects of riboflavin biosynthesis, the reduction and deamination steps obtained
less extensive coverage in the literature. Recently, however, the topic has been addressed more actively by
structural biologists.
Historically, the first evidence for the fungal pathway was the isolation of reduced and deaminated products
of 4 and 5 from the culture fluid of mutants of Saccharomyces cerevisiae.61–63 Similar results have been obtained
with C. guilliermondii64–67 and Aspergillus nidulans.68 On the other hand, the bacterial pathway was discovered by
direct enzyme studies in E. coli.58 Although the initial studies suggested separate proteins with deaminase and
reductase activity, the ribG gene of Bacillus subtilis is now known to specify a bifunctional protein with an
N-terminal deaminase domain and a C-terminal reductase domain; recombinant expression of the separate
domains afforded only highly unstable proteins.60 Bifunctional deaminase/reductase domains appear to be the
rule in eubacteria. However, one known exception is Buchnera aphidicola, which carries two adjacent open
reading frames for deaminase and reductase.
The deaminase from the plant, Arabidopsis thaliana, comprises an N-terminal plastid-targeting sequence, a
catalytically competent deaminase domain, and a putative domain of unknown function. The deaminase
domain shows remarkably close similarity to those of eubacteria.59
A second family of plant genes with similarity to bacterial ribG genes predicts a domain with an N-terminal
domain that has significant homology to deaminases, but without the canonical zinc-binding motif, and with a
C-terminal domain that may well represent a catalytically active reductase domain, but studies at the protein
level are yet to be performed.69
A monofunctional reductase has been expressed from Methanocaldococcus jannaschii and has been shown to
selectively use 2 as substrate.57 The deaminase of Archaea is yet to be discovered.
Yeasts, fungi, and Archaea use monofunctional reductases. Although the deaminase of Archaea is as yet
unknown, the presence of a monofunctional reductase57 suggests that the deaminases could also be monofunctional. The deaminase specified by the RIB2 gene of S. cerevisiae has been partially purified, but no detailed
studies have been performed.70,71 Recently, the RIB2 gene of S. cerevisiae has been expressed in E. coli.72 The
resulting protein possesses two distinct sequence domains, namely a C-terminal deaminase domain and an
N-terminal part related to RNA:pseudouridine (psi)-synthases.73 The deaminase domain is implicated in the
riboflavin biosynthesis, while the exact function of the RNA:Psi-synthase domain remains obscure.
X-ray structures have been reported for the bifunctional deaminase/reductase proteins from E. coli and
B. subtilis and for the monofunctional reductase of M. jannaschii.56,69,74 The E. coli protein is a homodimer and the
B. subtilis protein is a heterotetramer.69.74
The deaminase domains are members of the cytosine deaminase superfamily.59,60 They bind catalytically
essential Zn2þ ions through complexation by one histidine and two cysteine residues. The reductase domains
are members of the dihydrofolate reductase superfamily.56 In fact, the reactions catalyzed by pyrimidine
reductase and dihydrofolate reductase are closely similar. Early in vivo work had shown that the hydride ion
is incorporated into the 19 position.75
Thus, it follows that the substrate for reduction is a Schiff base as opposed to an Amadori compound. Thus,
the substrates of dihydrofolate reductase and riboflavin-type pyrimidine reductase differ mainly by the
inclusion of the Schiff base into a ring system in case of dihydrofolate.
The X-ray structure of the enzyme from M. jannaschii in complex with NADPH suggests the transfer of the
proR hydrogen of C-4 of NADPH to C-19 of the substrate.56 In vivo studies indicated that the hydride ion is
implemented in the proS position of C-19 of the substrate (Figures 4 and 5).76–79
The available X-ray structures provide no additional information on that aspect of the reaction
since enzyme/substrate complex structures have not yet been reported. The crystallization of a
reductase/deaminase from Shigella has been reported, but the structure of the protein remains to be
determined.80

Figure 4 Proposed reaction mechanism for reduction of the ribosylamino to the ribitylamino moiety in riboflavin biosynthesis.
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Figure 5 Stereochemistry of hydride transfer from NADPH to the product of the Methanocaldococcus jannaschii reductase.
Only deuterium from the 4(R)-position of NADPH is transferred into the 19-proS position of the product 5 (left side).79

7.02.4 3,4-Dihydroxy-2-Butanone 4-Phosphate Synthase
Since the discovery of riboflavin synthase more than four decades ago, it was understood that all eight carbon
atoms of the benzenoid ring of the vitamin are derived from carbon atoms 6 , 6, 7, and 7 of 6,7-dimethyl8-ribityllumazine via the strange dismutation catalyzed by riboflavin synthase.12–14,81–83 However, the biosynthetic origin of the respective carbon atoms of the lumazine derivative remained controversial for a long time.
The early studies on this problem have been reviewed repeatedly20,24,84. In vivo studies with various
13
C-labeled precursors then revealed the formation of a 4-carbon precursor by an intramolecular rearrangement of a pentose or pentulose derivative that involves the loss of carbon 4.85–88 Later studies established
ribulose 5-phosphate as the direct precursor of the 4-carbon unit.89,90 To make a long story short90,91 it was then
shown that a single enzyme converts ribulose 5-phosphate into 3,4-dihydroxy-2-butanone 4-phosphate
(Figure 6).
The reaction involves the elimination of C-4 of the pentulose substrate and proceeds by a strictly
intramolecular mechanism.91 Deuterium from solvent water is incorporated into the position 1 methyl group
and at C-3. A hypothetical reaction mechanism that is consistent with all experimental data is summarized in
Figure 6.91 The reaction is believed to begin with the formation of an endiol (21) from the substrate, ribulose
5-phosphate (7). Protonation at C-1 of the intermediate 22 and the subsequent elimination of water affords an
enol-type intermediate that can tautomerize under formation of the diketone 24. A sigmatropic rearrangement
is then believed to generate the branched aldose intermediate 25 that can fragment under release of formate.

Figure 6 Hypothetical reaction mechanism of 3,4-dihydroxy-2-butanone 4-phosphate synthase.89–91
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Table 1 Specific activities of enzymes involved in the biosynthesis of riboflavin of Escherichia coli

Enzyme

Gene

GTP cyclohydrolase II
Pyrimidine deaminases
Pyrimidine reductases

ribA
ribD
ribD

3,4-Dihydroxy-2-butanone 4-phosphate
synthase
Lumazine synthase
Riboflavin synthase

Activity (nmol mg1 min1);
37  C

Reference

ribB

182
360
110 (NADPH)
125 (NADH)
283

47
60
60
84

ribE
ribC

197
430

93
94

The resulting enol intermediate 26 is reprotonized in a stereospecific mode affording the L(S) enantiomer 8;90,91
the proton used for reprotonation at C-3 is introduced from bulk water. The stereochemistry of the rearrangement reaction has been studied in some detail.92
The rate constants of 3,4-dihydroxy-2-butanone 4-phosphate synthases (reaction VII in Figure 1) from
various microbial organisms are generally low (Table 1).84,95–97
In E. coli, the unusual reaction is catalyzed by a homodimer of 47 kDa.98,99 The reaction requires Mg2þ but
no other cofactors. The structure of the E. coli enzyme has been elucidated by X-ray crystallography and by
NMR spectroscopy.98,99 The homodimer is characterized by c2 symmetry. Each of the two topologically active
sites is located at a subunit interface. The reaction cavity can be occluded by a flexible loop that contains several
acidic amino acids. The replacement of any of the conserved acidic amino acid residues in that loop inactivates
the enzyme. Several other charged amino acid residues at the active site are likewise essential for enzymatic
activity.96
X-ray structures were also reported for the enzymes from Magnaporthe grisea, M. jannaschii, and Candida
albicans.95,100–102
In plants and in many microorganisms (but not in E. coli), 3,4-dihydroxy-2-butanone-4-phosphate synthase
and GTP cyclohydrolase II are expressed as a fusion protein with GTP cyclohydrolase II as the C-terminal
domain.54 The ratio of product formation of the two initial reactions of the convergent biosynthetic pathway is
thus rigidly coupled.

7.02.5 Lumazine Synthase
Studies in the 1970s revealed the presence of two different proteins with riboflavin synthase activity in
B. subtilis. One was a homotrimer of 25 kDa subunits, the other was a complex protein where a homotrimer
of the 25 kDa subunits was associated with sixty 16 kDa subunits.103–105 More precisely, the trimer of 25 kDa
subunits was enclosed in a capsid of sixty 15 kDa subunits with icosahedral 532 symmetry.103 The complex
protein had a mass of about 1 MDa and was designated heavy riboflavin synthase, whereas the homotrimer with
a mass of about 75 kDa was designated light riboflavin synthase.103 The 25 kDa subunits (which were subsequently designated subunits) were apparently the carriers of the riboflavin synthase activity in both proteins,
and the function of 16 kDa subunits that were designated subunits remained unknown for two decades.
Subsequent to the identification of 3,4-dihydroxy-2-butanone 4-phosphate (8) as the 4-carbon precursor of
6,7-dimethyl-8-ribityllumazine in the late 1980s,89 it was not difficult to show that the subunits catalyzed the
condensation of 6 with 8 under formation of the lumazine derivative 9. The ‘heavy riboflavin synthase’ can now
be correctly addressed as a riboflavin synthase/lumazine synthase complex. However, the designation
‘ subunit of riboflavin synthase’ clung tenaciously to the 16 kDa peptide that had ultimately been assigned a
function as lumazine synthase (reaction VIII in Figure 1); notably, this somewhat unfortunate nomenclature
survives in databases, despite the fact that in most organisms, lumazine synthase and riboflavin synthase
(reaction IX in Figure 1) are separate proteins.
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(c)

Figure 7 Crystal structures of lumazine synthases of eubacteria and fungi. (a) Pentameric lumazine synthase of
Schizosaccharomyces pombe. (b) Decameric lumazine synthase from Brucella abortus. (c) Icosahedral lumazine synthase
of Bacillus subtilis.

As a further semantic complication, recent work has identified a riboflavin synthase type in Archaea that is
paralogous to lumazine synthase.106–108 This unexpected finding will be described in more detail in the chapter
on riboflavin synthase.
The sequence evolution of lumazine synthase has been relatively conservative. In a wide variety of prokaryotes
and eukaryotes that engage in the biosynthesis of riboflavin, the lumazine synthases (including the mature lumazine
synthases in plant chloroplasts that have lost their N-terminal targeting peptides by processing109) are small
peptides of about 150 amino acids, which obey the same folding pattern with remarkable fidelity.110,111 Despite that
similarity, lumazine synthases from different organisms show widely different molecular weights due to their
different quaternary structures involving pentamers, decamers, and 60-mers (Figure 7). The three-dimensional
structures of lumazine synthase have been studied in considerable detail and will be described below.
Lumazine synthase catalyzes the condensation of 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione (6)
with 3,4-dihydroxy-2-butanone 4-phosphate (8).85,89,112 Lumazine synthase is unable to use the phosphoric
acid ester 5 as substrate. It follows that the phosphate residue of 5 must be removed, but it is still unknown how
this is achieved.
The condensation of the pyrimidine derivative 6 with the 3,4-dihydroxy-2-butanone 4-phosphate (8) is
regiospecific as shown by experiments with isotope-labeled substrate.89 The regiospecificity is best explained by
the hypothesis that the carbonyl group of 8 is initially attacked by the position 5 amino group of 6 (Figure 8).85,112
The resulting Schiff base (27) is believed to undergo phosphate elimination affording the enolate 28. Direct
evidence for the Schiff base intermediate was obtained by presteady-state kinetic analysis.113,114 Based on X-ray
structure data, the Schiff base and probably the enolate 28 are formed in an extended conformation that must
undergo rotation prior to ring closure. This rotation could occur before or after the tautomerization converting the
enolate 28 into the ketone 29. The reaction is terminated by an intramolecular nucleophilic attack of the newly
formed carbonyl group in 29 by the ribitylamino group in the 6 position of the pyrimidine intermediate 29.112
The reaction mechanism shown in Figure 6 suggests the involvement of several proton transfer reactions
and one would expect the participation of amino acid residue as acid/base catalysts. In a systematic mutagenesis
study, the replacement of amino acid residues lining the active site cavity had only minor impact on catalytic
rates.115 This suggests that the contribution of enzyme catalysis is mainly entropic, via the generation of a
favorable reaction topology.
This hypothesis is well in line with the finding that the formation of 9 by condensation of 6 and 8 can
proceed in the absence of a catalyst under mild conditions.116 Specifically, the reaction occurs with appreciable
velocity at room temperature in aqueous solution of neutral pH with reactant concentrations in the low
mmol l1 range.116 The regiospecificity of the uncatalyzed reaction is significantly lower as compared to the
strictly regiospecific enzyme-catalyzed reaction. Most likely, the spontaneous reaction is subject to partitioning
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Figure 8 Hypothetical mechanism of lumazine synthase.

with one reaction pathway that corresponds to the mechanism of the enzyme-catalyzed reaction and a second
pathway that involves the formation of diacetyl by elimination of phosphate from 8; the inherently symmetric
diacetyl could then react in a nonregiospecific mode with the pyrimidine intermediate 6.116
The riboflavin precursor 9 can also be obtained by heating a solution of 6 and ribulose 1,5-bisphosphate at
120  C and pH 7.3 with a relatively high yield.117,118
The Schiff base (27) formed in the initial phase of the reaction catalyzed by lumazine synthase can be
observed in single-turnover experiments as an optical transient with an absorption maximum at 330 nm.113
A later optical transient with an absorption maximum at 445 nm has been assigned to the product resulting from
phosphate elimination. Surprisingly, the ring closure reaction at the end of the reaction sequence appears as the
rate-determining step.113
Crystal structures have been reported for eubacteria, Archaea, fungi, and plants.110,111,119–130 The structure
of the protein from Aquifex aeolicus has been determined to a resolution of 1.6 Å.126 The protomer folding pattern
is characterized by a four-stranded sheet that is flanked on both sides by two helices. The protomers of yeasts,
fungi, and certain bacteria associate under formation of c5-symmetric homopentamers.110,111,119–122 The
topologically equivalent active sites are all located at interfaces of adjacent subunits in the pentameric assembly.
The 60-mers with icosahedral symmetry that are observed in many bacteria and in plants are best described
as dodecamers of pentamers, although attempts to directly observe pentamer precursors of the icosahedral
60-mers have met with little success. The molecules have the shape of hollow capsids with a diameter of about
160 Å and a wall thickness of about 50 Å.123 Relatively narrow channels through the capsid wall are observed
along the five-fold symmetry axes. A considerable number of X-ray structures with bound substrate and
intermediate analogues define the large active site cavity. The capsid wall is rather tightly knit and it is not
entirely clear how substrates and products can traverse between solvent and active sites.
A decameric lumazine synthase that can be described as a d5-symmetric aggregate of two pentamers has
been found in the pathogenic Brucella abortus.128–130 Besides the decameric species, the bacterium specifies a
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second orthologue that forms a homopentamer.131 The functional implications of two different lumazine
synthase orthologues in Brucella and related bacteria are currently unknown. Notably, pentameric Brucella
lumazine synthase is an immunogenic protein during infection and has been proposed as a useful antigen for
serological diagnosis and a potential candidate for the design of acellular vaccines.132
In Bacillaceae, the icosahedral lumazine synthase capsid can trap a homotrimeric riboflavin synthase
molecule in the central core.103,105,124,133–136 That unusual complex was originally designated ‘heavy riboflavin
synthase’ in the absence of knowledge of the catalytic function of the 15 kDa subunits that form the icosahedral
capsid. The structure of the complex is not known in atomic detail. As described below, the homotrimeric
riboflavin synthase is, surprisingly, devoid of trigonal symmetry;137,138 moreover, although the molecule has
two different types of two-fold pseudosymmetry, no strict two-fold symmetry is present. In the absence of
symmetry elements that could be used in a symmetry-related interaction between the inherently asymmetric,
homotrimeric kernel and the 532 symmetric capsid, computer modeling could show that the trimer can be fit
into the capsid without steric clashes, but the topological relationship remains unknown.
Steady-state kinetic analysis afforded evidence for intermediate channeling in the lumazine synthase/
riboflavin synthase complex.139 Briefly, the conversion of 6,7-dimethyl-8-ribityllumazine molecules that
have been newly formed by the lumazine synthase module of the protein complex are more rapidly converted
to riboflavin than molecules from the bulk solvent. The topological constraint by the capsid is believed to cause
this phenomenon. It has been proposed that the channels along the five-fold axes could serve as port of entry
and exit for substrates and products.124
After dissociation of the native enzyme complex at elevated pH values, the subunits form high molecular
weight aggregates. These aggregates form a complex mixture of different molecular species, which sediment at
velocities of about 48 and 70 S. Electron micrographs show hollow, spherical vesicles with diameters of about
29 nm.140
These irregular capsids can be converted back into the strictly icosahedral native structure with a diameter
of 150 Å by ligand-driven renaturation.140 The stability of the large capsids can be increased by certain amino
acid replacements; the structure of the mutant capsids has been investigated by small-angle X-ray scattering
and electron microscopy.141

7.02.6 Riboflavin Synthase
The enzyme was first purified to near homogeneity (about 4000-fold) from bakers yeast.13,14 The substrate of
riboflavin synthase (reaction IX in Figure 1), 6,7-dimethyl-8-ribityllumazine (9), was discovered in the late
1950s as a green fluorescent spot on chromatograms of culture fluid of the flavinogenic ascomycete A. gossypii.5
Its structure was more than superficially similar to that of riboflavin, and its occurrence in a flavinogenic
organism immediately prompted the hypothesis of its implication in the biosynthesis of the vitamin. That
hypothesis was rapidly confirmed by studies with cell extracts that converted the green fluorescent compound
into riboflavin. Surprisingly, however, that transformation that increases the mass of the substrate by four
carbon atoms and two hydrogen atoms requires neither a second substrate nor a cofactor (with the exception of
the pentameric riboflavin synthases from Archaea that require Mg2þ).106 This apparent paradox was resolved
by the discovery that the substrate 6,7-dimethyl-8-ribityllumazine serves both as donor and as acceptor of
a 4-carbon unit in a highly unusual dismutation reaction whose mechanism is still incompletely
understood.9,142–144 The second product of that reaction, 5-amino-2,4(1H,3H)-pyrimidinedione (6), can be
reutilized as a substrate of lumazine synthase. Most surprisingly, the complex reaction can proceed without
catalysis under mild conditions; boiling of 6,7-dimethyl-8-ribityllumazine in aqueous neutral or acidic solution
under an inert atmosphere affords riboflavin.8,10,11
It is generally assumed that the unusual CH acidity of 6,7-dimethyl-8-ribityllumazine is important for the
understanding of the enzyme-catalyzed as well as the uncatalyzed reaction. Briefly, the position 7 methyl
groups of 8-substituted 7-methyllumazine have pK values in the range of 8–9.145 The anions are characterized
by their 7-exomethylene structure. In cases where the position 8 substituent carries hydroxyl groups in the 29 or
39 position, a nucleophilic attack of C-7 of the exomethylene anion by the hydroxyl group is conducive to the
formation of tricylic systems (Figure 9).
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Figure 9 Anionic species of 6,7-dimethyl-8-ribityllumazine (31–33), 6,7,8-trimethyllumazine (34), and anionic form
of 34 (35).146–148

Specifically, an alkaline aqueous solution of 6,7-dimethyl-8-ribityllumazine contains a mixture of at least
five anionic species, namely the exomethylene-type anion with an open chain structure of the position 8
substituent and two diastereomers each of the 5-ring and 6-ring forms arising by intramolecular reaction of the
29 and 39 hydroxyl groups. The hypothesis of an involvement of one of the tricyclic species as intermediates in
the biosynthesis of riboflavin149 is not supported by more recent data. The exomethylene form appears likely to
be a late intermediate in the mechanism of lumazine synthase as documented by stopped flow analysis.113,114
Moreover, the exomethylene form (31) has been proposed as an early intermediate of the riboflavin synthase
reaction. This is supported by the early observation that riboflavin synthase accelerates proton exchange at the
position 7 methyl group.
An isotope effect of 5.0 has been found for [6 -2H3]6,7-dimethyl-8-ribityllumazine. Hence, the release of a
proton(s) from the position 6 methyl group could involve a relatively high energy barrier.14
Early studies also showed that riboflavin synthase catalyzes a strictly regiospecific transfer of a 4-carbon unit
between the two substrate molecules.10,11,142 Initial experiments with 2H-substituted 9 showed that C-6 and
C-7 of the donor molecule are connected to C-7 and C-6 of the acceptor molecule, respectively. These
findings were later confirmed with 13C-labeled substrate samples.144 Notably, it was also shown that the
uncatalyzed reaction follows the same regiospecificity.8,10,11 This suggested that the two substrate molecules
should have an antiparallel arrangement at the active site. Since this could implicate a c2-symmetric or pseudoc2-symmetric arrangement of the two substrate molecules at the active site, it was speculated that the enzyme,
per se, could have c2 or pseudo-c2 symmetry, thus imposing the reaction geometry on the substrate.104 This
hypothesis was confirmed for the riboflavin synthases from plants, eubacteria, and fungi,137,138 whereas the
riboflavin synthases of Archaea achieve a pseudo-c2-symmetric arrangement of the substrates in a protein
environment that is devoid of c2 symmetry properties (see below).108
While the stereochemically favored addition of a 29 or 39 hydroxyl group to C-8 of 6,7-dimethyl-8ribityllumazine has been documented in considerable detail, the formation of a position 7 hydrate has only
been observed after the introduction of fluorine to increase the electronegativity.150,151 Indeed, the
bistrifluromethyl-8-ribityllumazine is so stable that the two diastereomeric forms A and B show no evidence
of racemization whatsoever. Notably, a hypothetical covalent hydrate of 6,7-dimethyl-8-ribityllumazine has
been proposed as an intermediate at the donor site of riboflavin synthase.149
Single-turnover kinetic experiments provided evidence for a transient species with an absorption maximum
at 312 nm.152 The intensity of that transient was increased by a S41A mutation. Rapid quenching of reaction
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mixtures containing the mutant protein 6,7-dimethyl-8-ribityllumazine afforded a compound with absorption
maxima at 256, 306, and 412 nm (pH 3.4) that was designated Compound Q.153,154
13
C NMR spectroscopy of multiply 13C-labeled Compound Q samples (obtained by rapid quench experiments
with various 13C-labeled samples of 6,7-dimethyl-8-ribityllumazine) revealed the pentacyclic structure 36 that is
clearly an adduct of two 6,7-dimethyl-8-ribityllumazine (9) molecules (Figures 10 and 11).156 The optical
absorption of the compound is well in line with the presence of a lumazine motif and a pyrimidine motif.
Compound Q can be converted by riboflavin synthase into a mixture of 6,7-dimethyl-8-ribityllumazine,
riboflavin, and 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione.153,154 This is best explained by the
hypothesis that Compound Q is an intermediate of the enzyme-catalyzed reaction than can undergo either a
forward reaction affording riboflavin (10) and 6 or a reverse reaction affording 6,7-dimethyl-8-ribityllumazine
(9) with similar reaction velocity. Moreover, it was shown by presteady-state kinetic analysis that Compound Q
fulfills the criteria for a kinetically competent reaction intermediate.154 As described in more detail below, it can
be deduced from X-ray structure data that the two lumazine components in the pentacyclic adduct 36 must be
fused in cis.137
The experimentally observed intermediate 36 can be incorporated into earlier mechanistic proposals8,10,11
without difficulty.153,154 The reaction sequence shown in Figure 10 suggests that the reaction is initiated by a
nucleophilic attack of an exomethylene anion (31) on a covalent 4a adduct between a lumazine molecule and an
amino acid side chain or a covalent 4a hydrate.
Following a tautomerization step that affords a position 6 exomethylene structure, the central ring of the
pentacyclic adduct could be closed.
The proposed mechanism for the formation of Compound Q is not without difficulties. The tautomer 31
with the position 6 exomethylene structure (an exocyclic enamine) would be expected to have a higher free
energy than its hypothetical precursor, which has a more extended conjugated  electron system. Moreover, if
we assume that the spontaneous reaction proceeds via the same mechanism as the enzyme-catalyzed reaction,
the fact that the spontaneous reaction can proceed under acidic conditions is hardly in favor of the proposed
anion intermediate 31. However, a mechanism has been proposed by Beach and Plaut8 that starts with a
protonated substrate molecule.
In contrast to the mechanistic difficulties with the formation of Compound Q, its cleavage under formation
of the products riboflavin (10) and 6 by a sequence of two elimination steps appears straightforward.
The sequence of riboflavin synthase of B. subtilis, the first that became available, was determined at the
protein level by Edman sequencing and, independently, by DNA sequencing.17,104,157 In line with the hypothesis that the enzyme could provide a pseudo-c2-symmetric environment, it was gratifying to observe that the
215 amino acid peptide shows strong internal sequence homology; specifically, 26 amino acids in the internal
sequence repeat of the B. subtilis enzyme are identical and 23 are similar (Figure 12).104
Notably, however, the sequence similarity does not extend to a segment of about 22 amino acids at the
C-terminus. Meanwhile, that internal homology has been found in more than hundred riboflavin synthase
sequences of bacterial, fungal, or plant origin. It should be noted, however, that the riboflavin synthases of
Archaea have no intramolecular sequence similarity (see below).107,108
The N-terminus of riboflavin synthases from eubacteria, fungi, and plants is marked by an extraordinary
degree of sequence conservation. The canonical amino acid sequence is MFTG, and no N-terminal extensions
beyond that motif are known. The replacement of the phenylalanine residue by any amino acid except tyrosine
nullifies the catalytic activity of the protein.158
The N-terminal domain of riboflavin synthase can be expressed as a stable protein in recombinant E. coli
strains.159 Surprisingly, the recombinant protein forms a dimer with strict c2 symmetry (as opposed to the
pseudo-c2 symmetry relations that were described for the full-length protein). The recombinant protein binds
6,7-dimethyl-8-ribityllumazine as well as several analogues and riboflavin with relatively high affinity. The
three-dimensional structure of the artificial dimer has been determined by X-ray crystallography and by NMR
structure analysis.160,161 The intersubunit interface differs from the interface areas that are involved in
pseudo-c2 symmetry involved in the two types (intrasubunit and intersubunit) of complexation between the
N-terminal and the C-terminal domain in the full-length protein. Attempts to express the C-terminal domain
afforded only rather unstable protein that could not be studied in closer detail (Figure 12).159

Figure 10 Hypothetical reaction mechanism of riboflavin synthase: 9 (D), donor lumazine molecule; 9 (A), acceptor lumazine molecule; X, proposed nucleophile, which
neutralizes the carbonium center at C-7 of 9 (A) and enables carbanion attack at C-6 of 36 by the 7-exomethylene carbon of 9 (D); R, ribityl chain.155
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Figure 11 Optical spectra of Compound Q (a) and 6,7-dimethyl-8-ribityllumazine (b) at pH 3.4 (solid lines), pH 8.8 (dashed
lines), and pH 11.1 (dotted lines).153
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Figure 12 Internal sequence homology of riboflavin synthase from Bacillus subtilis.104

When X-ray structures of riboflavin synthases from E. coli and from Schizosaccharomyces pombe became
available,137,138 they confirmed certain expectations that had been formulated earlier on the basis of mechanistic and sequence arguments but also provided unexpected surprises.
As predicted, each subunit of the homotrimer folds into two closely similar domains that are connected by a
short linker sequence. Also in line with the earlier hypotheses, the two domains of each subunit are related by
pseudo-c2 symmetry. However, contrary to expectation, the E. coli protein is devoid of trigonal symmetry. In
the E. coli protein, the N-terminal domain of one subunit and the C-terminal domain of a second subunit form a
pseudo-c2-symmetric pair, and the single (!) active site is located at the interface of that particular domain
pair.137,138 The evidence for that conjecture is to a significant part based on a comparison between the X-ray
structures of the enzymes from E. coli and S. pombe (Figure 13).137,138 Notably, the E. coli protein was crystallized

Figure 13 Structure of the N-terminal domain dimer of riboflavin synthase from Escherichia coli (PDB entry #1PKV) with
bound riboflavin viewed along the twofold noncrystallographic symmetry axis.
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without low molecular weight ligands. The S. pombe protein was crystallized with the substrate analogue
6-carboxyethyl-7-oxo-8-ribityllumazine (37), but the crystal structure shows only the structure of the monomer because the trimeric quaternary structure (that has been shown to exist in solution by hydrodynamic
experiments)162 was obviously broken under the crystallization conditions (with 2-methyl-2,4-pentanediol
(MPD) as the precipitating agent). However, the substrate 6,7-dimethyl-8-ribityllumazine (9) can be modeled
into the structure of the E. coli enzyme by emulation of the intermediate analogue in the crystal structure of the
S. pombe enzyme (Figures 14(b) and 15).
The model shows unequivocally that the N-terminal domain hosts the acceptor substrate-binding site, and that the
linkage between the two substrate moieties should result in syn linkage of the ring systems of donor and the acceptor
molecule.137 Moreover, the absolute stereochemistry can be deduced from the active site topology (cf. Figure 14(c));
the arguments in favor of a trans linkage100 have been addressed elsewhere and will not be discussed here in detail.
(a)

(b)

(c)

37
Figure 14 X-ray structures of riboflavin synthases from Escherichia coli (PDB entry #1I8D) and Schizosaccharomyces
pombe (PDB entry #1KZL). (a) Diagram of the superposition of one subunit of riboflavin synthase from E. coli (blue) and
S. pombe (green). (b) S. pombe riboflavin synthase monomer with bound 6-carboxyethyl-7-oxo-8-ribityllumazine (37, yellow).
(c) Trimeric model of S. pombe riboflavin synthase with bound 6-carboxyethyl-7-oxo-8-ribityllumazine (yellow).137,138
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Figure 15 Active site of riboflavin synthase of Schizosaccharomyces pombe formed by two adjacent monomers with
bound 6-carboxyethyl-7-oxo-8-ribityllumazine (37). (a) The ligand bound to the N barrel (red) is drawn in yellow, whereas
the 6-carboxyethyl-7-oxo-8-ribityllumazine in the adjacent C barrel (blue) is shown in dark yellow. (b) Proposed binding of
6,7-dimethyl-8-ribityllumazine at the active site. (c) Model for the pentacyclic reaction intermediate.137

