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6,7-Dimethyl-8-ribityllumazine synthase (lumazine synthase) catalyses the
penultimate step in the biosynthesis of riboflavin. In Bacillus subtilis, 60
lumazine synthase subunits form an icosahedral capsid enclosing a homo-
trimeric riboflavin synthase unit. The ribH gene specifying the lumazine
synthase subunit can be expressed in high yield. All amino acid residues
exposed at the surface of the active site cavity were modified by PCR
assisted mutagenesis. Polar amino acid residues in direct contact with
the enzyme substrates, 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidine-
dione and 3,4-dihydroxy-2-butanone 4-phosphate, could be replaced
with relative impunity with regard to the catalytic properties. Only the
replacement of Arg127, which forms a salt bridge with the phosphate
group of 3,4-dihydroxy-2-butanone 4-phosphate, reduced the catalytic
rate by more than one order of magnitude. Replacement of His88, which
is believed to assist in proton transfer reactions, reduced the catalytic
activity by about one order of magnitude. Surprisingly, the activation
enthalpy DH‡ of the lumazine synthase reaction exceeds that of the unca-
talysed reaction. On the other hand, the free energy of activation DG‡ of
the uncatalysed reaction is characterised by a large entropic term ðTDS‡Þ
of 237.8 kJ mol21, whereas the entropy of activation ðTDS‡Þ of the
enzyme-catalysed reaction is 26.7 kJ mol21. This suggests that the rate
enhancement by the enzyme is predominantly achieved by establishing a
favourable topological relation of the two substrates, whereas acid/base
catalysis may play a secondary role.
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Introduction

Vitamin B2 (riboflavin) is biosynthesised by
plants and numerous microorganisms, whereas
animals depend on nutritional sources. Certain
groups of eubacteria and yeast, including many
important pathogens such as Enterobacteria, are
unable to absorb riboflavin and its derivatives
from the environment and are therefore absolutely
dependent on endogenous synthesis of the
vitamin.1,2 The enzymes of riboflavin biosynthesis
may also be essential for Mycobacteria and for
pathogenic yeasts.3 – 5 Thus, inhibitors of the ribo-

flavin pathway could serve as antibacterial and/or
antimycotic drugs. The development of appropri-
ate inhibitors could benefit from a detailed analysis
of the structure and reaction mechanism of the
riboflavin biosynthetic enzymes.

The biosynthetic pathway of riboflavin involves
the formation of 5-amino-6-ribitylamino-2,4(1H,3H)-
pyrimidinedione (2) from GTP via four reaction
steps (Figure 1) (for review see Refs. 6–8). Ribo-
flavin is then obtained from one equivalent of 2
and two equivalents of 3,4-dihydroxy-2-butanone
4-phosphate (1) in two sequential reaction steps
catalysed by 6,7-dimethyl-8-ribityllumazine syn-
thase (lumazine synthase) and riboflavin synthase.
More specifically, 6,7-dimethyl-8-ribityllumazine syn-
thase (lumazine synthase) catalyses a condensation
reaction affording 6,7-dimethyl-8-ribityllumazine
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(3) and inorganic phosphate from 1 and 2.9,10 The
lumazine 3 then undergoes an unusual dis-
mutation affording riboflavin (4) and 2, which is
catalysed by riboflavin synthase.11,12 The second
product of that reaction, 5-amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione (2), is recycled as
substrate of lumazine synthase.13,14

In Bacillaceae, lumazine synthase and riboflavin
synthase form a 1 MDa complex comprising an

icosahedral capsid of 60 lumazine synthase sub-
units and a core of three riboflavin synthase
subunits.15 – 17 The topological features of the
bifunctional enzyme complex are conducive to
enhanced overall reaction rates via substrate
channeling under certain reaction conditions.18

Hollow icosahedral capsids consisting of 60 luma-
zine synthase subunits can be assembled in vitro
after denaturation of the enzyme complex.19

The icosahedral lumazine synthase capsid of
Bacillus subtilis has been studied in considerable
detail by X-ray crystallography.17,20 It is best
described as a dodecamer of pentamers. The 60
topologically equivalent active sites are all located
at interface regions of adjacent subunits in the
pentamer motif. Icosahedral lumazine synthases
of Aquifex aeolicus21 and spinach22 and homopenta-
meric lumazine synthases of Saccharomyces
cerevisiae23, Schizosaccharomyces pombe24, Brucella
abortus25 and Magnaporthe grisea22 have also
been studied by X-ray crystallography at high
resolution.

In order to study the catalytic role of individual
amino acid residues at the active site of B. subtilis
lumazine synthase, all amino acid residues lining
the catalytic cavity were subjected to saturation
mutagenesis. Here, we report the impact of single
amino acid replacements on the catalytic activity
of the enzyme.

Results

A plasmid directing the expression of the ribH
gene of B. subtilis under the control of a T5-promo-
tor and lac operator was constructed as described
in Materials and Methods. E. coli strains carrying
this plasmid produced lumazine synthase subunits
in high yield (approximately 10–20% of cell
protein) as shown by SDS-polyacrylamide gel
electrophoresis.

The recombinant protein was isolated as
described in Materials and Methods. Steady state
kinetic analysis showed a kcat value of 0.056 s21 in
100 mM potassium phosphate at pH 7.0, 5 mM
EDTA and 37 8C. The KM values for 3,4-dihydroxy-
2-butanone 4-phosphate (1) and 5-amino-6-ribityl-
amino-2,4(1H,3H)-pyrimidinedione (2) were 55 mM
and 9 mM, respectively (Figure 2, Table 3).

The recombinant protein sediments at an
apparent velocity of 26 S. This is in agreement
with data obtained for lumazine synthase capsids
which had been reassociated in vitro in the
presence of 5-nitro-6-ribitylamino-2,4(1H,3H)-pyri-
midinedione (10a) from lumazine synthase
subunits obtained by dissociation of the luma-
zine synthase/riboflavin synthase complex
(s ¼ 26.3 S).15

Molecular mass determination of recombinant
lumazine synthase by sedimentation equilibrium
analysis yielded a value of 925 kDa (data not
shown; calculated, 977 kDa). It follows that the
recombinant subunits assemble in vivo under

Figure 1. Terminal reactions in the pathway of ribo-
flavin biosynthesis. (A) 3,4-dihydroxy-2-butanone
4-phosphate synthase; (B) lumazine synthase; (C) ribo-
flavin synthase.

Figure 2. Saturation kinetic curve for 5-amino-6-ribityl-
amino-2,4-(1H,3H)-pyrimidinedione (O) and 3,4-dihydroxy-
2-butanone 4-phosphate (B).
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formation of icosahedral capsids, although the
recombinant protein is devoid of the three ribo-
flavin synthase subunits located in the core space
of the wild-type enzyme.

The ultraviolet spectrum of recombinant luma-
zine synthase indicated that the preparation did
not contain bound heterocyclic ligands in appre-
ciable amounts. This suggests that the in vivo
assembly of the icosahedral capsids proceeds with-

out the assistance of specific ligands, whereas the
in vitro assembly of 60-meric capsids had been
shown earlier to require the assistance of substrate
analogues.19

A hypothetical reaction mechanism for lumazine
synthase is summarised in Figure 3. Based on the
experimentally determined regiospecificity of the
reaction,10 it has been proposed that the first
reaction step involves the formation of the Schiff
base intermediate 5. The position 7 hydrogen
atom of that hypothetical intermediate is activated
by the imino motif, and deprotonation of the 7
carbon could facilitate the elimination of phos-
phate. Following the tautomerisation and rotation
of the enol motif in the intermediate 6, the carbonyl
group in 7 could be attacked by the position 8
amino group, yielding the hydrated pteridine
structure 8. Dehydration of that unstable hydrate
could afford 6,7-dimethyl-8-ribityllumazine (3).

This hypothetical mechanism suggests the
involvement of several proton transfer reactions.
Specifically, the formation of the Schiff base inter-
mediate 5 could involve amino acid residues assist-
ing the deprotonation of the nucleophilic nitrogen
and/or protonation of the leaving OH group in the
carbinolamine intermediate. Subsequent reaction
steps could involve enzyme-assisted deprotonation
at position 7 of the carbohydrate side-chain of 5
and/or deprotonation of the 8 nitrogen.

The involvement of His88 in the deprotonation
of C-7 of intermediate 5 had been proposed on
the basis of crystallographic data.17 Moreover, the
keto/enol tautomerisation, the ring closure and
the dehydration of the hypothetical intermediate 8
shown in Figure 3 are all candidates for enzyme-
mediated proton transfer reactions. In order to
analyse the role of specific amino acid residues in
the hypothetical mechanism, we decided to muta-
genise all amino acid residues that form part of
the active site cavity surface.

The active site of lumazine synthase is known
in considerable detail by crystallographic studies
of the enzymes from B. subtilis, S. cerevisiae,
A. aeolicus, spinach, M. grisea, S. pombe and
B. abortus in complex with several substrate, inter-
mediate or product analogues (Figure 4; the

Figure 3. Hypothetical mechanism of lumazine syn-
thase.

Figure 4. Enzyme inhibitors used in this study. 9, 5-(6-D-ribitylamino-2,4-dihydroxypyrimidine-5-yl)-1-pentenyl-
phosphonic acid; 10a, 5-nitro-6-ribitylamino-2,4-(1H,3H)-pyrimidinedione; 10b, 5-nitroso-6-ribitylamino-2,4-(1H,3H)-
pyrimidinedione; 11, 6-carboxyethyl-7-oxo-8-ribityllumazine.
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pyrimidine derivatives 10a and 10b are substrate
analogues, the phosphonate derivative 9 is a close
analogue of the proposed Schiff base intermediate
5, and the 7-oxo lumazine derivative 11 is similar
to the hypothetical hydrated lumazine inter-
mediate 8).20,22 – 25 The active site is a relatively
large cavity located at the interface of adjacent sub-
units in the pentamer motif. Atoms pertaining to
side-chains and/or main-chains of 22 amino acid
residues form part of the surface of that cavity
(Figure 5, Table 1).

Based on comparison of the conserved structural
elements of all lumazine synthases and of enzyme-
bound ligands whose structures have been deter-
mined crystallographically, the topology of reac-
tants at the active site of the B. subtilis enzyme can
be described as follows. The ribityl side-chain of
the pyrimidine type substrate 10a is bound in an
extended conformation, which is closely similar
in all available X-ray structures. The ribityl side-
chain forms hydrogen bonds with the side-chain
of Glu58 and with main-chain elements of Phe57
and Phe113 and is linked to Ser142 via a bridging
water molecule. The pyrimidine ring forms a
coplanar complex with an aromatic residue
(phenylalanine in B. subtilis, A. aeolicus and
spinach, and tryptophan in S. cerevisiae, S. pombe,
M. grisea and B. abortus). In the enzyme from
B. subtilis, the pyrimidine substrate is in coplanar
van der Waals contact with the phenyl ring of
Phe22. The coplanar complex was proposed to
play an important mechanistic role by positioning
the 5-amino groups of 2 for the electrophilic attack
by the carbonyl group of 1.20 The pyrimidine ring
forms hydrogen bonds with the Asn23 side-chain,
the Ala56 peptide amide group and the Thr80
main-chain oxygen atom.

The phosphonate type inhibitor 9 is a close struc-
tural analogue of the hypothetical reaction inter-
mediate 5. In the complex with the enzyme from
S. cerevisiae, the pentylphosphonate side-chain
assumes an extended conformation, and the phos-
phonate group forms an ion pair with Arg136 to
which it is also hydrogen bonded.23 That confor-
mation of the hypothetical intermediate 5 had
been anticipated early on because the lumazine
synthase of B. subtilis showed a fixed inorganic
phosphate residue complexed to Arg127. His97 of
the enzyme from S. cerevisiae, which is topo-
logically equivalent to His88 in B. subtilis lumazine
synthase, is close to the pentyl moiety of the inter-
mediate analogue. Thus, it must appear as a candi-
date for proton transfer steps involved in the
elimination of phosphate from 5 and/or the
subsequent enolisation reaction.

All amino acid residues in direct contact with the
substrates/intermediates via side-chain and/or
backbone contacts were subjected to site-directed
mutagenesis. A total of 58 single amino acid
replacements were obtained by PCR mutagenesis
as described in Materials and Methods. Briefly,
two initial PCR amplifications were performed,
one for the creation of the mutation and the other
for the preparation of a template for the 30 exten-
sion of the mutagenised fragment. After removing
the primers by gel electrophoresis, a second PCR
step was carried out using the amplificates in
an overlapping self-priming reaction yielding
the entire 30 extended mutagenised ribH gene.
Re-amplification using flanking outside primers
afforded sufficient material for cloning.

One to nine different mutations were introduced
at each site under study (Tables 2 and 7). Typically,
a novel restriction site was introduced with each

Figure 5. Active site topology of lumazine synthase. Left: comparison of the active sites of B. subtilis (LSBS) and
S. cerevisiae (LSSC) lumazine synthase. For the alignment, only residues within a circumference of 10 Å around the
pentylphosphonate inhibitor were used. Colour codes are as follows: labelled residues of LSSC: yellow; all other resi-
dues in LSSC: pale yellow; labelled residues of LSSC: green; all other residues in LSSC: pale green; 5-nitro-6-ribityl-
amino-2,4-(1H,3H)-pyrimidinedione and phosphate anion: blue; 5-(6-D-ribitylamino-2,4-dihydroxypyrimidine-5-yl)-1-
pentenyl-phosphonic acid: pink. Center: schematic representation of close contacts between the pentylphosphonate
inhibitor and the LSBS active site after alignment. All contacts are derived from the alignment between LSBS and
LSSC as described above. Ser142 und Asp138 lie in 4–8 Å distance to the ribityl side-chain at the entrance to the active
site. Right: active site of B. subtilis lumazine synthase in complex with 5-nitro-6-ribitylamino-2,4-(1H,3H)-pyrimidine-
dione. Colour codes are as follows: Glu58, red; His88, Arg127, Lys131, blue; Phe22, grey. The Figure was generated
with PYMOL Molecular Graphics System (W. D. Delano, 2002).
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mismatch primer used for mutagenesis (Table 6,
Figure 7). Thus, the resulting plasmids could be
checked by restriction analysis, which confirmed
the presence of the respective novel restriction
site. All mutations were also confirmed by DNA
sequencing.

Preliminary enzyme assays in crude cell extracts
showed that the various amino acid replacements

had resulted in proteins with relative specific
activities ranging from about 100 to less than 1%
(Table 2). Since we were predominantly interested
in the specific catalytic role, if any, of individual
polar amino acid side-chains in proton transfer
reactions, the mutant protein with the largest rela-
tive activity was selected for further study for
each polar amino acid position. Thus, 19 mutant

Table 1. Sequence comparison (in %) of putative lumazine synthases from 30 bacterial, three fungal and three plant
species

Italic, amino acids which interact with their side chains; regular type, amino acids which interact with their main chain atoms.

Table 2. Approximate reaction rates (% of wild-type enzyme activity) of mutant lumazine synthases

Catalytic activities were measured in crude cell extract of recombinant E. coli strains. Mutants that were selected for detailed kinetic
measurements are deposited in bold.
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proteins (Table 3) were purified to apparent
homogeneity.

The kcat values of the selected mutants were in
the range of 3.4–78% by comparison with the
wild-type enzyme (Table 3). The KM value for
3,4-dihydroxy-2-butanone 4-phosphate (1) varied
between 42 mM and 3140 mM as compared to a
value of 55 mM for the wild-type enzyme. The
KM value for 5-amino-6-ribitylamino-2,4(1H,3H)-
pyrimidinedione (2) varied between 4 mM and
720 mM as compared to a value of 9 mM for the
wild-type protein.

Replacement of polar amino acid residues inter-
acting with the ribityl side-chain (Glu58, Ser142)
had little influence on the kinetic rate, and even
the KM value for the ribitylaminopyrimidine type
substrate changed only by a factor of 3 or less.
Apparently, the binding of the substrate results
from the sum of individually small contributions
by various structural motifs (amino acid side-
chain and peptide backbone) of the protein,
where the modification of an individual amino
acid has only a minor impact. Moreover, the hydro-
philic and hydrophobic interactions with the
backbone may be more important than the inter-
actions of the ribityl side-chain with amino acid
side-chains.

The replacement of Phe22, whose phenyl ring
forms a coplanar complex with the pyrimidine
substrate 2, has little impact on the maximum reac-
tion velocity. Whereas that is not surprising in case
of the Phe22Trp substitution because tryptophan is
found in that position in the lumazine synthases of
many organisms and is known to form a coplanar
complex with the heterocyclic substrate, even the
replacement of Phe22 by aliphatic (Phe22Val
mutant) or polar side-chains (Phe22Asp, Phe22Ser
mutants) reduces kcat by less than a factor of 10.

The polar replacements increase the KM for the
pyrimidine substrate by factors of 18 (Phe22Ser
mutant) and 80 (Phe22Asp mutant), respectively;
obviously, the p complex involving the phenyl-
alanine side-chain and the pyrimidine ring contri-
bute to some extent to the binding affinity.

The replacement of Phe22 by either an aliphatic
residue (valine) or by polar/charged residues
(serine, aspartate) can also increase the KM for
the second substrate, 3,4-dihydroxy-2-butanone
4-phosphate (1), by more than an order of magni-
tude. The influence of the phenylalanine side-
chain on the affinity to the carbohydrate phos-
phate is not easily explained by the three-dimen-
sional structures of the enzyme. Interestingly, the
Phe22Asp mutant shows positive cooperativity
(Hill coefficient, 3.6) for the pyrimidine substrate,
which was not observed with the wild-type and
the other mutants studied. It should be mentioned
that this mutant was not able to bind 6,7-bis(tri-
fluoromethyl)-8-ribityllumazine hydrate as shown
by 19F NMR ligand perturbation studies.26

Replacement of Lys131, which forms an ion pair
network including Glu126 and Arg127, by the
neutral asparagine, reduces kcat by a factor of 13;
the more conservative Lys131Arg mutant retains
one fourth of the wild-type catalytic activity.
The KM for 1 is increased about sixfold in the
Lys131Asn mutant and about 57-fold in the
Arg127His mutant, in line with the proposed role
of Lys131 in substrate binding. Interestingly,
however, KM for the pyrimidine substrate 2 is
also increased by replacement of the positively
charged side-chains, although that would not
have been obvious from the three-dimensional
structure.

His88 is probably the most interesting case in
terms of the hypothetical mechanism in Figure 3.

Table 3. Steady state kinetic parameters of lumazine synthase mutants

Mutant KM 1a (mM) KM 2b (mM) kcat (s21)

Wild type 54.66 ^ 5.65 8.57 ^ 1.44 0.0557 ^ 0.0014
Phe22Val 124.39 ^ 15.48 10.72 ^ 1.26 0.0147 ^ 0.0014
Phe22Ser 137.34 ^ 14.44 140.46 ^ 46.48 0.0263 ^ 0.0011
Phe22Asp 674.82 ^ 121.32 720.54 ^ 49.51c 0.0081 ^ 0.0003
Phe22Trp 59.83 ^ 9.84 6.12 ^ 1.33 0.0244 ^ 0.0048
Asn23Ser 58.08 ^ 7.06 11.91 ^ 3.55 0.0122 ^ 0.0022
Ala56Ser 70.15 ^ 6.09 4.20 ^ 0.20 0.0453 ^ 0.0029
Phe57Ser 80.07 ^ 19.59 34.49 ^ 6.88 0.0244 ^ 0.0035
Glu58Gln 146.03 ^ 11.97 173.24 ^ 40.09 0.0391 ^ 0.0029
Thr80Val 41.96 ^ 6.02 4.06 ^ 0.67 0.0307 ^ 0.0054
His88Ala 60.12 ^ 15.88 146.53 ^ 40.20 0.0067 ^ 0.0003
His88Lys 42.19 ^ 12.13 55.57 ^ 10.65 0.0022 ^ 0.0003
Phe113Ser 66.45 ^ 12.13 278.48 ^ 98.15 0.0038 ^ 0.0008
Arg127Thr ND ND ,0.0008
Arg127His 3137.53 ^ 678.29 84.92 ^ 12.20 0.0388 ^ 0.0035
Lys131Asn 282.52 ^ 46.95 35.52 ^ 10.61 0.0054 ^ 0.0011
Lys131Arg 49.98 ^ 3.08 13.79 ^ 4.49 0.0166 ^ 0.0003
Lys135Ala 166.63 ^ 14.45 11.48 ^ 1.13 0.0122 ^ 0.0005
Asp138Ala 63.64 ^ 6.49 9.96 ^ 2.46 0.0510 ^ 0.0067
Ser142Leu 90.52 ^ 13.47 11.48 ^ 1.50 0.0347 ^ 0.0011

a KM 1:KM for 3,4-dihydroxy-2-butanone 4-phosphate.
b KM 2:KM for 5-amino-6-ribitylamino-2,4 (1H,3H)-pyrimidinedione.
c Hill-coefficient, n ¼ 3.6.
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Based on its proximity to the phosphoester side-
chain of the Schiff base 5, the amino acid appeared
ideally suited to abstract a proton from that side-
chain as a prelude to the elimination of the phos-
phate residue.23 Moreover, the histidine residue
could assist in the subsequent enolisation of 6 by
protonation of the methylene group and or depro-
tonation of the enolic hydroxy group in 6.

The replacement of His88 by various amino
acids resulted in fivefold to 30-fold reduced kcat

values. Specifically, the His88Ala mutant had a kcat

of 10% as compared to wild-type activity. The KM

for the pyrimidine substrate 2 is increased sixfold
and 15-fold upon replacement of His88 by lysine
and alanine, respectively.

The impact of replacing Phe113 by the less bulky
serine is similar in its impact on velocity, which is
reduced about tenfold, although the side-chain of
Phe113 is not in direct contact with either sub-
strates. The reduced velocity is accompanied by a
30-fold decrease in affinity for the pyrimidine type
substrate. Hence it appears likely that the phenyl-
alanine residues 57 and 113 are both important for
holding the pyrimidine ring in the most appro-
priate position for the nucleophilic attack on the
carbonyl group of 1.

In summary, our data show that the penalty,
in terms of kcat and KM values, for the replacement
of any amino acid residue in direct contact with
the substrates and/or intermediates of lumazine
synthase is relatively mild. This raises the question
for how the catalytic rate acceleration is achieved
by the enzyme.

Recently, we could show that the formation of
6,7-dimethyl-8-ribityllumazine (3) from 5-amino-6-
ribitylamino-2,4(1H,3H)-pyrimidinedione (2) and
3,4-dihydroxy-2-butanone 4-phosphate (1) can pro-
ceed in neutral, aqueous solution at room tempera-
ture with appreciable velocity.27 Whereas the
enzyme-catalysed condensation is strictly regio-
specific, the regiospecificity of the uncatalysed
reaction varies with temperature and pH. The
analysis of that partial regiospecificity suggested
that the uncatalysed reaction proceeds by par-
titioning via at least two pathways.27

Thermodynamic measurements were performed
in a temperature range of 10–90 8C. The interpre-
tation of the data substantially benefits from the
fact that the enzyme shows a high temperature
stability. Using calorimetric melting curves Zhang
et al. showed that the icosahedral assembly of
the enzyme remains intact up to a temperature of
93.3 8C.21

Eyring plots of the enzyme-catalysed and the
uncatalysed reactions are shown in Figure 6 and
the corresponding thermodynamic parameters are
summarised in Table 4. The activation enthalpy
DH‡ of the uncatalysed reaction is 45 kJ mol21

(Table 4, Figure 6). A significantly larger value of
76 kJ mol21 was found for the reaction catalysed
by the B. subtilis enzyme. Similar values of
84 kJ mol21, 83 kJ mol21, respectively, 85 kJ mol21

have been reported for the reactions catalysed by
the enzymes from spinach, M. grisea and E. coli,
respectively.28 On the other hand the entropic
terms ðTDS‡Þ of the enzyme-catalysed reactions
are characterised by values in the range of
27.0 kJ mol21 to þ3.0 kJ mol21, while a value of
237.8 kJ mol21 is found for the uncatalysed reac-
tion. Thus the catalytic efficacy of lumazine
synthases may be predominantly caused by their
influence on the entropic term TDS‡ of DG‡ of the
reaction.

Discussion

In many cases, the replacement of certain active
site amino acid residues reduces the velocity of
enzyme-catalysed reactions by many orders of
magnitude. By comparison, the catalytic activity
of lumazine synthase has now been shown to be
surprisingly resilient to exchange of active site
residues in this comprehensive study, which was
aimed at saturating the active site of the enzyme
with mutations.

The activation parameters summarised in Table
4 suggest that catalysis by lumazine synthase is
predominantly due to an increase in the entropic
term ðTDS‡Þ of the free energy of activation ðDG‡Þ

Figure 6. Eyring plots based on steady-state kinetic analysis. (a) Reaction catalysed by lumazine synthase of
B. subtilis; (b) uncatalysed reaction.
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as compared to the uncatalysed reaction. This
may implicate that the enzyme acts mainly by
controlling the topology of the reactants.

Recently, we showed by pre-steady-state kinetic
analysis that phosphate elimination is not the rate-
limiting step in the reaction catalysed by lumazine
synthase.29 Zheng et al.28 have proposed that the
rate-limiting reaction step could be the rotation of
the position 5 side-chain of intermediate 6, which
must precede the ring closure. The energy barrier
of that reaction should be similar to that for the
rotation of a peptide bond, which can proceed
spontaneously on the timescale of seconds at room
temperature. Whereas the rotation of peptide bonds
can be catalytically accelerated by peptide iso-
merases of the cyclophilin type, it is as yet unknown
whether catalytic acceleration of the side-chain
rotation occurs in the case of lumazine synthase.

Materials and Methods

Materials

6,7-Dimethyl-8-ribityllumazine (3) was synthesised
by published procedures.16 5-Amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione (2) was freshly prepared
from 5-nitro-6-ribitylamino-2,4(1H,3H)-pyrimidinedione
(10a)30,31 by catalytic hydrogenation.16 Recombinant
3,4-dihydroxy-2-butanone 4-phosphate synthase of
E. coli was used for preparation of 3,4-dihydroxy-2-buta-
none 4-phosphate (1) as described.32 Restriction enzymes
were from Pharmacia Biotech (Freiburg, Germany). T4

DNA ligase was from Gibco BRL (Eggenstein, Germany).
Oligonucleotides were custom synthesised by MWG
Biotech (Ebersberg, Germany). DNA fragments were
purified with the Geneclean II Kit from Bio 101 (San
Diego, CA). Nucleobond AX20 columns were from
Macherey und Nagel (Düren, Germany), isopropyl b-D-
thiogalactopyranoside was from Bissendorf Biochemicals
(Hannover, Germany), Q-Sepharose was from Pharmacia
Biotech (Freiburg, Germany), lysozyme was from Sigma
(Munich, Germany), and bovine pancreas DNase I was
from Boehringer (Mannheim, Germany).

Strains and plasmids

Bacterial strains and plasmids used here are summar-
ised in Table 5.

DNA sequencing

Sequencing was performed by the Sanger dideoxy
chain termination method33 using a model 377A DNA
sequencer from Applied Biosystems (Foster City, CA).
Plasmid DNA was isolated from cultures (5 ml) of XL1
Blue strains grown overnight in LB medium containing
ampicillin (150 mg l21) using Nucleobond AX20 columns
from Macherey und Nagel (Düren, Germany).

Construction of a hyperexpression strain

The coding region of the ribH gene of B. subtilis was
amplified by polymerase chain reaction (PCR) using the
plasmid p602-BS-RibH34 as template and the oligo-
nucleotides ribH1 and ribH2 as primers (Table 6). The
amplification product served as template in a second PCR

Table 4. Activation parameters for the enzymatic and non-enzymatic formation of lumazine

Enzyme DG ‡ (kJ mol21) DH ‡ (kJ mol21) TDS‡ (kJ mol21) Source

B. subtilis 83 ^ 1.0 76 ^ 1.0 26.7 ^ 1.1 This study
S. oleracea 82 ^ 0.4 84 ^ 1.7 2.1 ^ 1.7 28
M. grisea 80 ^ 0.4 83 ^ 2.9 2.9 ^ 2.9 28
E. coli 82 ^ 0.4 85 ^ 4.2 2.9 ^ 4.2 28
Non-catalysed 83 ^ 0.5 45 ^ 0.5 237.8 ^ 0.5 This study

Table 5. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics Source

E. coli strain XL-1-Blue recA1, endA1, gyrA96, thi-1, hsdR17, supE44, relA1,
lac[F0, proAB, lacIqZDM15, Tn10(tet r)]

35

B. subtilis strain BR151[pBL1] Trp, Met, Lys 39

Plasmid pNCO113 Expression vector 40

Plasmid p602/22 Expression vector 41

Table 6. Oligonucleotides used for construction of expression plasmids

Designation Endonuclease Sequence

RibH-1 50GAGGAGAAATTAACCATGAATATCATACAAGGAAATTTA30

RibH-2 Bam HI 50TATTATGGATCCCCATGGTTATTCGAAAGAACGGTTTAAGTTTG30

P1 Eco RI 50CAATTTGAATTCATTAAAGAGGAGAAATTAACTATG30

M1(þE) Eco RI 50GTGAGCGGATAACAATTTCACACAG30

M2 (DE) 50AGATATTTTCATTAAAGAGGAGAA30

M4(þB) Bam HI 50CTGCAGGTCGACGGATCC30

Recognition sites are underlined.
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using the oligonucleotides P1 and ribH2 as primers. The
amplificate was cleaved with the restriction enzymes
Bam HI and Eco RI and ligated into the plasmid pNCO113
(Table 5), which had been treated with the same enzymes.
The resulting plasmid pNCO-BS-RibH was transformed
into E. coli XL1 Blue cells.35 Transformants were selected
on LB solid medium supplemented with ampicillin
(150 mg l21). The plasmid construct was monitored by
restriction analysis and by DNA sequencing.

Site-directed mutagenesis

The construction of each mutant gene required four PCR
amplifications. The first PCR used the plasmid pNCO-BS-
RibH as template and oligonucleotide-pairs M1(þE) and
M3(þRS3) as primers (Table 6, Figure 7). The latter oligo-
nucleotide contained a mismatch codon for the introduc-
tion of the respective mutation. The second PCR used
plasmid pNCO-BS-RibH as template and the oligonucleo-
tide pairs M2(DE) and M4(þB) as primers. The amplifi-
cates from the two PCR steps were mixed and subjected
to PCR without additional primers. In the final step, the
reaction mixture of step 3 was re-amplified using the oligo-
nucleotides M1(þE) and M4(þB) as primers. The amplifi-
cates were purified, digested with Eco RI and Bam HI and
ligated into plasmid pNCO113, which had been treated
with the same restriction enzymes. The ligation mixture
was transformed into E. coli XL1 Blue cells.

Protein purification

The recombinant B. subtilis strain BR151[pBL1]-p602-BS-
ribH was grown aerobically as described.34 Recombinant
E. coli strains were grown in LB medium containing ampi-
cillin (150 mg l21) at 37 8C. At an optical density (600 nm)
of about 0.7, isopropylthiogalactoside was added to a final
concentration of 2 mM, and the cells were incubated for
five hours. Cells were harvested by centrifugation (Sorvall
GS3 rotor, 4,200g, 15 minutes, 4 8C), and washed twice
with 0.9% NaCl and stored at 220 8C.

Frozen cell mass was thawed in 50 mM potassium phos-
phate (pH 7.0), containing 0.5 mM EDTA, 0.5 mM sodium
sulphite and 0.02 % sodium azide. The suspension was
cooled on ice, ultrasonically treated and centrifuged
(Sorvall SS34 rotor, 27,000g, 15 minutes, 4 8C). The super-
natant was applied to a column of Q-Sepharose FF
(3 cm £ 25 cm), which had been equilibrated with 20 mM
potassium phosphate (pH 7.0). After washing with 100 ml
of 20 mM potassium phosphate (pH 7.0), the protein was
eluted with a linear gradient of 0.02–1.0 M potassium
phosphate (pH 7.0) (total volume, 800 ml). Fractions were
collected and concentrated by ultracentrifugation (Beck-
man 70 Ti rotor, 18 hours, 75,200g, 4 8C).

Estimation of protein concentration

Protein concentration was estimated by a modified
Bradford procedure as reported.36

SDS-polyacrylamide gel electrophoresis

Sodium dodecyl sulphate-polyacrylamide gel electro-
phoresis was performed as described.37 Molecular mass
standards were supplied by Sigma (Munich, Germany).

Steady-state kinetics

Assay mixtures contained 100 mM potassium phos-
phate (pH 7.0), 5 mM EDTA, 5-amino-6-ribitylamino-
2,4-(1H,3H)-pyrimidinedione (2), 3,4-dihydroxy-2-buta-
none 4-phosphate (1) and protein in a total volume of
200 ml.

In order to determine the KM for amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione (2) 1 mM enzyme subunits
were pre-incubated with various concentrations
of 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione
(2), starting with 5 mM. The reaction was started by
addition of 3,4-dihydroxy-2-butanone 4-phosphate (1) to
a final concentration of 1 mM.

In order to estimate the KM for 3,4-dihydroxy-2-buta-
none 4-phosphate (1) 5 mM enzyme subunits were pre-
incubated with increasing amounts of 3,4-dihydroxy-2-
butanone 4-phosphate (1), starting with 10 mM. The reac-
tion was started by addition of 5-amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione (2) to a final concentration
of 1 mM.

Absorbance was monitored photometrically at 410 nm
over 15 minutes at 37 8C. The concentration of the
varying substrate was increased in the following assays
until no change of reaction velocity (achievement of
vmax) was observed. For each experiment a blank value
without enzyme was determined under the same con-
ditions. The initial rates of the blanks were substracted
from those of the corresponding enzymate experiments.

Corrected initial rates of the enzymatic measurements
were fitted to the Michaelis Menten equation or the Hill
equation using the program package Origin.

In the case of mutants with low activity the
concentration of protein subunits was increased to
10–50 mM.

Estimation of the thermodynamic parameters of the
enzymatic and the non-enzymatic reaction

Reaction mixtures contained 5 mM enzyme subunits,
1 mM of 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidine-
dione (2) and 1.2 mM of 3,4-dihydroxy-2-butanone
4-phosphate (1) in 100 mM potassium phosphate (pH
7.0), 5 mM EDTA in a total volume of 200 ml. The reac-
tion was monitored at various temperatures (10–90 8C)
as described above. The temperature inside the water-
jacked cuvettes was measured with a temperature
sensor. Initial rates for the enzymatic reaction were
corrected by a blank value measured under the same
conditions without enzyme.

The rate constant for the non-enzymatic reaction (knon)
was determined from the initial rates of the blank values

Figure 7. PCR-mediated site-directed mutagenesis. Primers are indicated by arrows.
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based on the kinetic equation for a second order reaction
ðv ¼ knon £ c½substrate1� £ c½substrate2�Þ:

The thermodynamic parameters (DH ‡, DS ‡ and DG‡)
for the enzymatic and the non-enzymatic reaction were
calculated from the corresponding Eyring plots using
the relationships lnðkT21Þ ¼ 2DH‡R21T21 þ lnðkbh21Þ þ
DS‡R21 and DG‡ ¼ DH‡ 2 TDS‡ with the program
package Origin.

Analytical ultracentrifugation

Sedimentation equilibrium experiments were per-
formed with an analytical ultracentrifuge Optima XL-A
from Beckman Instruments (Palo Alto, CA) equipped
with absorbance optics. Aluminium double-sector cells
equipped with quartz windows were used throughout.
Protein concentration was monitored photometrically at
280 nm. Protein samples were dialysed against 50 mM
phosphate (pH 7.0). The partial specific volume was esti-
mated from the amino acid composition, yielding a value
of 0.742 ml g21.38

Accession numbers

All sequences were deposited in GenBank (Table 7).
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