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Potential Anti-infective Targets in Pathogenic Yeasts:
Structure and Properties of 3,4-Dihydroxy-2-butanone
4-phosphate Synthase of Candida albicans
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A synthetic gene specifying a putative 3,4-dihydroxy-2-butanone
4-phosphate synthase of Candida albicans directed the synthesis of a
22.5 kDa peptide in a recombinant Escherichia coli strain. The recombinant
protein was purified to apparent homogeneity by two chromatographic
steps and was shown to catalyze the formation of L-3,4-dihydroxy-2-
butanone 4-phosphate from ribulose 5-phosphate at a rate of
332 nmol mgK1 minK1. Hydrodynamic studies indicated a native molecu-
lar mass of 41 kDa in line with a homodimer structure. The protein was
crystallized in its apoform. Soaking yielded crystals in complex with the
substrate ribulose 5-phosphate. The structures were solved at resolutions of
1.6 and 1.7 Å, respectively, using 3,4-dihydroxy-2-butanone 4-phosphate
synthase of E. coli for molecular replacement. Structural comparison with
the orthologs of Magnaporthe grisea and Methanococcus jannaschii revealed a
hitherto unknown conformation of the essential acidic active-site loop.
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Introduction

Flavocoenzymes are essential cofactors for
catalysis of a wide variety of redox reactions.1

Moreover, they are involved in numerous other
physiological processes involving light sensing,2,3

bioluminescence,4–6 circadian time-keeping and
DNA repair.7

The universal precursor of flavocoenzymes,
vitamin B2 (riboflavin), is biosynthesized by plants
and many microorganisms but must be obtained
from dietary sources by animals. The biosynthesis
of the vitamin has been studied in considerable
detail in eubacteria and fungi (Figure 1).8–10 The
pyrimidine moiety and the ribityl side chain are
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both derived from GTP (1) which is converted to
5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione
5-phosphate by a series of three enzyme-catalyzed
reactions.11–16 The dephosphorylation of this inter-
mediate by a hitherto unknown enzyme affords
5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione
(2) which serves as substrate for 6,7-dimethyl-8-
ribityllumazine synthase. The second substrate of
that enzyme is synthesized from ribulose 5-phos-
phate (3) by 3,4-dihydroxy-2-butanone 4-phosphate
synthase. Compounds 2 and 4 are condensed by 6,7-
dimethyl-8-ribityllumazine synthase.17–19 The luma-
zine derivative 5 subsequently undergoes a dismuta-
tion affording riboflavin (6) and the biosynthetic
intermediate 2which is recycled in the pathway.20–23

In summary, the formation of one equivalent of
riboflavin requiresoneequivalentof compound1and
two equivalents of compound 3.
The reaction catalyzed by 3,4-dihydroxy-2-buta-

none 4-phosphate synthase involves a skeletal
rearrangement conducive to the release of carbon
atom 4 of the substrate, ribulose 5-phosphate, as
formate (Figure 2). Moreover, the position 1
hydroxyl group of the substrate is removed. The
hypothetical reaction mechanism suggests a crucial
role for acid/base catalysis, and polar ligands are
d.



Figure 1. Biosynthesis of flavins. 1, GTP; 2, 5-amino-6-
ribitylamino-2,4(1H,3H)-pyrimidinedione; 3, ribulose 5-
phosphate; 4, 3,4-dihydroxy-2-butanone 4-phosphate; 5,
6,7-dimethyl-8-ribityllumazine; 6, riboflavin.

Figure 2. Hypothetical reaction mechanism of 3,4-
dihydroxy-2-butanone 4-phosphate synthase.25
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probably involved in the interaction of the protein
with the essential divalent metal ionsMg2C.24 Three
out of four hydroxyl groups of ribulose 5-phosphate
are coordinated by those metal ions as could be seen
in a complex structure of mutant (H147S) 3,4-
dihydroxy-2-butanone 4-phosphate synthase of
Methanococcus jannaschii.25 Based on crystallo-
graphic refinement these metals have been assigned
as zinc and calcium, respectively, present in the
crystallization buffer.26 However, both metals do
not support the enzymatic reaction. Mechanistic
studies suggest that the reaction is initiated by the
formation of the enediol 7, which resembles a
postulated intermediate of ribulose bisphosphate
carboxylase (Rubisco). Protonation of the position 1
hydroxyl group could then be conducive to the
formation of the hypothetical diketone 10 via the
enol 9. A sigmatropic rearrangement could afford
the branched carbohydrate 12, which can sub-
sequently fragment under formation of the enediol
13. An enzyme-catalyzed enolization could then
afford 3,4-dihydroxy-2-butanone 4-phosphate.

Candida albicans is a major fungal pathogen. This
fungus can cause serious systemic infections in
immunocompromised patients. With the occur-
rence of HIV infections, this problem has increased
during the last decades. Pathogenic eubacteria27

and probably pathogenic yeasts28,29 are unable to
incorporate riboflavin from the environment and
are therefore absolutely dependent on endogenous
synthesis of the vitamin. Therefore, the enzymes of
the riboflavin biosynthetic pathway represent
potential targets for anti-infective agents.

Here we describe the cloning, biochemical
characterization and the three-dimensional X-ray
structure of 3,4-dihydroxy-2-butanone 4-phosphate
synthase of the pathogenic yeast, C. albicans, in
comparison with the structures of the orthologs of
Magnaporthe grisea30 and M. jannaschii.25
Results and Discussion
Cloning and purification

A hypothetical protein specified by the open
reading frame orf6.2440† of C. albicans shows 44%
identity to 3,4-dihydroxy-2-butanone 4-phosphate
synthase of Escherichia coli. Since the open reading
frame contained numerous codons known to be
poorly expressed in E. coli, we designed a synthetic
gene that was optimized for the codon usage of
E. coli. Approximately 26% of the codons (53 of 204)
were replaced and 14 singular restriction sites were
introduced. The DNA fragment was assembled
from 14 oligonucleotides by a sequence of seven
PCR steps (Figure 3). The synthetic gene was cloned
into the expression vector pNCO113 yielding the
plasmid pNCO-CARib3-syn.

In parallel, the putative open reading frame was
† http://genolist.pasteur.fr/CandidaDB/

http://genolist.pasteur.fr/CandidaDB/


Table 1. Nucleotide and amino acid exchanges of pNCO-
CARib3-WT as compared to orf6.2440

Base number

orf6.2440
pNCO-

CARib3-WT
Amino acid
exchange

414 C T –
426 G A –
477 A T –
480 T A –
581 A G Q181R
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amplified from genomic DNA by PCR and ligated
into pNCO113. DNA-sequencing revealed five
single-base substitutions (Table 1) conducive to
one amino acid exchange (Q183R) by comparison
with the reported open reading frame orf6.2440.

Plasmids carrying the wild-type or synthetic
C. albicans gene under the control of a T5 promotor
and lac operator directed the synthesis of a 22.5 kDa
protein in recombinant E. coli strains. Enzyme
assays of crude cell extract afforded dihydroxy-2-
Figure 3. Synthesis of the 3,4-dihydroxy-2-butanone
4-phosphate synthase gene of C. albicans with optimized
codon usage for E. coli. Alignment of the wild-type DNA
sequence (orf6.2440) and the synthetic DNA sequence
(CA-Rib3-syn) with 5 0 and 3 0 overhangs including the
synthetic EcoRI and HindIII sites. Changed codons are
shaded in black. New single restriction sites are shaded in
grey. Oligonucleotides used as forward primers are
drawn above and reverse primers below the aligned
DNA sequences.
butanone 4-phosphate synthase activities of
70 nmol minK1 mgK1 and 21 nmol minK1 mgK1

for XL1 strains carrying the plasmids pNCO-
CARib3-syn (synthetic gene) and pNCO-CARib3-
WT (wild-type gene), respectively. This reflects an
approximately three times higher expression level
of the optimised gene sequence as judged by SDS-
PAGE (not shown).
The recombinant protein was purified to

apparent homogeneity by two chromatographic
steps. Electrospray mass spectrometry afforded a
peak corresponding to a molecular mass of 22,530
indicating cleavage of the initial methionine (calcu-
lated mass of the full length protein, 22,658;
calculated mass without initial methionine,
22,527). Edman degradation of the N terminus
afforded the sequence TNIFTPI. Analogous obser-
vations were made with the purified mutant
CARib3-proteins.

Analytical ultracentrifugation

The wild-type enzyme sediments as a single,
symmetrical boundary with a velocity of 3.0 S
(20 8C). Sedimentation equilibrium centrifugation
afforded a relative mass of 41 kDa (Figure 4)
indicating a homodimer structure in analogy
with the homodimeric enzymes of E. coli,31,32

M. jannaschii25,33 and M. grisea.30

Kinetic characterization

The purified wild-type enzyme catalyzes the
conversion of ribulose 5-phosphate into 3,4-
dihydroxy-2-butanone 4-phosphate at a rate of
vmaxZ332 nmol minK1 mgK1 with an apparent KM

of 37 mM (Table 2). The corresponding vmax-values
of theM. jannaschii andM. grisea orthologs are 17433

and 112 nmol minK1 mgK1,34 respectively. Since
both enantiomers of 3,4-dihydroxy-2-butanone
4-phosphate can serve as substrates for 6,7-
dimethyl-8-ribityllumazine synthase,19 we deter-
mined the configuration of the product of C. albicans
3,4-dihydroxy-2-butanone 4-phosphate synthase.
The CD-spectrum shown in Figure 5 is that
expected for the L-isomer.24

Sequence alignments and comparison of the
X-ray structures of M. grisea and M. jannaschii
DHBPS revealed a slightly different active site
architecture between the two orthologs.25 Based
on this finding, the mutants CARib3-C59A,
CARib3-Y87A, CARib3-D92A and CARib3-E166A



Figure 4. Sedimentation equilibrium centrifugation of
3,4-dihydroxy-2-butanone 4-phosphate synthase of
C. albicans.

Figure 5. CD-Spectrum of 3,4-dihydroxy-2-butanone
4-phosphate enzymatically formed by 3,4-dihydroxy-2-
butanone 4-phosphate synthase of C. albicans.
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were constructed, purified and kinetically charac-
terized for further characterization of the active site
(Table 2, Figure 6). The residues C59 and E166 are
equivalent to residues C55 and E185 ofM. jannaschii
3,4-dihydroxy-2-butanone 4-phosphate synthase,
which have already been studied by site-directed
mutagenesis.33 Presumably, the strictly conserved
glutamate initiates catalysis by abstracting the
proton of carbon atom 3, thus affording enediol 7
(Figure 2). CARib3-E166A, as the corresponding
E185-mutants, does not show any residual activity,
which emphasizes the essential role of this residue.

C55 in M. jannaschii was proposed to act as a
proton relais during dehydration of carbon atom 1
in concert with the nearby H147. Exchange of C55
by serine or glycine results in mutants with
considerable residual activity (44%, 19%, respect-
ively) and increased KM-values. CARib3-C59A dis-
plays a residual activity of 70% and a KM-value of
536 mM compared to 37 mM of the wild-type. This
Table 2. Steady state kinetic analysis of wild-type and mutan

Enzyme vmax

(nmol mgK1 minK1)
Percentage of

activity

Wild-type 332 100
C59A 232 70
Y87A 7 2
D92A –
E166A –
rather accounts for a geometrical role of the cysteine
residue.

H147 is hydrogen bonded to N106 whereas in the
M. grisea enzyme the corresponding H136 forms a
dyad with D99. Generally, the strictly conserved
histidine interacts with an asparagine in archaea,
whereas in eubacteria, yeasts and plants either an
aspartate or glutamate takes this place (Figure 6). In
C. albicans, the corresponding residue is D92.
Replacement of H147 in M. jannaschii by serine
results in 12% residual activity.33 CARib3-D92A is
completely inactive and, additionally, seems to be
destabilized in its overall structure, since expression
at 37 8C resulted in insoluble protein. This problem
could be overcome by lowering the expression
temperature to 20 8C using the inducible E. coli
strain M15 [pRep4] for expression. The high
residual activity of CARib3-C59A taken together
with the obvious indispensability of a functional
H136-D92 dyad suggests that the histidine acts as
the actual proton relais during the formation of
enediol 9 (Figure 2).

Besides D92, Y87 is another active site residue,
which is not strictly conserved among DHBPS
orthologs. In the M. grisea enzyme, the correspond-
ing Y94 was found to form an H-bond to the
substrate’s C2 carbonyl oxygen, but since this
residue can be replaced by phenylalanine (F101 in
M. jannaschii DHBPS), this interaction was
t DHBPS of C. albicans

wild-type
(%) KM (mM) Accession no.

37 AY504626
536 AY549492
117 AY549495
– AY549494
– AY549493



Figure 6. Sequence alignment of 3,4-dihydroxy-2-butanone 4-phosphate synthases with known X-ray structure.
Residues mutated in this study are marked with stars. Conserved residues are marked red. Active site residues are
marked yellow. Secondary structure elements of the C. albicans enzyme are shown above the alignment.
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supposed to be non-essential. Nevertheless, since
CARib3-Y87A shows only 2% residual activity, the
presence of the aromatic residue is obviously
important, possibly for shielding the reaction
intermediates from water.
Crystal structure determination

The crystals of DHBPS of C. albicans belonged to
space group P1 (Table 3; cell constants: aZ40.439 Å,
bZ48.134 Å, cZ59.804 Å, aZ66.2298, bZ71.9798,
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gZ89.8568). The structure was solved by molecular
replacement using the model of E. coli DHBPS
(PDB-ID: 1G57) as Patterson search model in the
absence of ligands. The asymmetric unit contained
one dimer, which reflects the solution state of the
enzyme. The model was refined at 1.6 Å to an
R-factor of 19.2% and an Rfree of 21.9%. The final
model contains 390 residues out of 406. No electron
density is present for residues 78–83 and the first
two N-terminal residues.

Co-crystallization of the enzyme with EDTA
afforded crystals of the same space group with
one dimer in the asymmetric unit. Soaking these
crystals with 2 mM D-ribulose 5-phosphate clearly
displayed the bound D-ribulose 5-phosphate. The
structure of the Ru5P-complex was solved by
molecular replacement and refined at a resolution
of 1.7 Å. The final model of the complex consists of
392 amino acid residues with an R-factor of 18.4%
and an Rfree of 21.8%. Soaking the EDTA co-crystals
with MgCl2 and D-ribulose 5-phosphate failed
because crystals cracked even with low concen-
trations of substrates.

Although refined without non-crystallographic
symmetry restraints, the monomers of the ligand-
free enzyme and of the complex were very similar,
respectively, showing r.m.s. deviations of only
0.28 Å for 195 Ca-atoms (ligand-free) and 0.22 Å
for 196 Ca-atoms (Ru5P-complex).

Overall three-dimensional architecture

In accordance with the structures of the enzymes
of E. coli, M. grisea and M. jannaschii, the DHBPS of
C. albicans is an aCb homodimeric protein of
46 kDa. Each monomer consists of seven helices
surrounding the central eight-stranded mixed b
sheet which is twisted nearly 1808 from end to end.
Table 3. X-ray data processing and refinement statistics

Nativ

Cell constants aZ40.4 Å, bZ48.1 Å, c
aZ66.28, bZ71.98, gZ

Space group P1
Resolution (Å) overall (last shell) 20–1.6 (1.6
Reflections, unique 43,26
Multiplicity 3.8
Rmerge

a overall (last shell) 0.059 (0.
Completeness (%) overall (last shell) 84.4 (81
I/s 27.7
Solvent molecules 692
Non hydrogen ligand atoms –
Rcryst

b (%) overall (Rfree
c) 19.2 (21

R.m.s.d. bond lengths (Å) 0.005
R.m.s.d. bond angles (8) 1.19
Average B-value (Å2) protein 12.9
Average B-value (Å2) ligand –
Average B-value (Å2) solvent 28.3

F,J angle distribution for residuesc

In most favoured regions (%) 88.9
In additional allowed regions (%) 11.1

a RmergeZ
P

hkl½ð
P

i jIiK hIijÞ=
P

i Ii�.
b RcrystZ

P
hkl jjFobsjK jFcalcjj=

P
jFobsj.

c Rfree is the cross-validation R-factor computed for the test set of
The N and C termini of each monomer are located
on the far ends of the dimer. The connectivity of the
mixed b sheet is complex and rather unusual. It
contains three crossovers connecting the C-terminal
end of b2 to the N-terminal end of b3, the
C-terminal end of b3 to the N-terminal end of b4,
and the C-terminal end of b7 to the N-terminal end
of b8. Each of the crossovers has a single a helix of
two to three turns, which are located on the same
side of the b sheet. Between the C-terminal end of b4
and the N-terminal end of b5 there is a region of six
residues, which are not defined by the electron
density. The major interactions between the two
monomers in the dimer interface are hydrophobic.
Figure 7 shows a ribbon presentation of the DHBPS
dimer with bound ribulose 5-phosphate.

In contrast to the three other known DHBPS
structures, the active site acidic loop (Glu32, Asp34,
Glu166) of the C. albicans enzyme is well defined in
the electron density in the ligand-free structure as
well as in the Ru5P-complex while the loop around
residues 78–83 which corresponds to the insertion
around Tyr95 in the M. jannaschii structure is fully
disordered.

The C. albicans monomer can be superimposed
with r.m.s. deviations of 0.86 Å (M. grisea), 1.22 Å
(M. jannaschii) and 1.03 Å (E. coli) for 188 (M. grisea),
168 (M. jannaschii) and 186 (E. coli) Ca-atoms reflect-
ing a high similarity.

Active site architecture

The two topologically equivalent active sites of
the C. albicans enzyme, as defined by the location of
the bound D-ribulose 5-phosphate, are located at the
dimer interface. The surface of each active site
cavity is mainly formed by one respective
monomer, and is lined by the central b-sheet and
e Ru5P-complex

Z59.8 Å aZ40.2 Å, bZ47.9 Å, cZ59.8 Å
89.88 aZ66.48, bZ72.38, gZ89.98

P1
6–1.6) 20–1.66 (1.672–1.66)
4 39,461

3.2
221) 0.032 (0.174)
.9) 77.3 (28.7)

22.2
672
27

.9) 18.4 (21.8)
0.005
1.27
12.1
27.8
28.0

89.9
10.1

5% of unique reflections.



Figure 7. Stereoview of the dimeric 3,4-dihydroxy-2-butanone 4-phosphate synthase of C. albicans. Subunits are shown
in orange and purple, respectively. Bound ribulose 5-phosphate is shown in light green.
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the N terminus of the a-helix fromArg142 to Thr146
which contributes His145 as central active site
residue. The acidic active site loop from Glu30 to
Asp34 and Glu166 as well as loop structures around
Tyr87, Thr99 and His128 constitute the other parts
of the active site. Most of these residues reside
within one monomer with the exception of the
loops around Thr99 and His128, which belong to
the neighboring monomer. Figure 8 shows the
ribulose 5-phosphate binding site from C. albicans
DHBPS with the final 2FobsKFcalc electron density
map covering the bound molecule. The phosphate
group of the ligand is hydrogen bonded to the side-
chains of Thr85, Arg142, His145 and Thr146. The
stabilization of the C1-C2 part is performed by
Asp34 of the acidic cluster which is hydrogen
bonded to the C2 carbonyl oxygen. The C3 hydroxyl
group is fixed by hydrogen interactions between
Glu166 and Cys59 while the C4 hydroxyl group
stabilization is performed by a hydrogen bond to
the hydroxyl group of Tyr87. All interactions are
performed between the ligand and the side-chains
of these conserved amino acid residues.

Due to the absence of divalent metal ions, the
ribulose group of the ligand shows a completely
Figure 8. Stereoview of the active site of 3,4-dihydroxy-2-b
ribulose 5-phosphate. The final 2FoKFc electron density map c
in blue are from the neighboring subunit.
different binding mode in comparison with the
modeled M. grisea complex (data not shown) and
the experimental complex of mutant (H147S)
M. jannaschii DHBPS (Figure 9). In these structures,
the cysteine residue is hydrogen bonded to the C1
hydroxyl group, the aspartate forms a hydrogen
bond to the C4 hydroxyl group and the histidine
residue which is exchanged against a serine in
M. jannaschii does not interact with the ligand at all
instead of a further interaction to the C1 hydroxyl
group. His145, stabilizing the Zn2C in the M. jan-
naschiiDHBPS, forms a hydrogen bond to one of the
phosphate oxygen atoms. Tyr87 corresponding to
Tyr94 in M. grisea interacts with the C2 carbonyl
oxygen while in M. jannaschii, this residue corre-
sponds to a phenylalanine, thus only contributing
hydrophobic interactions. Only the glutamate
shows the same interaction as in the other two
complexes as well as the binding mode for the
phosphate group. A major contribution to the
binding affinity of the substrate Ru5P can be seen
in the interactions of its phosphate group with the
well defined phosphate binding site. Therefore, it is
not surprising that the substrate can also be bound
to the active site in the absence of metal ions. The
utanone 4-phosphate synthase of C. albicans with bound
overing the ligand is contoured at 1.0 s. Residues marked



Figure 9. Comparison of the C. albicans DHBPS (green) active site to that of M. jannaschii (blue): superposition of the
active sites shows two different conformations for bound Ru5P (C. albicans, purple; M. jannaschii, orange). For
M. jannaschii DHBPS interactions with the bound metal ions are shown (Ca, blue; Zn, grey).
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relatively high temperature factor for the bound
Ru5P (27.8 Å2) in comparison to the average B-
factor of the protein model (12.1 Å2) suggests a
weak binding affinity for the ligand in this non-
physiological extended conformation. Furthermore
the C1/C2-part of the ligand seems to be rather
flexible in comparison with the phosphate group
and the C3/C4-groups which were well defined by
the electron density (Figure 8). When bound to
metal ions at the active site of M. jannaschii DHBPS
Ru5P is found in a compact geometry in which the
C5 atom can migrate to the C3 atom and ultimately
release the C4 atom as formate.

Figure 10 shows a comparison of the C. albicans
ribulose 5-phosphate complex and the complexes of
M. jannaschii (blue) and M. grisea (green) in respect
of the conformations of the acidic loop (flap I) and
the loop around residues 78–83 (flap II). Super-
position of the native enzyme and the ribulose
5-phosphate bound complex showed no significant
conformational change of the acidic loop. In both
theM. jannaschii as well as in theM. grisea structure
two different conformations of this loop, an open
and a closed conformation, are observed. In the
Figure 10. Overlay of the complex structures of 3,4-dihy
M. jannaschii and M. grisea. M. jannaschii, blue; M. grisea, gree
highlighted in pink. Only the substrate Ru5P of the C. albican
ligand-free structures this loop points away from
the active site cavity while it closes up this cavity
and directly interacts with the metals in the
complexes via the strictly conserved Glu26
(M. jannaschii) and Glu37 (M. grisea), respectively.
In C. albicans this loop shows a conformation which
is not compatible with any of the conformations
mentioned above for the M. jannaschii and the
M. grisea structures. As this loop points away from
the active site we designate this conformation
which is observed in the ligand-free form as well
as in the complex as open and suggest that the
closed conformation is a consequence of the metal-
binding as observed for the M. jannschii and
M. grisea structures. The second loop (flapII) around
residues 78–83 is also observed in a closed and an
open conformation for the complexes and the
ligand-free enzymes of M. jannschii and M. grisea.
In contrast to the C. albicans structure where this
region is undefined by electron density in the
ligand-free form as well as in the Ru5P-complex,
in M. jannaschii, an insertion of 16 residues which
occurs only in archaeal DHBPS (Figure 6), is part of
this loop.
droxy-2-butanone 4-phosphate synthases of C. albicans,
n; C. albicans, grey. The acidic loop of C. albicans DHBPS is
s complex is shown (yellow).
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Conclusion

Flavocoenzymes appear to be absolutely indis-
pensable in all organisms. Animals and certain
microorganisms depend on the uptake of riboflavin
as a vitamin. The endogenous production is
absolutely essential at least in Gram-negative
bacterial pathogens and probably in pathogenic
yeast, which are virtually unable to acquire ribo-
flavin from the environment due to the lack of an
uptake system. Hence, inhibitors of riboflavin
biosynthetic enzymes might be used as antibiotic
agents directed against those microorganisms.
Thus, the structure of the 3,4-dihydroxy-2-butanone
4-phosphate synthase of C. albicans in combination
with biochemical data might be very helpful for the
rational design of antiinfective agents. Immuno-
suppressed patients who are suffering from AIDS
infections or having an organ transplantation
would benefit from drugs that fight this organism.
Materials and Methods
Materials

5-Amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione
was synthesized according to published procedures.35

6,7-Dimethyl-8-ribityllumazine synthase was prepared as
described earlier.36 Ribose 5-phosphate, ribulose 5-phos-
phate and phosphoriboisomerase from spinach were
from Sigma. Restriction enzymes and T4 DNA ligase
were from New England Biolabs. EXT DNA Polymerase
and Taq polymerase were from Finnzymes (Epsoo,
Finland). Oligonucleotides were synthesized by Thermo
Electron GmbH (Ulm, Germany). DNA fragments were
purified with the CP-Kit, Gel Extraction Kit or Miniprep
Kits from Peqlab (Erlangen, Germany). Genomic DNA of
C. albicans was obtained from the American type culture
collection (ATCC No. 10231D).
Strains and plasmids

Bacterial strains and plasmids used in this study are
summarized in Table 4. Transformation of E. coli was
performed according to published procedures.37 Unless
otherwise stated, bacteria were grown at 37 8C in LB
medium containing 170 mg mlK1 ampicillin and
15 mg mlK1 kanamycin where appropriate.
Table 4. Bacterial strains and plasmids used in this study

Designation Relevant char

E. coli strains
XL1-Blue recA1, endA1, gyrA96, thi-1, hsdR17, su

lacIqZDM15, Tn10(tetr)]
M15[pREP4] lac, ara, gal, mtl, recAC, uvrC, StrR, (pR
Expression plasmids
pNCO113

E. coli expression vector

pNCO-CARib3-WT RIB3 gene genomic nucleotide sequence
pNCO-CARib3-syn RIB3 gene with optimized codon usage
pNCO-CARib3-C59A RIB3 gene C59A mutant
pNCO-CARib3-Y87A RIB3 gene Y87A mutant
pNCO-CARib3-D92A RIB3 gene D92A mutant
pNCO-CARib3-E166A RIB3 gene E166A mutant
Construction of expression plasmids

C. albicans genomic DNAwas used as template for PCR
amplification with the primers CAR3-WT-Rbs-EcoRI (5 0

ataatagaattcattaaagaggagaaattaactatgactaacatctttactcctatt
gaag 3 0) and CAR3-WT-BamHI-Hi (5 0 tattatggatccttattta
gaaatatattcaactaattgg 3 0). The resulting DNA fragment
was restricted with the endonucleases EcoRI and BamHI
and ligated into the equally treated vector pNCO113. The
resulting plasmid was designated pNCO-CARib3-WT.
Gene synthesis

The partially complementary oligonucleotides CA-
Rib3-1 and CA-Rib3-2 were annealed and treated with
DNA polymerase (Figure 3). The resulting 110 bp
segment was elongated by a series of six PCR amplifica-
tions using pairwise combinations of oligonucleotides
according to Figure 3, the first cycle being performedwith
the oligonucleotides CA-Rib3-3 and CA-Rib3-4. The
resulting 661 bp DNA fragment was treated with EcoRI
and HindIII and was ligated into the plasmid pNCO113
which had been treated with the same restriction
endonucleases. The ligation mixture was transformed
into E. coli strain XL1-Blue affording the recombinant
strain XL1 pNCO-CARib3-syn (Table 4).
Site-directed mutagenesis

Site-directed mutagenesis was performed using a PCR
standard protocol as described elsewhere.38 For the
verification of mutations, oligonucleotides were designed
to introduce recognition sites for specific endonucleases.
All of the sequences were deposited in the GenBank
sequence data base (Table 2).
Bacterial culture

Hyperexpression plasmids used in this study were
expressed in E. coli strain XL1, with the exception of
pNCO-CARib3-D92A which was expressed in E. coli
strain M15 [pRep4]. XL1-cultures were grown at 37 8C
with shaking for 24 hours. M15 [pRep4] pNCO-CARib3-
D92A was cultured at 37 8C with shaking to an absorb-
ance of A600 nm. The suspension was cooled to 20 8C, b-D-
isopropylthiogalactoside was added to a final concen-
tration of 1 mM, and incubation was continued overnight.
The cells were harvested by centrifugation, washed with
0.9% NaCl and stored at K20 8C.
acteristics Source

pE44, relA1, lac[F’, proAB, 56

EP4: KanR, lacI) 57
57

This study
for E. coli This study

This study
This study
This study
This study
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Protein purification

The cell pellet was suspended in 30 mM potassium
phosphate (pH 7.0) containing 2 mM DTT. The suspen-
sion was ultrasonically treated and centrifuged (26,000g,
20 minutes). The supernatant was mixed with an equal
volume of ice-cold saturated ammonium sulfate solution.
The mixture was stirred on ice for 15 minutes and was
then centrifuged. The supernatant was placed on a
column of Phenyl Sepharose (20 ml) which had been
equilibrated with 30 mM potassium phosphate (pH 7.0)
containing 2 mM DTT and 2 M ammonium sulfate. The
column was developed with 30 mM potassium phos-
phate (pH 7.0) containing 2 mM DTT. Fractions were
combined, concentrated by ultrafiltration and placed on a
Superdex 75 26/60 column. Elution was performed with
50 mM Tris hydrochloride (pH 7.5) containing 150 mM
NaCl. Fractions were combined and concentrated by
ultrafiltration.

Enzyme assay

Assay mixtures (100 ml) contained 50 mM Tris hydro-
chloride (pH 7.5) 10 mM MgCl2, 0.75 mM 5-amino-6-
ribitylamino-2,4(1H,3H)-pyrimidinedione and 3,4-di-
hydroxy-2-butanone 4-phosphate synthase. The reaction
was started by the addition of 100 ml of 50 mM Tris
hydrochloride (pH 7.5) containing 10 mM MgCl2, 10 mM
ribose 5-phosphate, 50 mg of 6,7-dimethyl-8-ribitylluma-
zine synthase of E. coli, and 1.25 units of phosphori-
boisomerase which had been incubated for five minutes
at 37 8C in order to generate ribulose 5-phosphate. The
reaction was monitored photometrically at 410 nm.33

Analytical ultracentrifugation

Experiments were performed with an analytical ultra-
centrifuge Optima XL-A fromBeckman Instruments (Palo
Alto, CA) equipped with absorbance optics. Aluminum
double sector cells equipped with quartz windows were
used throughout. The partial specific volume was
estimated from the amino acid composition39,40 yielding
a value of 0.733 ml g1.
Sedimentation equilibrium experiments were per-

formed with 50 mM Tris hydrochloride (pH 7.5) contain-
ing 300 mM potassium chloride and 1.0 mg of protein per
ml at 13,000 rpm and 4 8C.
Boundary sedimentation experiments were performed

with a solution containing 50 mM Tris hydrochloride
(pH 7.5) containing 300 mM potassium chloride and
2.9 mg of protein per ml at 59,000 rpm and 20 8C.

Circular dichroism spectroscopy

Measurements of circular dichroism were performed
with a JASCO J-715 spectropolarimeter.

Crystallization

Crystallization was performed by the sitting drop
vapour diffusion method. Droplets (3 ml) containing
50 mM of Tris hydrochloride (pH 7.5) and 17–34 mg of
protein per ml were mixed with 1 ml of 85 mM sodium
citrate (pH 5.0) containing 17% PEG 8000, and left to
equilibrate over 300 ml of the same solution. Co-crystal-
lisation experiments with EDTA were carried out by
mixing wild-type enzyme with 5 mM EDTA. Sitting
drops were set up from 3 ml of the complex solution
mixed with 1 ml of 90 mM Mes/NaOH (pH 6.0) contain-
ing 18% PEG 8000. Soaking experiments with EDTA
co-crystals were carried out with 2 mM D-ribulose
5-phosphate for five minutes at 20 8C.

Data collection, data processing and phasing

All X-ray data were collected on a MARResearch345
image plate detector mounted on a Rigaku RU-200
rotating anode operated at 50 mM and 100 kV with l
(Cu Ka)Z1.542 Å. All data sets were collected under
cryogenic conditions at 100 K using an Oxford cryo-
stream. Prior to data collection, crystals were transferred
into a buffer that contained 17.5% glycerol in addition to
the components of the precipitating buffer. Diffraction
intensities were integrated using the program DENZO
and were scaled and merged using the HKL suite.41 The
electron density was improved by solvent flattening using
the program DM.
The structures were solved by molecular replacement

using the program AMORE42 with the structure of the
E. coli 3,4-dihydroxy-2-butanone 4-phosphate synthase32

(PDB-ID: 1G57) for the ligand-free DHBPS as Patterson
search model. Table 3 gives a summary of the data
collection and phasing statistics.

Model building and refinement

The 1.6 Å (native) and 1.7 Å (Ru5P) electron density
maps were of sufficient quality to permit unambiguous
chain tracing for about 90% of the model in the first round
of model building using the program MAIN.43 Refine-
ment steps involved conjugate minimization, simulated
annealing, and B-factor refinement with the program
CNS using the mlf target.44 For cross-validation, a
random test set of 5% of the total number of reflections
was excluded from the refinement and used for the
calculation of the free R-factor.45 The refinement was
carried out on the resulting model until convergence was
reached at an R-factor of 19.7% (native) and 18.4% (Ru5P)
and an Rfree of 22.8% (native) and 21.8% (Ru5P). The
crystallographic refinements were carried out at 1.6 Å
(native) and 1.7 Å (Ru5P).
The Ramachandran plot46 calculated with the program

PROCHECK47 showed no residues with angular values in
forbidden areas; 88.9% (native) and 89.9% (Ru5P) of the
non-glycine residues are in the most favored regions, and
11.1% (native) and 10.1% (Ru5P) are in additionally
allowed regions.

Analysis and graphical representation

Stereochemical parameters were assessed throughout
refinement with PROCHECK.47 Secondary structure
elements were assigned with STRIDE.48 Structural
Figures were prepared with MOLSCRIPT,49 BOB-
SCRIPT,50 ALSCRIPT51 and Swiss-PDB Viewer†.

Miscellaneous

DNAwas sequenced using the Sanger method52 by the
custom sequencing service of GATC Biotech (Konstanz,
Germany). N-terminal protein sequencing was per-
formed according to the automated Edman method
using a 471A Protein Sequencer (Perkin–Elmer). Protein
concentration was determined by published
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procedures.53 Electrospray mass spectrometry experi-
ments were performed as described by Mann and
Wilm54 using a triple quadrupol ion spray mass spec-
trometer API365 (SciEx, Thornhill, ON, Canada). SDS
polyacrylamide gel electrophoresis using 16% polyacryl-
amide gels was performed as described by Laemmli with
molecular mass standards provided by Sigma.55
Protein Data Bank accession numbers

The coordinates have been deposited in the Protein
Data Bank (accession codes 1TKS, 1TKU) and will be
released upon publication.
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