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ABSTRACT For many years it was accepted that isopente-
nyl diphosphate, the common precursor of all isoprenoids, was
synthesized through the well known acetate/mevalonate path-
way. However, recent studies have shown that some bacteria,
including Escherichia coli, use a mevalonate-independent path-
way for the synthesis of isopentenyl diphosphate. The occurrence
of this alternative pathway has also been reported in green algae
and higher plants. The first reaction of this pathway consists of
the condensation of (hydroxyethyl)thiamin derived from pyru-
vate with the C1 aldehyde group of D-glyceraldehyde 3-phosphate
to yield D-1-deoxyxylulose S-phosphate. In E. coli, D-1-
deoxyxylulose 5-phosphate is also a precursor for the biosynthe-
sis of thiamin and pyridoxol. Here we report the molecular
cloning and characterization of a gene from E. coli, designated
dxs, that encodes D-1-deoxyxylulose-5-phosphate synthase. The
dxs gene was identified as part of an operon that also contains
ispA, the gene that encodes farnesyl-diphosphate synthase. D-1-
Deoxyxylulose-5-phosphate synthase belongs to a family of tran-
sketolase-like proteins that are highly conserved in evolution.

Isoprenoids are ubiquitous compounds found in all living organ-
isms. Some isoprenoids play essential roles in particular cell
functions such as sterols, contributing to eukaryotic membrane
architecture, acyclic polyprenoids found in the side chain of
ubiquinone, plastoquinone, and chlorophylls, sugar carriers for
polysaccharide biosynthesis, or carotenoids in photosynthetic
organisms. Although the physiological role of other isoprenoids
is less evident, like that of the vast array of plant secondary
metabolites, some are known to play key roles in the adaptative
responses to different environmental challenges. In spite of the
remarkable diversity of structure and function, all isoprenoids
originate from a single metabolic precursor, isopentenyl diphos-
phate (1, 2).

For many years, it was accepted that isopentenyl diphosphate
was synthesized through the well known acetate/mevalonate
pathway. However, recent studies have demonstrated that the
mevalonate-dependent pathway does not operate in all living
organisms (3, 4). An alternative mevalonate-independent path-
way for isopentenyl diphosphate biosynthesis was initially char-
acterized in bacteria (4, 5) and later also in green algae (6) and
higher plants (7-11). The first reaction of the novel mevalonate-
independent pathway involves the condensation of (hydroxyeth-
yl)thiamin derived from pyruvate with the C1 aldehyde group of
D-glyceraldehyde 3-phosphate to yield D-1-deoxyxylulose 5-phos-
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phate (5, 12). In Escherichia coli, D-1-deoxyxylulose (most likely
in the form of D-1-deoxyxylulose S-phosphate) is efficiently
incorporated into the prenyl side chain of menaquinone and
ubiquinone (12, 13). In plants, the incorporation of D-1-
deoxyxylulose into isoprenoids has also been reported (11, 14). In
addition, D-1-deoxyxylulose has also been described as a precur-
sor for the biosynthesis of thiamin and pyridoxol. D-1-
Deoxyxylulose is the precursor molecule of the contiguous 5-car-
bon unit (C4'-C4-C5-C5'-C5") of the thiazole ring of thiamin in
E. coli (15, 16) and in higher plant chloroplasts (17). The role of
D-1-deoxyxylulose in the biosynthesis of pyridoxol in E. coli is also
well documented (18-20).

In spite of the extensive genetic analysis in E. coli, no genes
involved in isopentenyl diphosphate biosynthesis have been re-
ported to date. The only genes identified in E. coli related to
isoprenoid biosynthesis are ispA and ispB, which encode farnesyl-
diphosphate synthase (21) and octaprenyl-diphosphate synthase
(22), respectively. In this paper we report the cloning and
characterization of a gene from E. coli, designated dxs, that
encodes D-1-deoxyxylulose-5-phosphate synthase. The dxs gene
was identified as part of an operon that also contains the isp4
gene.

MATERIALS AND METHODS

Bacterial Strains, Bacteriophages, and Plasmids. E. coli strains
XL1-Blue and DH5« were used for the cloning, maintenance,
and propagation of plasmids. Wild-type E. coli strain E15 (23) was
used for RNA isolation. Bacteriophage A19F6, from the E. coli
aligned genomic library of Kohara ef al. (24), was propagated on
E. coli strain LE392. Phage R408 was used as a helper for the
isolation of single-stranded DNA from plasmid pBluescript
(Stratagene) derivatives, with E. coli strain RZ1032 as a host.
Plasmid pTACTAC (25) was used as expression vector with strain
XL1-Blue as a host.

Plasmid Construction. Plasmid pLR1 was constructed by
cloning the 8.7-kb PstI-PstI fragment of bacteriophage A19F6 into
the PstI site of plasmid pBluescript (Fig. 1). Plasmid pLR2 was
constructed by subcloning the 4.6-kb HindIII-PstI fragment
generated by digestion of the 8.7-kb PsfI-PstI fragment with
HindIII into plasmid pBluescript (Fig. 1). Plasmid pLR3 was
constructed by subcloning the 2-kb Smal-Sphl fragment excised
from plasmid pLR1 into plasmid pBluescript (Fig. 1). An Ndel
site was created at the ATG translation start codon of ORF2 (Fig.
2) in plasmid pLR3 by site-directed mutagenesis (26). The
resulting plasmid was designated pLR4. Plasmid pTAC-ORF2
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FiG. 1. Restriction map of the genomic region containing the ispA4

gene from E. coli. The genomic region cloned in A19F6 (21) is shown
on top. The fragments subcloned into plasmids pLR1, pLR2, and
pLR3 are also indicated. The position of the ispA gene is represented
by a solid box. Restriction sites are as follows: B, Bg/II; H, HindIII; N,
Ndel; P, PstI; Sm, Smal; Sp, Sphl; X, Xhol.

was constructed by cloning the 2-kb Ndel-Sall fragment of pLR4
into the corresponding sites of plasmid pTACTAC.

DNA Sequencing and Databases. Appropriate restriction frag-
ments were subcloned into plasmid pBluescript. Both strands of
DNA were sequenced by the dideoxynucleotide chain termina-
tion method (27) with the T7 sequencing kit (Pharmacia). Com-
puter alignment and nucleotide and amino acid sequence analysis
were performed with the BLAST Program of the National Center
of Biotechnology Information (Bethesda, MD). The Wisconsin
Package (version 9.0) of the Genetics Computer Group (GCG)
(Madison, WI) was used for the editing of sequences.

Reverse Transcription-PCR Analysis. DNA-free RNA was
obtained from E. coli strain E15 according to the method
described by Garrido et al. (28). First strand cDNA was obtained
as described by Dumas Milne Edwards ez al. (29) by using reverse
transcriptase (Moloney murine leukemia virus, Promega) and the
gene-specific primers P2 and P4 (see below). PCR reactions were
performed as described by Ausubel et al. (30) by using two sets
of primers. Primers P1 (5'-CCGTTTTATCGCCCCACTG-3")
and P2 (5'-GCAGCAACCGCAATACC-3") were designed to
amplify a region extending from nucleotide +56 of ispA to
nucleotide +410 of ORF2. Primers P3 (5'-CCCGTGCTGAA-
CATTGG-3') and P4 (5'-ATACTGACAAACTGCGCCC-3")
were designed to amplify a region extending from nucleotide
+1740 of ORF2 to nucleotide +545 of ORF3. In all cases,
numbering refers to the ATG translation start codon (position
+1) of the corresponding coding regions. The PCR products were
analyzed by agarose gel electrophoresis and further characterized
by restriction enzyme mapping. The PCR product obtained with
primers P1 and P2 was digested with Nhel and Ndel, and that
obtained with primers P3 and P4 was digested with Sphl and
EcoRV (Fig. 2).

Expression of Plasmid pTAC-ORF2 in E. coli. E. coli XL1-Blue
cells harboring plasmid pTAC-ORF2 were grown at 37°C in 2X
TY medium (30) supplemented with ampicillin (100 ng/ml) to an
ODggp of 0.6 and then induced with isopropyl 8-D-thiogalactoside

A

+1

-

llorry
PN

35 710
243bp

900bp 1863bp

TAA ATG TAA ATG TAA ATG TAA
ispA |l ORF?2 (dxs) I _ORF3 -pgpA

Proc. Natl. Acad. Sci. USA 95 (1998)

(1 mM). E. coli strain XL1-Blue harboring plasmid pTACTAC
was used as a control. Aliquots of 1 ml were withdrawn at several
time intervals after induction, and the cells were harvested by
centrifugation (8,000 X g for 1 min). The cell pellet was resus-
pended in 100 ul of extraction buffer (60 mM TrissHCl/1%
2-mercaptoethanol/1% SDS/10% glycerol/0.01% bromophenol
blue, pH 6.8) and heated in boiling water for 5 min. Samples (20
ul) were subjected to SDS/PAGE (10% acrylamide) (30), and
the separated proteins were stained with Coomassie brilliant blue
R250.

Assay of D-1-Deoxyxylulose-5-Phosphate Synthase Activity.
Bacterial cells were grown in M9 medium (30) supplemented with
glucose (0.4%) and thiamin (15 nM) to an ODg of 0.6, induced
by the addition of isopropyl B-D-thiogalactoside (0.5 mM), and
harvested by centrifugation. The cell pellet was washed first in
0.85% NaCl solution and subsequently in buffer A (40 mM
TrisHCl/2.5 mM MgCl,/1 mM thiamin diphosphate/0.1 mM
phenylmethanesulfonyl fluoride/5 mM 2-mercaptoethanol, pH
8.0). Cells were resuspended in five times their wet weight of
buffer A containing lysozyme (1 mg/ml), incubated for 20 min at
37°C, and then disrupted by sonication (30 W, 5 bursts of 1 min
and cooling in an ice bath for 2 min between each burst). After
centrifugation at 13,000 X g for 30 min at 4°C the supernatant was
recovered and supplemented with protamine sulfate (1.25 mg/
ml), incubated at room temperature for 15 min, and then cen-
trifuged at 13,000 X g for 20 min at 4°C. The supernatant was used
as enzyme sample. Protein concentration was determined with
the Bio-Rad protein assay.

The enzyme reaction mixture consisted of 40 mM TrissHCl/2.5
mM MgCl,/1 mM thiamin diphosphate/0.1 mM phenylmeth-
anesulfonyl fluoride/5 mM 2-mercaptoethanol/0.2 mM
[2-14C]pyruvate (15.9 mCi/mmol, DuPont/NEN)/50 mM pyru-
vate/100 mM DL-glyceraldehyde 3-phosphate (or 50 mM D-glyc-
eraldehyde)/enzyme sample in a final volume of 50 ul. After
incubation for 1-2 h at 37°C, the reactions were stopped by
heating at 80°C for 3 min. After centrifugation at 13,000 X g for
5 min, aliquots of the supernatant (2-5 ul) were loaded onto a
TLC plate (silica gel 60, Merck). Labeled D-1-deoxyxylulose
5-phosphate (or D-1-deoxyxylulose) was separated from
[2-14C]pyruvate by using n-propyl alcohol/ethyl acetate/H,O
(6:1:3) as solvent and quantified by autoradiography (Molecular
Imager, Bio-Rad). The radioactivity incorporated into D-1-
deoxyxylulose 5-phosphate (or D-1-deoxyxylulose) was referred
to the radioactivity of [2-1“C]pyruvate present at the beginning of
the reaction (time 0). When appropriate amounts of enzyme
sample were used, the reaction was linear for up to 2 h. Enzyme
activity is expressed as micromoles of D-1-deoxyxylulose 5-phos-
phate (or D-1-deoxyxylulose) synthesized per min per mg of
protein in the conditions described above. For qualitative assays,
[2-14C]pyruvate was omitted from the reaction mixture, and the
D-1-deoxyxylulose or D-1-deoxyxylulose 5-phosphate synthesized
was identified by staining with p-anisaldehyde/sulfuric acid (31).

F1G. 2. Analysis of a transcription
unit from E. coli containing ORF1, ispA,
ORF?2 (dxs), and ORF3. (4) The previ-
ously reported genes ispA and pgpA and
the short ORF cotranscribed with ispA4
(ORF1) are represented by open boxes.
ORF2 and ORF3 are represented by
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for the synthesis of first strand cDNA by using reverse transcriptase. The PCR products obtained with the sets of primers P1/P2 and P3/P4 are
shown below the mRNA. The enzymes used for the restriction enzyme mapping of the amplification products are also indicated.
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D-1-Deoxyxylulose (R 0.63) and D-1-deoxyxylulose 5-phosphate
(Rr0.35) stained blue and purple, respectively. Pyruvate (R;0.59)
stained pale yellow, and D-glyceraldehyde (R, 0.65) and DL-
glyceraldehyde 3-phosphate (Ry 0.40) stained orange. Control
reactions lacked pyruvate or DL-glyceraldehyde 3-phosphate (or
D-glyceraldehyde).

Enzymatic Synthesis of D-1-Deoxyxylulose in Vitro and NMR
Analysis. For bulk production of the enzyme, E. coli XL1-Blue
cells harboring plasmid pTAC-ORF2 were grown under aerobic
conditions at 37°C in 1 liter of medium containing meat peptone
(0.5%), meat extract (0.3%), and ampicillin (50 ug/ml). When
cultures reached an ODg between 0.5 and 0.8, expression of the
ORF2-encoded product was induced by addition of isopropyl
B-D-thiogalactoside (0.2 mM) and incubation at 37°C. Cells were
harvested by centrifugation (6,000 X g) for 30 min at 4°C and first
washed in 100 ml of 0.85% NaCl solution and then resuspended
in buffer B (80 mM TrissHCl/5 mM MgCl,/2 mM EDTA/0.1
mM phenylmethanesulfonyl fluoride, pH 8.0) and freeze-dried.
Freeze-dried cells (0.3 g) were resuspended in buffer B (20 ml)
containing lysozyme (1 mg/ml) and incubated at 37°C for 30 min.
Cells were disrupted by sonication at 4°C (40 W, five bursts of 1
min and cooling on an ice bath for 2 min between each burst). The
cell-free extract was obtained by centrifugation at 18,000 X g for
30 min at 4°C. The cell-free extract, containing about 20 mg of
protein, was adjusted to 20 ml with buffer B, supplemented with
sodium pyruvate (0.9 mmol), D-glyceraldehyde (0.9 mmol), and
thiamin diphosphate (0.01 mmol), and incubated in an orbital
shaker at 37°C for 20 h. The reaction was stopped by heating at
80°C for 5 min. Denatured proteins were removed by centrifu-
gation at 18,000 X g for 30 min, and the supernatant was
lyophilized. The freeze-dried sample (300 mg) was dissolved in a
small amount of methanol and separated on a chromatographic
column of silica gel 60 (Merck) with chloroform/methanol
(100:20) as eluent. D-1-Deoxyxylulose (Ry 0.37) was detected by
examination of all fractions by TLC on silica gel plates (Merck,
Fys4, 0.25 mm) with the same eluent.

D-1-Deoxyxylulose was extracted from the TLC plates by using
chloroform/methanol (8:2) and subjected to 'H and '3C NMR
structural analysis. Both open form (75%) and two closed
hemiketal - and B-furanose forms (25%, in a nearly 1:1 ratio, as
deduced from the relative signal intensities of the C-1 methyl
groups in the "H NMR spectrum) were observed. The NMR
spectra were: 'H NMR (200 MHz, DMSO-d). Open form: 4.95
(d,J = 6.6, OH); 4.70 (d,J = 6.6, OH); 4.67 (t,J = 5.4, OH); 4.00
(dd,J; = 6.4,J, = 2.2, H-3);3.75 (dq,J1 = 6.6,J, = 2.2, H-4); 3.44
(ddd, J; = 10.0, J> = 6.6, J3 = 5.5, H-5); 3.33 (ddd, J; = 10.1, J»
=6.6,J5 = 5.5, H-5); 2.13 (s, methyl). C-1 methyl groups of «- and
B-furanose forms: 1.27 (s, *H); 1.20 (s, 3H); *C NMR (50 MHz,
DMSO-dg). Open form: 211.70 (s, C-2); 76.91 (d, C-3x); 72.48 (d,
C-4%); 61.80 (t, C-5); 26.86 (q, C-1). a- and B-furanose forms:
105.59; 102.02; 82.02; 81.66; 76.74; 75.37; 70.35; 69.83; 24.99;
22.36. Assignments of signals bearing a superscript may be
interchanged.

Alternatively, D-3,4,5-triacetyl-1-deoxyxylulose was identified
after acetylation of the enzymatic reaction product. The crude
material obtained after freeze-drying of the whole reaction
mixture (300 mg) was stirred in equal amounts of pyridine and
acetic anhydride (1:1) overnight at room temperature. After
removing the excess of reagents under vacuum, the acetylated
compound was isolated by preparative TLC on silica gel plates
(Merck, Frss) (toluene/ethyl acetate, 80:20, Ry 0.22). Only the
open form of D-3,4,5-acetyl-1-deoxyxylulose was detected. The
NMR spectra were: 'H NMR (200 MHz, CDCl3); 5.58 (ddd, J; =
6.7,J, =5.9,J3 = 3.0, H-4); 5.24 (d,J = 3.0, H-3); 4.28 (dd, J; =
11.6, J, = 5.8, H-5); 4.12 (dd, J; = 11.6, J, = 6.7, H-5); 2.198 (s,
methyl); 2.195 (s, methyl); 2.062 (s, methyl); 2.047 (s, methyl); 13C
NMR (50 MHz, CDCl3); 201.38 (s, C-2); 170.31 (s, acetate);
170.00 (s, acetate); 169.73 (s, acetate); 76.33 (d, C-3%); 68.77 (d,
C-4%); 61.50 (t, C-5); 26.86 (q, methyl); 20.60 and 20.46 (q, 3
methyls). Assignments of signals bearing a superscript may be
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interchanged. GC-MS (chemical ionization with isobutane as
reactant gas): m/z (%) = 261 (M + H]*, 28%), 201 (M + H —
AcOH]*, 99%), 141 (IM + H — 2AcOH]", 100%).

RESULTS

The 3'-Flanking Region of the E. coli ispA Gene Contains Two
Open Reading Frames Encoding Proteins Showing Similarity to
Transketolases and Members of the Aldo—Keto Reductase Su-
perfamily. In bacteria, the genes encoding enzymes correspond-
ing to specific metabolic pathways are usually organized in
operons. Thus, we hypothesized that isp4, the gene encoding
farnesyl-diphosphate synthase in E. coli (21), could be part of an
operon containing other isoprenoid biosynthetic genes. To test
this hypothesis, we cloned and characterized the genomic region
flanking ispA. Because the ispA coding region is preceded by
functional promoter sequences (21) our work was focused on the
characterization of its 3’-flanking region. By using clone A19F6
from the E. coli aligned genomic library of Kohara et al. (24) we
first subcloned the 8.7-kb PstI-PstI fragment known to contain
the ispA gene (21) to create plasmid pLR1 (Fig. 1). This plasmid
was further used to obtain two overlapping subclones (plasmids
pLR2 and pLR3) containing the ispA 3'-flanking region (Fig. 1).
The nucleotide sequence analysis of the inserts cloned in plasmids
pLR2 and pLR3 revealed two ORFs (ORF2 and ORF3, Fig. 2)
encoding proteins of unknown function. A short ORF (ORF1)
preceding ispA is cotranscribed with this gene (21) (Fig. 2). ORF2
starts at the ATG codon located 24 bp downstream of the stop
codon of isp4 and extends over 1863 bp. ORF3 starts 179 bp
downstream of ORF2 and extends over 975 bp. The stop codon
of ORF3 is located 80 bp upstream of the translation start codon
of the previously characterized pgpA gene, which encodes a
phospholipid phosphatase (32). ORF2 and ORF3 are preceded
by consensus Shine-Dalgarno sequences.

The protein predicted from ORF2 has 620 amino acid residues
and a molecular mass of 67.6 kDa. Homology searches revealed
that the ORF2-encoded protein shows high similarity to a puta-
tive transketolase encoded by ORF C2814 present in the 3'-
region of a photosynthetic gene cluster of Rhodobacter capsulatus
(33) (Fig. 3). The protein encoded by ORF2 is also highly similar
to proteins of unknown function encoded in the genome of
Haemophilus influenzae, Bacillus subtilis, Synechocystis sp. (PCC
6803), Helicobacter pylori, and Mycobacterium tuberculosis (Fig.
3). Interestingly, the protein encoded by ORF2 also shows high
level of similarity with Arabidopsis thaliana CLAI gene product
(Fig. 3), which has recently been implicated in chloroplast devel-
opment (34). A significant level of similarity was also found with
transketolases and other thiamin-requiring enzymes. The protein
predicted from ORF3 contains 324 amino acid residues and
shows similarity to proteins of the aldo—keto reductase super-
family (35).

ORF2 and ORF3 Are Cotranscribed with the isp4 Gene. To
study whether isp4, ORF2, and ORF3 were included in the same
transcription unit we performed reverse transcription-PCR anal-
ysis by using E. coli DNA-free RNA and gene-specific primers
located within the coding regions (for details, see Materials and
Methods and Fig. 2). Amplification products showing the pre-
dicted size were obtained in all cases. The amplification products
were further characterized by restriction mapping, and in all cases
we obtained the pattern of fragments expected from the restric-
tion sites deduced from the nucleotide sequence (data not
shown). No amplification products were obtained in the control
reactions lacking reverse transcriptase, thus confirming the ab-
sence of contaminating genomic DNA in the RNA samples.

ORF2 Encodes D-1-Deoxyxylulose-5-Phosphate Synthase. It
has been reported that the first reaction of the novel mevalonate-
independent isoprenoid pathway is the condensation of (hydroxy-
ethyl)thiamin derived from pyruvate on the carbonyl group of
D-glyceraldehyde 3-phosphate (5, 12). This reaction resembles
that catalyzed by transketolases and yields D-1-deoxyxylulose
S-phosphate (5, 12). Because the protein encoded by ORF2 shows
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F1G. 3. Amino acid sequence alignment of D-1-deoxyxylulose-5 phosphate synthase from different organisms. Dots indicate the absence of

particular amino acid residues. Numbers indicate the position of amino acid residues in the sequences. White-on-black letters denote amino acid
residues common to at least six polypeptides. A consensus sequence denoting identical and conserved amino acid residues in all polypeptides is
shown below the alignment. Conserved residues are indicated with the symbol +. Amino acid residues putatively involved in the binding of thiamin
diphosphate are indicated with the symbol #. The conserved motif containing the histidine residue putatively involved in proton transfer during
catalysis is indicated with . Ecol, E. coli (GenBank AF035440); Hinf, H. influenzae (Swiss-Prot P45205); Rcap, R. capsulatus (Swiss-Prot P26242);
Syne, Synechocystis sp. (PCC6803) (GenBank D90903); Bsub, B. subtilis (Swiss-Prot P54523); Hpyl, H. pylori (GenBank AE(000552); Mtub, M.
tuberculosis (GenBank Z96072); Atha, A. thaliana (GenBank U27099); Mpip, Mentha X piperita [GenBank AF019383; Lange et al. (40)].

similarity with transketolases, we studied whether this putative
transketolase was able to catalyze the synthesis of D-1-
deoxyxylulose 5-phosphate from pyruvate and D-glyceraldehyde
3-phosphate. For this purpose, we constructed plasmid pTAC-
OREF?2, in which the ORF2 nucleotide sequence was cloned into
the expression vector pTACTAC. After induction with isopropyl

B-D-thiogalactoside, a protein showing an apparent molecular
mass of 65 kDa was detected by SDS/PAGE and Coomassie blue
staining (Fig. 4).

Cell-free extracts prepared from induced E. coli XL1-Blue cells
harboring plasmid pTAC-ORF2 were incubated with pyruvate
and D-glyceraldehyde or DL-glyceraldehyde 3-phosphate, and the
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F1G. 4. Overexpression of the dxs gene product in E. coli. (A) E. coli
XL1-Blue cells harboring plasmid pTAC-ORF2 or pTACTAC were
induced with isopropyl B-D-thiogalactoside, and samples were with-
drawn at the indicated times. Proteins were analyzed by SDS/PAGE
and Coomassie blue staining. The position of molecular mass markers
is indicated on the left.

reaction products were analyzed by TLC. A product showing an
Ryidentical to that of a chemically synthesized D-1-deoxyxylulose
standard was detected in the reaction mixture containing pyru-
vate and D-glyceraldehyde (Fig. 5, lanes 1 and 2). When DL-
glyceraldehyde 3-phosphate was included in the reaction mixture
instead of D-glyceraldehyde, a more polar product, consistent
with a phosphorylated compound, was detected (Fig. 5, lane 3).
Further incubation of an aliquot of the reaction mixture corre-
sponding to lane 3 with alkaline phosphatase resulted in the
dephosphorylation of the reaction product to yield a compound
showing the same migration as D-1-deoxyxylulose (Fig. 5, lane 4).
Treatment with alkaline phosphatase had no effect on the
D-1-deoxyxylulose obtained from pyruvate and D-glyceraldehyde
(Fig. 5, lane 5). These results indicate that the product obtained
in the reaction mixture containing pyruvate and DL-glyceralde-
hyde 3-phosphate was a phosphorylated derivative of D-1-
deoxyxylulose that, according to the reaction mechanism pro-
posed (5, 12), should correspond to D-1-deoxyxylulose 5-phos-
phate. In all cases, the reaction was dependent on the presence of

—front
- 2 & «1DX
- «1-DX-5-P
T8 & 5

F1G6. 5. Thin layer chromatograms of the reaction products obtained
from pyruvate and D-glyceraldehyde or DL-glyceraldehyde 3-phosphate.
Cell-free extracts from induced E. coli XL1-Blue cells harboring plasmid
pTAC-ORF2 (25 pg of protein) were incubated for 2 h under the
conditions described in Materials and Methods with the following sub-
strates: pyruvate and D-glyceraldehyde (lanes 2 and 5) and pyruvate and
DL-glyceraldehyde 3-phosphate (lanes 3 and 4). The reactions were
stopped, and reaction mixture aliquots (10 ul) were treated with 1.25 units
of calf intestine alkaline phosphatase for 1 h (lanes 4 and 5). Lane 1
corresponds to a standard of chemically synthesized D-1-deoxyxylulose.
Reaction products were detected by staining with p-anisaldehyde/sulfuric
acid. The positions of D-1-deoxyxylulose (1-DX) and D-1-deoxyxylulose
5-phosphate (1-DX-5-P) are indicated.
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pyruvate and D-glyceraldehyde or DL-glyceraldehyde 3-phos-
phate. However, the reaction was not dependent on the presence
of thiamin diphosphate.

By using a quantitative assay in vitro, based on the inclusion of
[2-14C]pyruvate in the reaction mixture and the autoradiographic
analysis of the reaction product after separation by TLC, we
found that the D-deoxyxylulose-5-phosphate synthase activity
measured in the cell-free extracts of the induced strain was
150-fold higher than that detected in the control strain harboring
plasmid pTACTAC (1.1 = 0.2 umol/min-mg and 0.0068 = 0.0008
pmol/min'mg, respectively). When D-glyceraldehyde was used as
substrate instead of DL-glyceraldehyde 3-phosphate, a lower
enzyme activity was measured in the cell-free extract of the
induced strain (0.58 * 0.08 wmol/min‘mg), suggesting that DL-
glyceraldehyde 3-phosphate is a better substrate for the enzyme.
The gene corresponding to ORF2 was designated dxs for D-1-
deoxyxylulose 5-phosphate synthase.

NMR Structural Analysis of D-1-Deoxyxylulose Synthesized in
Vitro. Two different ways of isolating D-1-deoxyxylulose were
used. The first involved acetylation of the crude reaction product
and isolation of the triacetate of D-1-deoxyxylulose. According to
TLC and 'H NMR data on the crude product after acetylation,
D-3,4,5-triacetyl-1-deoxyxylulose was present as the major com-
pound (approximately 75% as estimated from GLC and 'H
NMR) together with two other compounds. These were not
artifacts produced during the acetylation reaction, as they were
not detected after acetylation of a D-1-deoxyxylulose sample
obtained by chemical synthesis. When we isolated free D-1-
deoxyxylulose, the same pattern of two accompanying products
was observed. The identity of these possible metabolites is at
present under study. Purification of either free D-1-deoxyxylulose
or D-3,4,5-triacetyl-1-deoxyxylulose by chromatography was dif-
ficult. The two by-products migrated before or after acetylation
with Ry values, respectively, slightly higher and lower than those
of the free or acetylated D-1-deoxyxylulose. Cutting of zones was
therefore necessary to obtain a pure compound, thus making it
difficult to measure the accurate yield of the reaction. Identity
and purity of D-1-deoxyxylulose were tested by 'H and '3C NMR
spectroscopy on the free and the acetylated carbohydrate and by
GC-MS of the triacetate. All data were identical to results
reported in the literature (36) or to data directly measured on a
synthetic reference sample obtained by the method of Broers
(12).

DISCUSSION

D-1-Deoxyxylulose 5-phosphate has been proposed as the first
intermediate of the mevalonate-independent pathway for isopre-
noid biosynthesis recently reported in bacteria, green algae, and
higher plants (5, 12). Although in E. coli D-1-deoxyxylulose is
readily incorporated into isoprenoids (12, 13), thiamin (15, 16),
and pyridoxol (18-20), it is likely that its phosphorylated form,
D-1-deoxyxylulose 5-phosphate, may represent the metabolic
intermediate utilized in vivo. The requirement of D-1-
deoxyxylulose (or D-1-deoxyxylulose 5-phosphate) as the com-
mon precursor of three different essential biosynthetic pathways
in E. coli could explain why mutations affecting the gene(s)
involved in the synthesis of this metabolite have not been previ-
ously described.

Here we report the cloning and characterization of a novel gene
from E. coli that encodes D-1-deoxyxylulose-5-phosphate syn-
thase. This gene, designated dxs, has been identified as part of an
operon that includes isp4, the gene that encodes farnesyl-
diphosphate synthase (21) and a third gene encoding a protein of
unknown function that shows similarity to proteins of the aldo—
keto reductase superfamily. This enzyme family includes mono-
meric NADP(H) oxidoreductases that play a variety of roles,
some acting on a broad range of substrates (35). Because the
conversion of D-1-deoxyxylulose 5-phosphate to isopentenyl
diphosphate requires the reduction of this molecule and/or some
derived intermediate(s), it is plausible that this novel protein



2110 Biochemistry: Lois et al.

could be involved in this process. Work is currently in progress to
assess the role of this putative oxidoreductase in the mevalonate-
independent isoprenoid pathway.

An enzymatic acyloin-type condensation reaction between
pyruvate and D-glyceraldehyde catalyzed by cell-free extracts of
different microorganisms, including E. coli, has been previously
reported (37). The reaction product was isolated and determined
to be D-1-deoxyxylulose (37), and it was proposed that pyruvate
dehydrogenase was involved in this reaction (38). However, the
observation that E. coli mutants carrying deletions of the pyru-
vate dehydrogenase complex only show auxotrophy for acetate
(39) suggests that pyruvate dehydrogenase activity might not be
essential for the synthesis of D-1-deoxyxylulose 5-phosphate in
vivo. However, further genetic and biochemical studies are
needed before establishing the specific role of the dxs gene
product in the biosynthesis of this essential metabolite.

Based on the data derived from the bacterial genomes cur-
rently sequenced, homologs of the E. coli dxs gene have been
found in the eubacteria H. influenzae, H. pylori, and Synechocystis
sp. (PCC 6803). Searches in nucleotide sequence data banks have
detected homologs of the dxs gene in other eubacteria (R.
capsulatus, B. subtilis, M. tuberculosis, and Mycobacterium leprae)
and plants (the CLAI gene of A. thaliana and partial expressed
sequence tags from Oryza sativa, Ricinus communis and Pinus
taeda). A cDNA homolog of the dxs gene has also been identified
in peppermint (Mentha X piperita) (40). Nevertheless, no ho-
mologs of the dxs gene have been identified in other organisms
whose complete genome has been sequenced (the archaebacteria
Methanococcus jannaschii, the mycoplasmas Mycoplasma geni-
talium and Mycoplasma pneumoniae, and the yeast Saccharomyces
cerevisiae). No homolog of the dxs gene has been found in animals.
The amino acid sequence alignment of the bacterial enzymes
shows levels of identity between 39.8 and 73.1% (similarity
between 61.6 and 86.6%). The E. coli and the plant enzymes show
levels of identity of about 49% (58% similarity). The amino acid
sequence alignment shown in Fig. 3 reveals that the conserved
residues are distributed along the entire protein. This high level
of sequence conservation suggests a strong evolutionary pressure
to maintain these amino acid residues at specific positions, thus
indicating that they might play an important role in the structural
conformation and/or in the catalytic properties of the enzyme.
All enzymes show a conserved motif with the typical features of
the binding site for thiamin diphosphate (41, 42) (Fig. 3). Another
motif common to D-1-deoxyxylulose-5-phosphate synthase and
transketolases includes the histidine residue that has been pro-
posed to participate in proton transfer in the reaction catalyzed
by transketolases (41, 42) (Fig. 3). However, the motif that
appears to involved in substrate binding in transketolases (41, 42)
is not conserved in D-1-deoxyxylulose-5-phosphate synthase. The
enzyme D-1-deoxyxylulose-5-phosphate synthase reported in this
paper defines a novel family of transketolase-like proteins that are
highly conserved in evolution.

The A. thaliana homolog of the bacterial dxs gene corresponds
to the recently cloned CLAI gene (31). Interestingly, disruption
of this gene results in an albino phenotype. The mutant plants
show an arrest of chloroplast development at an early stage and
an absence of accumulation of carotenoids and chlorophylls (34).
The presence of an N-terminal extension having the typical
features of plastid transit peptides (34), together with the high
similarity between the A. thaliana and the bacterial enzyme,
suggest that the plant enzyme could be involved in the synthesis
of isoprenoid precursors in the chloroplast. Preliminary results
indicate that the CLAI gene product shows D-1-deoxyxylulose-
S-phosphate synthase activity when expressed in E. coli (N.C,,
LML, and A.B., unpublished results). The involvement of
D-1-deoxyxylulose-5-phosphate synthase in the biosynthesis of
plastid-derived isoprenoids is further supported by the work of
Lange et al. (40).
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