






brated Superdex 200 HR column. On SDS-PAGE, in the pres-
ence of b-mercaptoethanol, the purified enzyme displayed a
single protein band with an apparent molecular mass of ap-
proximately 90,000 Da. A densitometric analysis of the stained
protein (Fig. 2, lane 4) yielded more than 99% of the stain in
the 90,000-Da band. When the protein which had been ob-
tained from the single band under nondenaturing PAGE was
subjected to SDS-PAGE, it migrated as a single band at the
90,000-Da position. These observations suggest that the native
enzyme is a homohexamer (6 3 90,000 5 540,000).

Dual substrate specificity. To find out whether we had pu-
rified the F6P specific phosphoketolase or the X5P/F6P en-
zyme reported in animal bifidobacteria (31), the apparent
Michaelis constants (Km values) for both substrates were ana-
lyzed separately. A Michaelis-Menten saturation kinetic was
observed for F6P, whereas the kinetics for X5P presented a
substrate inhibition profile (7) at X5P concentrations above 20
mM. From double-reciprocal plots apparent Km values of 10 6
1 mM and 45 6 3 mM were obtained for F6P and X5P,
respectively. Therefore, the purified protein belongs to the
class of nonspecific phosphoketolases combining substrate
specificity of both phosphoketolase-1 and phosphoketolase-2
(2). The abbreviation Xfp was chosen. The activity of the
purified enzyme was not significantly changed by addition of 1
mM ThDP or 2 mM MgCl2 (or both together) to the assay
mixture, nor was it changed by omitting sodium fluoride or
sodium iodoacetate from the assay. From the initial slopes of
the reaction velocities, Vmax values of 5.2 and 27 mmol per min
per mg protein were estimated for F6P and X5P, respectively.

N-terminal amino acid sequence of the purified phosphoke-
tolase. The N-terminal amino acid sequence of the purified
enzyme was determined in parallel for the protein after both
SDS-PAGE and PAGE under nondenaturing conditions. The

first 30 residues were recorded by automatic Edman degrada-
tion and were found to be identical in both sources: NH2-
XXNPVIGTPWQKLDRPVVEEAIIGMDKYXRV (see also
Fig. 1A). This finding supports the homohexamer structure of
the native enzyme (see above).

Identification and cloning of the phosphoketolase gene
(xfp). The N-terminal amino acid sequence obtained was used
for the identification and cloning of the xfp gene. We applied
touchdown PCR with two synthetic oligonucleotide primers
(pk5 and pk6). They contain several degeneracies and were
designed to target a gene segment for 22 amino acids (Fig. 1).
In addition, pk6 has a tail of 9 nucleotides (nt) to prolong the
desired PCR product to a length of 75 (Fig. 1). Its DNA
sequence confirmed that part of the N terminus encoding
DNA had been generated. A Southern blot of B. lactis chro-
mosomal DNA cleaved with BamHI and hybridized with 32P-
labeled pk7 (Fig. 1; Table 1) gave a signal of 2.6 kb (data not
shown). The proper BamHI fragment and an adjacent BamHI-
SmaI fragment (Fig. 1) were finally cloned as a contiguous
3.4-kb fragment in pFPK4 (Table 1) as outlined in Materials
and Methods. For this purpose, the low-copy-number plasmid
pCL1920 (Table 1) was used as attempts to clone the fragment
into the high-copy-number plasmid pUC18 failed. However,
no F6PPK activity could be detected in extracts of E. coli

FIG. 2. SDS-PAGE of phosphoketolase preparations from B. lac-
tis. Lanes: 1, crude extract; 2, the sample after DEAE-chromatogra-
phy; 3, the sample after the Mono Q column; 4, the enzyme after the
Superdex 200 column; 5, protein standard. Numbers indicate the mo-
lecular mass (in kilodaltons) of the standard proteins. The gel (10%
polyacrylamide) was Coomassie stained.

FIG. 3. Northern blot analysis of B. lactis xfp gene transcript. Ethid-
ium bromide staining of RNA from B. lactis after agarose gel electro-
phoresis (A) and X-ray signal after Northern blot analysis using primer
pk9 as a probe (B). 16S and 23S indicate the migrating positions of 16S
and 23S rRNA, respectively.
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containing pFPK4. Therefore, the xfp gene (nt 956 to 3433)
was cloned into the expression vector pET-28a(1) by a PCR
approach to construct pFPK5 (Table 1). But no F6PPK ac-
tivity could be measured in extracts of IPTG-induced cul-
tures of the E. coli host BL21(DE3)/pLysS, not even when 1
mM ThDP and 2 mM MgCl2 were added. However, inspec-
tion of extracts from such cells revealed a band at a mass of
approximately 90,000 Da after SDS-PAGE (see Fig. 5) and
indicated the overproduction of the Xfp subunit at the ex-
pected size.

DNA sequence of the xfp gene and its adjacent region. The
nucleotide sequence for a 4.1-kb segment of chromosomal
B. lactis DNA was derived from sequencing the insertions of
both plasmids pFPK1 and pFPK2. In addition, the original
arrangement of both insertions on the chromosome was veri-
fied by sequence analysis of an overlapping PCR fragment. It
had been generated in step 2 of the cloning protocol using
pk9 as one of the PCR primers (Fig. 1). The nucleotide se-
quence of 4,123 bp contained an open reading frame (nt 956
to 3,430) of 825 amino acids. Its deduced N-terminal se-
quence matches that of the N terminus of the purified phos-
phoketolase (except for serine-18 [Fig. 1]). The molecular
mass of the acidic Xfp polypeptide (pI 4.9) was calculated
to be 92,529 Da, a value coincident with that estimated by
comparative SDS-PAGE (about 90,000 Da [Fig. 2]). The G1C
content of the DNA (61.9%) corresponds exactly to that of the
entire B. lactis genome (22). A putative ribosome binding site
(AGGAGC) is present 10 to 5 nt upstream of the translational
start of the Xfp polypeptide. Hybridization analysis indicated
that one single copy of xfp is present on the B. lactis chromo-
some.

The xfp gene is flanked by two truncated open reading
frames (Fig. 1). After aligning the translated regions with those
from other microorganisms, the corresponding truncated genes
were named guaA and pta, standing for guanosine monophos-
phate synthetase (EC 6.3.5.2) and phosphotransacetylase (EC
2.3.1.8), respectively. The predicted partial guaA and pta gene
products show a 61% identity with the hypothetical guanosine
monophosphate synthetase and a 32.2% identity with the phos-
photransacetylase reported in the Mycobacterium tuberculosis
genome (accession no. Q50729).

Transcriptional analysis of the xfp gene. The probe for
Northern blot analysis consisted of an internal fragment of the
xfp gene (nt 1,385 to 2,119). Hybridizations of total RNA
extracted from exponentially growing B. lactis cells with this
probe revealed a single distinct signal indicating an mRNA
transcript of approximately 2,500 nt (Fig. 3). Thus, the xfp gene
is not cotranscribed with other adjacent genes. Two perfect
inverted repeats (each 13 nt in length) were detected 25 nt
downstream of the translational end of xfp (nt 3,459 to 3,471
and 3,476 to 3,488, respectively). They could build up tran-
scriptional terminator structures in B. lactis. Potential 235
(AGGTCA, nt 729 to 734) and 210 (CATAAT, nt 849 to 854)
promoter motifs are located upstream of a GA dinucleotide
(nt 859 to 860). Either of these particular G or A positions
represents a transcriptional start point of the xfp gene (starting
at position 956) as we found in preliminary primer extension
experiments (data not shown).

DISCUSSION

The purified phosphoketolase Xfp from B. lactis has Km

values of 10 mM (for F6P) and 45 mM (for X5P). The calcu-
lated Vmax values for F6P and X5P are 5.2 and 27 mmol per min
per mg of protein, yielding a ratio of 1:5. Xfp of B. lactis is
similar to a phosphoketolase partially purified from Bifidobac-
terium globosum, whose habitat is the bovine rumen (31). The
typical feature of the B. globosum enzyme was reported to be
a high reaction rate with X5P compared to F6P. In this respect,
the enzyme resembles also the phosphoketolase from Aceto-
bacter xylinum (30). Also, the crystallized phosphoketolase
from Leuconostoc mesenteroides accepts both substrates with
Km values of 4.7 mM (X5P) and 29 mM (F6P), respectively
(10).

The molecular weight of the native enzyme from B. lactis is
550,000, compared to 290,000 (31) or 300,000 (12) estimated
by gel filtration for the B. globosum enzyme. The X5P specific
enzyme from Lactobacillus plantarum had a molecular weight
of 550,000 as determined by ultracentrifugation and the result-
ing Svedberg constant (13). Our homohexamer hypothesis for
the B. lactis enzyme was derived from the genetically or elec-
trophoretically determined subunit size of 92,529 Da and the
calibrated gel filtration experiment. It will have to be substan-
tiated by additional biochemical evidence such as controlled
chemical cross-linking followed by chromatographic molecular
weight estimations. Furthermore, the size and subunit compo-
sition of the Xfp protein is totally different from the ab subunit
structure of a recently described F6PPK activity (molecular
weight, 110,000 to 115,000) purified from B. asteroides extracts
(K. G. Fandi, H. M. Ghazali, and A. M. Yazid, Abstr. 100th
Gen. Meet. Am. Soc. Microbiol., p. 436, 2000). Our data do
not allow yet conclusions as to whether the enzyme is in-
volved in both steps (phosphoketolase-1 and -2) of the so-
called Bifidobacterium bifidum pathway (2). It should be men-
tioned that the crude extract of B. lactis contains a second
phosphoketolase activity which can be separated by gel filtra-
tion from Xfp. It seems to be specific for F6P (L. Rohr, un-
published observation).

Although the phosphoketolase pathway has been proposed
in the past to be specific for a small group of bacteria and
yeasts, sequences highly homologous to xfp of B. lactis were
detected in the genomes from a variety of eubacteria and
eucarya, but not from archaea. On the protein level, the cal-
culated amino acid sequence identities vary between 26 and
55%; similarities range up to 63%. The taxonomic diversity is
represented in the alignment shown in Fig. 4.

In Clostridium acetobutylicum ATCC 824, the xfp-homolo-
gous gene (coding for open reading frame CAC1622) is situ-
ated in a cluster of genes for the pentose phosphate pathway
and some anaplerotic reactions: araE, araR, L-ribulose phos-
phate 4-epimerase, L-arabinose isomerase, xfp, xylulose kinase,
ywtG (metabolite transport), L-arabinose isomerase, transaldo-
lase, transketolase, and an aldose 1-epimerase (nt 1,477,589 to
1,494,444 of the chromosome) (data from Genomic Therapeu-
tics Corp.).

The amino acid sequence contains a ThDP-dependent en-
zyme signature sequence Y-G-X5-P-X3-V-X2-I-X-G-D-G-E
(amino acids 165 to 184 in Xfp) matching closely the consensus
pattern [LIVMF]-G-X5-P-X4-V-X-I-X-G-D-G-[GSAC] (PRO-
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FIG. 4
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SITE PS00187 [Fig. 4]). Another motif, G-D-G-X24–27-N-N, of
ThDP-binding enzymes like acethydroxyacid synthases, trans-
ketolases, E1 components of 2-ketoacid and acetoin dehy-
drogenases, and others (4) is also present in Xfp in a slightly
modified form (G-D-G-E-X30-N) (amino acids 181 to 215
[Fig. 4]).

In the course of cloning the B. lactis xfp gene in E. coli, we
failed to clone the entire gene in the high-copy-number vector
pUC18. It might point to the effect that the basic carbohydrate
pathways of E. coli might be severely disturbed by xfp and its
expression, leading to a lethal imbalance of metabolites (34).
We failed to detect F6PPK activity in E. coli harboring the
recombinant xfp gene in both the low-copy-number vector
pCL1920 and in the expression vector pET-28a(1), respec-
tively (Table 1). However, the Xfp subunit seemed to be syn-
thesized in the E. coli host carrying pFPK5 (Fig. 5). Due to the
additional His tag arrangement (36 amino acids encoded by
the expression vector) at the N terminus of the recombinant
Xfp, the functionality was probably hampered by an inappro-
priate subunit assembling to the hexamer. Although expression
of an active enzyme in E. coli is still pending, the biochemical
evidence that the characterized gene xfp codes for the purified
Xfp is sufficiently substantiated.

FIG. 5. Expression of the xfp gene from B. lactis in E. coli. Protein
extracts of uninduced (lane 1) and IPTG-induced (lane 2) cells from E.
coli BL21(DE3)/pLysS harboring plasmid pFPK5 were subjected to
SDS-PAGE. The masses (in kilodaltons) of the corresponding protein
standards run in lane 3 are indicated at right. The gel (7.5 % poly-
acrylamide) was Coomassie stained.

FIG. 4. Alignment of the B. lactis Xfp amino acid sequence with homologous hypothetical proteins identified in the chromosomes of
Chlorobium tepidum (The Institute for Genomic Research [TIGR]), C. acetobutylicum (Genome Therapeutics), Mycobacterium avium (TIGR),
Neurospora crassa (Heinrich Heine Universität Düsseldorf), Nitrosomonas europaea (Doe Joint Genome Institute), Rhodopseudomonas palustris
(Doe Joint Genome Institute), Synechocystis sp. strain PCC6803 (P74690), and Thiobacillus ferrooxidans (TIGR) (sequence sources are given in
parenthesis). Amino acid residues that occur in all of the 9 sequences are included in a consensus sequence. The thiamine diphosphate binding
motif is shadowed. Amino acid numbering refers to the B. lactis Xfp protein. Further homologies were found in the chromosomes of Anabaena
sp. strain PCC7120 (two different copies) (Kazusa DNA Research Institute), Brucella suis (TIGR), Lactococcus lactis IL1403 (Genoscope),
Mesorhizobium loti (AP003009), Mycobacterium smegmatis (TIGR), Nostoc punctiforme (Doe Joint Genome Institute), Pseudomonas aeruginosa
(Pseudomonas Genome Project), Pseudomonas syringae pv. tomato (TIGR), Schizosaccharomyces pombe (SPBC24C6), Shewanella putrefaciens
(TIGR), Sinorhizobium meliloti (Stanford University), and Streptomyces coelicolor (SCF55/SCF56).
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