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In Lactobacillus delbrueckii subsp. bulgaricus, the pyk gene coding for pyruvate kinase and the pfk gene coding
for phosphofructokinase formed a bicistronic operon transcribed into a 2.9-kb RNA. The nucleotide sequence
of the pyk gene indicated that the encoded protein possessed an extra C-terminal domain with a potential
phosphoenolpyruvate-dependent autophosphorylation site.

We have previously reported the cloning and molecular
analysis of the region of the pfk gene that codes for phospho-
fructokinase (Pfk) in Lactobacillus delbrueckii subsp. bulgari-
cus. The presence of an open reading frame (ORF) at the 39
end of the pfk gene and the fact that the ORF corresponded to
the N-terminal part of pyruvate kinase (Pyk) suggested that the
pfk and pyk genes could form an operon (3). In addition to the
EcoRI-HindIII fragment (fragment I in Fig. 1) of 1.2 kb car-
rying the coding region of the pfk gene and the 59 end of the
pyk gene (3), three other DNA fragments were cloned in order
to characterize this pfk-pyk operon (Fig. 1). A total digest of
chromosomal DNA from L. bulgaricus by EcoRI and SacI was
screened by hybridization with a digoxigenin-labelled probe
specific for the pfk gene, and fragment II of 2.8 kb was isolated
and sequenced (see Fig. 2). A digoxigenin-labelled probe cor-
responding to the smallHindIII-SacI fragment of 0.22 kb at the
39 end of fragment II (Fig. 1 and 2) was used to screen L.
bulgaricus chromosomal DNA after total digestion by BglII,
which led to the isolation of fragment III of 1.55 kb (Fig. 1).
Attempts to clone the 59 flanking region of the pfk gene were

unsuccessful, and fragment IV of 1.5 kb (Fig. 1) was amplified
directly from genomic DNA by inverted PCR (29) with the
following steps: complete cleavage of chromosomal DNA by
HindIII, self-circularization and ligation of these fragments,
linearization by cleavage with PstI, PCR amplification with two
primers on either side of the PstI site, and Southern hybrid-
ization with a probe specific for the 59 end of the pfk gene.
Nucleotide sequence of the pfk-pyk operon. The complete

sequence of the 3,479 nucleotides of the pfk-pyk operon ob-
tained from fragments I to IV is shown in Fig. 2. There was no
significant ORF in the 277 bp upstream of the pfk gene, indi-
cating that the pfk gene was not preceded by another gene. A
putative ribosome-binding site GAGG was found at position
267 upstream of the pfk translation initiation codon. No se-
quence corresponding to a transcription termination signal
could be identified in the 100 to 200 nucleotides downstream of
the pfk gene.
The ORF coding for the pyk gene contained 590 codons

beginning with an ATG initiation codon at position 1277 and

ending with a TAA stop codon at position 3046 and was pre-
ceded by a potential ribosome-binding site GGAG at position
1262. A potential rho-independent transcription terminator
similar to those described for Escherichia coli (23) was identi-
fied downstream of the stop codon of the pyk gene. Indeed, the
segments from positions 3078 to 3090 and 3095 to 3107 were
complementary but for one mismatch, suggesting that a stable
stem-loop structure could form with a DG around 58 kJ/mol at
258C (28), and several T residues followed this potential
mRNA hairpin (Fig. 2).
No significant ORF was found in the 250 nucleotides down-

stream of the pyk gene, indicating that the tandem pfk-pyk
arrangement was not associated with another gene.
One transcript for the pfk and pyk genes. The sizes of the

mRNAs formed upon transcription of the pfk and pyk genes
were determined by hybridizing total L. bulgaricus RNA with
digoxigenin-labelled antisense RNA probes specific for either
the 0.2-kb EcoRI-KpnI segment at the 59 end of the pfk gene or
the 0.47-kb HindIII-BglII fragment in the middle of the pyk
gene (Fig. 1 and 2). Only one transcript was revealed by the
two probes (Fig. 3) with the size of 2.9 kb, which was in close
agreement with the added lengths of the pfk and pyk genes.
The transcription start site was the nucleotide T233, as de-

termined both by cDNA primer extension (4) using primers in
the 59 region of the pfk gene (Fig. 4) and by mapping with S1
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FIG. 1. Physical map of the DNA region around the pfk-pyk operon in L.
bulgaricus constructed from four different DNA fragments, with the positions of
the three specific probes used. The DNA fragments are as follows: fragment I, an
EcoRI-HindIII fragment cloned and sequenced previously (3); fragment II, an
EcoRI-SacI fragment identified with the PCR-amplified pfk probe labelled PCR;
fragment III, a BglII-BglII fragment identified with the HindIII-SacI probe in-
dicated in black; and fragment IV, aHindIII-HindIII fragment identified with the
EcoRI-KpnI probe indicated in black. Also shown are the coding regions corre-
sponding to the pfk and pyk genes and the restriction sites mentioned in the text.
Abbreviations: B, BglII; E, EcoRI; H, HindIII; K, KpnI; P, PstI; S, SacI.
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nuclease (32). The promoter sequences identified by their sim-
ilarity to the consensus sequence found in gram-positive bac-
teria and E. coli (8, 19) were AAGACT-17 bp-TATGAT (un-
derlined in Fig. 2). This promoter even had one TG doublet
upstream of the 210 sequence, a feature that was suggested to
be characteristic of promoters from gram-positive bacteria (10,
30). Extension of a primer in the 59 region of the pyk gene did
not reveal a transcription start site in or immediately upstream
of the intergenic region.
Three pieces of evidence lead to the conclusion that the two

pfk and pyk genes were transcribed as one operon into a unique
mRNA of 2.9 kb: (i) the same mRNA was recognized by both
the pfk and pyk probes, (ii) a rho-independent terminator was
present downstream of the pyk gene and a potential promoter
upstream of the pfk gene, and (iii) no other ORF was found in
the vicinity of the pfk and pyk genes.
In Bacillus stearothermophilus, the pfk and pyk genes also

form an operon (25), but in E. coli, the pfkA gene coding for
the major Pfk is not followed by the pyk gene (9). In Lacto-
coccus lactis, the pfk and pyk genes are clustered into one
operon together with the ldhL gene that codes for L-lactate
dehydrogenase (LdhL) located downstream of pyk (18). L.
bulgaricus has no LdhL but has a LdhD (13), and hybridization
of total RNA with a ldhD probe revealed only one transcript
with a size of 1 kb (data not shown), which corresponds to a
monocistronic mRNA coding for LdhD with a molecular mass
of 37,000 Da (16).
The association between the pfk and pyk genes in the same

operon was found in several organisms such as L. bulgaricus
(3), L. lactis (18), Spiroplasma citri (5), Mycoplasma genitalium
(7), B. stearothermophilus (25), and Bacillus psychrophilus and
Bacillus licheniformis (27). In the absence of specific polar
effects on mRNA translation and/or decay, the expression of
these genes into a unique mRNA will produce comparable
amounts of Pfk and Pyk chains. However, the activities of these
enzymes must be controlled separately to accommodate the
differences in flux through the steps that they catalyze: indeed,
some of the glycolytic intermediates may be used as precursors
for the synthesis of pentose phosphates, phospholipids, or
other important compounds. Also, part of the phosphoenol-
pyruvate (PEP) may be used by the phosphotransferase system
instead of being a substrate for Pyk. This need for fine differ-
ential control of Pfk and Pyk could explain why these enzymes
are allosteric in most organisms (6). In L. bulgaricus, the reg-
ulation of Pfk and Pyk is coordinated, since the substrate of
one enzyme is an allosteric effector of the other (15, 17). A
change in the concentration of one metabolite, either fructose-
6-phosphate or PEP, will thus affect the activities of both
enzymes.
Comparison of the sequence of Pyk from L. bulgaricus with

the sequences of other Pyk proteins. The amino acid sequence
and calculated mass of Pyk agreed with the N-terminal se-
quence and the mass obtained previously with the pure protein
(17). The molecular mass of 62,880 Da was significantly higher
than the values of around 50,000 Da reported for many bac-
terial Pyk proteins (6). This larger size was explained by the
presence of a C-terminal extension of about 110 residues,
which has been found only in a few Pyk proteins from bacilli,
those from B. stearothermophilus (25) and B. psychrophilus and

B. licheniformis (27). Except for this C-terminal extension, the
sequence of Pyk from L. bulgaricus was similar to the se-
quences of Pyk proteins from other bacteria (6, 12, 18, 21, 25,
27). The similarity ranged from 65% (55% identical residues)
with the B. stearothermophilus enzyme down to 35% (29% of
identical residues) with the E. coli enzyme II. Most of the
residues involved in catalysis (14, 20, 26, 31) were conserved in
the L. bulgaricus enzyme, suggesting that the active site was
built only by the 480 or so N-terminal residues, and not by the
extra C-terminal domain.
This C-terminal extension contained a sequence that is con-

served in several enzymes which catalyze a reaction with PEP
as a substrate or a product and a phosphoryl-enzyme as an
intermediate (1, 22). In these enzymes, the phosphoryl group
given by or going into PEP is transiently carried by a histidine
residue that belongs to a consensus sequence called the A
region (2): -G-G-X-T-X-H-[STA]-[STAV]-[LIVM]-[LIVM]-
[STA]-R-. This finding suggested that some interaction could
take place between PEP and the C-terminal domain of Pyk,
possibly leading to the phosphorylation of His-542. For in-
stance, the C-terminal domain could be a phosphotransferase
that catalyzes the transfer of a phosphoryl group from PEP to
a yet unknown acceptor, with a transient phosphorylation of its
His-542 as an intermediate step. In this case, Pyk from L.
bulgaricus would be a bifunctional enzyme, with two active sites
using both PEP as a substrate to phosphorylate ADP and
another target that could be either a small metabolite or a
protein. Protein phosphorylation has indeed been observed in
gram-positive bacteria in regulatory processes such as catabolic
repression (11, 24). Alternatively, the C-terminal domain could
still become phosphorylated on His-542 but without transfer-
ring the phosphoryl group to a given acceptor, thus being
devoid of a genuine phosphotransferase activity. This phos-
phorylation of His-542 could be due to another protein or to
the C-terminal domain itself and would modify the properties
of Pyk. Therefore, L. bulgaricus could possess two forms of Pyk
(a phosphorylated and a nonphosphorylated one) with differ-
ent properties instead of two different Pyk proteins as in E. coli
(6, 26). Further work is now in progress to determine the actual
function of this C-terminal extension, but its homology with a
site of N phosphorylation already suggests an important regu-
latory role.

FIG. 3. Determination of the size of the mRNA containing the pfk and pyk
genes. Total RNA from L. bulgaricus was size fractionated by electrophoresis on
a formamide-agarose gel and hybridized with a digoxigenin-labelled pfk (lane A)
or pyk (lane B) probe. The numbers and arrows on the left correspond to the
sizes and migration positions of RNA standards.

FIG. 2. Nucleotide sequences of the pfk and pyk genes and flanking regions obtained from four DNA fragments isolated independently (Fig. 1), with the deduced
amino acid sequences of Pfk and Pyk from L. bulgaricus. Asterisks indicate stop codons. The 235 and 210 hexameric sequences of the potential promoter upstream
of the transcription start T233 are underlined. The putative ribosome-binding sites preceding the pyk and pyk genes are underlined with thick lines. The opposing arrows
above the sequence downstream of the pfk gene indicate the inverted repeat attributed to a rho-independent terminator (23). Also shown are the restriction sites that
were used in cloning various DNA fragments, obtaining specific probes, and performing inverse PCR amplification (Fig. 1).
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Nucleotide sequence accession number. The nucleotide se-
quence data reported in this study will appear in the EMBL
sequence database under accession number X71403.
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sequences of the Spiroplasma citri genes for ribosomal protein S2, elongation
factor Ts, spiralin, phosphofructokinase, pyruvate kinase, and an unidenti-
fied protein. J. Bacteriol. 172:2693–2703.

6. Fothergill-Gilmore, L. A., and P. A. M. Michels. 1993. Evolution of glycol-
ysis. Prog. Biophys. Mol. Biol. 59:105–235.

7. Fraser, C. M., J. D. Gocayne, O. White, M. D. Adams, R. A. Clayton, R. D.
Fleischmann, C. J. Bult, A. R. Kerlavage, G. Sutton, J. M. Kelley, J. L.
Fritschman, J. F. Weidman, K. V. Small, M. Sansusky, J. Fuhrmann, D.
Nguyen, T. R. Utterback, D. M. Saudek, C. A. Phillips, J. M. Merrick, J.-F.
Tomb, B. A. Dougherty, K. F. Bott, P.-C. Hu, T. S. Lucier, S. N. Peterson,
H. O. Smith, C. A. Hutchison III, and J. C. Venter. 1995. The minimal gene
complement of Mycoplasma genitalium. Science 270:397–403.

8. Graves, M. C., and J. C. Rabinowitz. 1986. In vivo and in vitro transcription
of the Clostridium pasteurianum ferredoxin gene: evidence for ‘extended’
promoter elements. J. Biol. Chem. 261:11409–11415.

9. Hellinga, H. W., and P. R. Evans. 1985. Nucleotide sequence and high-level

expression of the major Escherichia coli phosphofructokinase. Eur. J. Bio-
chem. 149:363–373.

10. Helmann, J. D. 1995. Compilation analysis of Bacillus subtilis sA-dependent
promoter sequences: evidence for extended contact between RNA polymer-
ase and upstream promoter DNA. Nucleic Acids Res. 23:2351–2360.

11. Hueck, C. J., and W. Hillen. 1995. Catabolite repression in Bacillus subtilis:
a global regulatory mechanism for the Gram-positive bacteria? Mol. Micro-
biol. 15:395–401.

12. Jetten, M. S. M., M. E. Gubler, S. H. Lee, and A. J. Sinskey. 1994. Structural
and functional analysis of pyruvate kinase from Corynebacterium glutamicum.
Appl. Environ. Microbiol. 60:2501–2507.

13. Kandler, O., and N. Weiss. 1986. Regular, nonsporing Gram-positive rods, p.
1208–1234. In P. H. A. Sneath, N. S. Hair, M. E. Sharpe, and J. G. Holt (ed.),
Bergey’s manual of systematic bacteriology. Williams and Wilkins, London.

14. Larsen, T. M., L. T. Laughlin, H. M. Holden, I. Rayment, and G. H. Reed.
1994. Structure of rabbit muscle pyruvate kinase complexed with Mn21, K1,
and pyruvate. Biochemistry 33:6301–6309.

15. Le Bras, G., D. Deville-Bonne, and J.-R. Garel. 1991. Purification and prop-
erties of the phosphofructokinase from Lactobacillus bulgaricus: a nonallos-
teric analog of the enzyme from Escherichia coli. Eur. J. Biochem. 198:683–
687.

16. Le Bras, G., and J.-R. Garel. 1991. Properties of D-lactate dehydrogenase
from Lactobacillus bulgaricus: a possible different evolutionary origin for the
D- and L-lactate dehydrogenases. FEMS Microbiol. Lett. 79:89–94.

17. Le Bras, G., and J.-R. Garel. 1993. Pyruvate kinase from Lactobacillus
bulgaricus: possible regulation by competition between strong and weak
effectors. Biochimie 75:797–802.

18. Llanos, R. M., C. J. Harris, A. J. Hillier, and B. E. Davidson. 1993. Identi-
fication of a novel operon in Lactococcus lactis encoding three enzymes for
lactic acid synthesis: phosphofructokinase, pyruvate kinase, and lactate de-
hydrogenase. J. Bacteriol. 175:2541–2551.

19. Moran, C. P., Jr., N. Lang, S. F. J. LeGrice, G. Lee, M. Stephens, A. L.
Sonenshein, J. Pero, and R. Losick. 1982. Nucleotide sequences that signal
the initiation of transcription and translation in Bacillus subtilis. Mol. Gen.
Genet. 186:339–346.

20. Muirhead, H., D. A. Clayden, D. Barford, C. G. Lorimer, L. A. Fothergill-
Gilmore, E. Schiltz, and W. Schmitt. 1986. The structure of cat muscle
pyruvate kinase. EMBO J. 5:475–481.

21. Ohara, O., R. L. Dorit, and W. Gilbert. 1989. Direct genomic sequencing of
bacterial DNA: the pyruvate kinase I gene of Escherichia coli. Proc. Natl.
Acad. Sci. USA 86:6883–6887.

22. Reizer, J., C. Hoischen, A. Reizer, T. N. Pham, and M. H. Saier, Jr. 1993.
Sequence analyses and evolutionary relationships among the energy-cou-
pling proteins Enzyme I and HPr of the bacterial phosphoenolpyruvate:
sugar phosphotransferase system. Protein Sci. 2:506–521.

23. Rosenberg, M., and D. Court. 1979. Regulatory sequences involved in the
promotion and termination of RNA transcription. Annu. Rev. Biochem.
13:319–353.

24. Saier, M. H., Jr., S. Chauvaux, J. Deutscher, J. Reizer, and J. J. Ye. 1995.
Protein phosphorylation and regulation of carbon metabolism in Gram-
negative versus Gram-positive bacteria. Trends Biochem. Sci. 20:267–271.

25. Sakai, H., and T. Ohta. 1993. Molecular cloning and nucleotide sequence of
the gene for pyruvate kinase of Bacillus stearothermophilus and the produc-
tion of the enzyme in Escherichia coli. Eur. J. Biochem. 211:851–859.

26. Speranza, M. L., G. Valentini, and M. M. Malcovati. 1990. Fructose-1,6-
bisphosphate-activated pyruvate kinase from Escherichia coli. Eur. J. Bio-
chem. 191:701–704.

27. Tanaka, K., H. Sakai, T. Ohta, and H. Matsuzawa. 1995. Molecular cloning
of the genes for pyruvate kinases of two bacilli, Bacillus psychrophilus and
Bacillus licheniformis, and comparison of the properties of the enzymes
produced in Escherichia coli. Biosci. Biotechnol. Biochem. 59:1536–1542.

28. Tinoco, I., P. N. Borer, B. Dengler, M. D. Devine, O. C. Uhlenbeck, D. M.
Crothers, and J. Gralla. 1973. Improved estimation of secondary structure in
ribonucleic acid. Nature (London) New Biol. 246:40–41.

29. Triglia, T., M. G. Peterson, and D. J. Kemp. 1988. A procedure for in vitro
amplification of DNA segments that lie outside the boundaries of known
sequences. Nucleic Acids Res. 19:8186.

30. Voskuil, M. I., K. Voepel, and G. H. Chambliss. 1995. The216 region, a vital
sequence for the utilization of a promoter in Bacillus subtilis and Escherichia
coli. Mol. Microbiol. 17:271–279.

31. Walker, D., W. N. Chia, and H. Muirhead. 1992. Key residues in the allo-
steric transition of Bacillus stearothermophilus pyruvate kinase identified by
site-directed mutagenesis. J. Mol. Biol. 228:265–276.

32. Weaver, R. F., and C. Weissmann. 1979. Mapping of RNA by a modification
of the Berk-Sharp procedure: the 59 termini of 15S beta-globin mRNA have
identical map coordinates. Nucleic Acids Res. 7:1175–1193.

FIG. 4. Determination of the transcription initiation sites of the pfk-pyk
operon by cDNA primer extension (4), showing that the major product and
longest transcript corresponds to initiation at the residue T233. Lane 1, control
without primer; lane 2, products of primer extension; lanes A, C, G, and T,
sequence ladder generated with the same primer and the noncoding DNA strand
as a template. The relevant DNA sequence is shown on the right.
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