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Formate is the major source of C1 units in many species of the genus Clostridium. In this study we have
cloned and characterized the genes encoding pyruvate formate-lyase and its activating enzyme of Clostridium
pasteurianum. The genetic and transcriptional organizations of the genes and the high level of homology
exhibited by the respective gene products to their Escherichia coli counterparts indicate strong evolutionary
conservation of these enzymes.

Pyruvate formate-lyase (Pfl) catalyzes the reversible, coen-
zyme A-dependent, nonoxidative dissimilation of pyruvate to
acetyl-coenzyme A and formate and forms the major route of
pyruvate catabolism in anaerobically growing Escherichia coli
cells (10). The enzyme is a homodimer composed of 85-kDa
subunits (4). The elegant studies of Knappe and his colleagues
have elucidated the catalytic reaction sequence involved in the
homolytic cleavage of the a-oxocarboxylic C-C bond of pyru-
vate (9, 16, 32). The cleavage of the C-C bond is catalyzed by
an organic free radical which is located on a glycyl residue at
amino acid position 734 on the polypeptide chain (33). The
extreme oxygen sensitivity of the free radical is characterized
by the fragmentation in vitro of the polypeptide backbone
between serine-733 and glycine-734, delivering 82- and 3-kDa
products (33). The anaerobic introduction of the radical into
the polypeptide chain is catalyzed by a 28-kDa iron-dependent
Pfl-activating enzyme (Act) (10). The removal of the radical is
catalyzed by the trifunctional adhE gene product (8).
Pfl enzyme activity has been detected in a number of anaer-

obic bacteria, including Enterococcus faecalis (12), Streptococ-
cus mutans (28), Clostridium kluyveri (30), and Clostridium
butyricum (29). Evidence has also been presented which indi-
cates that, as with the E. coli enzyme, Pfl is interconvertible
between inactive and active species in clostridiae (34). In con-
trast to its catabolic function in E. coli, E. faecalis, and S. mu-
tans, it has been proposed that the clostridial enzyme has an
anabolic function in furnishing the cells with C1 units (29, 30).
Until now, Pfl could not be detected in Clostridium pasteuria-
num and it had been proposed that formate is provided solely
by a CO2 reductase (29). This study presents the cloning and
characterization of the pfl and act genes of C. pasteurianum.
Cross-reaction between anti-E. coli Pfl antiserum and an

85-kDa polypeptide in extracts of C. pasteurianum. E. coli
strains (Table 1) were grown in Luria-Bertani medium (18).
The Clostridium species were grown in the modified minimal
medium described by O’Brien and Morris (15). The Strepto-

coccus and Enterococcus species were grown in Todd-Hewitt
broth (Oxoid). After anaerobic growth under a nitrogen atmo-
sphere (2) or, in the case of Streptococcus and Enterococcus
species, after semianaerobic growth, cell extracts from several
gram-positive bacteria were prepared, and after the separation
of their polypeptides by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (11) and their transfer to
nitrocellulose (31), the cell extracts were challenged with an-
tiserum raised against Pfl from E. coli. A strong cross-reaction
was observed with polypeptides in extracts from C. butyricum,
Streptococcus salivarius, and E. faecalis, while a weaker, but
nevertheless clear, cross-reaction was detectable with a C. pas-
teurianum extract (Fig. 1). The extract from Streptococcus san-
guis also exhibited a very weak cross-reacting species. These
cross-reacting polypeptides migrated with molecular masses of
approximately 80 to 85 kDa, which is characteristic of the Pfl of
E. coli (33) (Fig. 1, lane 1), and they were the only polypeptides
in these extracts that exhibited any cross-reaction with the Pfl
antibodies. The extracts from C. butyricum and S. salivarius
possessed two closely migrating polypeptides which exhibited
cross-reaction (Fig. 1, lanes 4 and 6). Such a doublet is fre-
quently observed with Pfl from E. coli and results from a
specific fragmentation of the polypeptide chain when the rad-
ical-bearing enzyme species is exposed to dioxygen (33).
C. pasteurianum has homologs of E. coli Pfl and its activating

enzyme. The immunological study described above strongly
suggests that C. pasteurianum has a Pfl enzyme. Since the
cross-reacting polypeptides are often observed as a doublet
(see below), this, together with their clear interaction with
anti-Pfl antibodies, suggested that Pfl from C. pasteurianum
and that from E. coli are similar. We therefore designed two
degenerate oligonucleotides (PCR2-act, 59-CCCCGGGCA
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FIG. 1. Western immunoblot of cell extracts from different gram-positive
bacteria challenged with anti-E. coli Pfl polyclonal antibodies. Extracts (100 mg
of protein [13], except for E. coli FM420, of which only 10 mg was applied) were
separated by SDS-PAGE in a gel containing 8% acrylamide (11). Lane 1, E. coli
FM420 (wild type); lane 2, E. coli RM202 (with pfl deleted); lane 3, C. pasteur-
ianum; lane 4, C. butyricum; lane 5, S. sanguis; lane 6, S. salivarius; lane 7, E. faecalis.
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FIG. 2. Complete nucleotide and amino acid sequences of the pfl and act genes of C. pasteurianum. The putative Shine-Dalgarno (SD) sequences are underlined,
the 210 and 235 consensus promoter sequences are boxed, and the transcription initiation sites are marked with angled arrows. The location of a potential
rho-independent terminator structure is marked with converging arrows above the sequence. Broken underlining indicates peptide sequences used to derive the
degenerate oligonucleotides.
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ATAAATTTCTATAAATCACCTC-39, and PCR3-act, 59-GG
GATCCAGGGAGAAATAACTATGGTAATGGG-39) on the
basis of amino acid sequence motifs which are essential for the
activity of the E. coli Pfl enzyme. The first motif (YAIACCV)
includes the neighboring cysteinyl residues at amino acid po-
sitions 418 and 419 on the polypeptide chain (17), and the
second motif (TIRVSGY) includes Gly-734, which carries the
free radical in the active Pfl enzyme (33). Performing a PCR
with these degenerate oligonucleotides and C. pasteurianum
chromosomal DNA delivered a single amplified product of 970
bp, which correlates precisely with that predicted from the
amino acid sequence of the E. coli enzyme (data not shown).
This PCR product was then purified and used to probe a C.
pasteurianum gene library. The gene library was constructed with
chromosomal DNA fragments generated by partial digestion with
the restriction enzyme Sau3A. The DNA (;25 mg) was fraction-
ated in an agarose gel, and fragments in the size range of 3 to 10
kb were eluted and ligated into the BamHI site of pBR322 (18).
From a total of 10,000 colonies screened, three overlapping
clones (pBCP-1, pBCP-2, and pBCP-4; Table 1) which showed a
strong hybridization with the PCR-generated pfl probe were iso-
lated. Nucleotide sequence analysis (19) revealed that the inserts
of the clones overlapped and that they included portions of a gene
whose 740-amino-acid product (molecular weight, 83,104) was
60% identical (65% overall similarity) to Pfl from E. coli. Figure
2 shows the complete nucleotide sequence of a 4-kb portion of the
C. pasteurianum chromosome which includes the pfl gene. The
initiation codon of the gene is UUG, which is used as the initia-

tion codon in an estimated 1% of genes (5). The gene is preceded
by a Shine-Dalgarno sequence which matches the consensus se-
quence in five of six crucial nucleotides (24). No open reading
frame could be detected in the 300 bp of DNA that extended
upstream of the pfl gene. Directly 39 to the pfl coding sequence is
a potential rho-independent terminator structure. These data
suggest that the pfl gene does not form part of an operon and that
it is monocistronic. The GC content of the DNA was approxi-
mately 28%, which is in the range characteristic of genes from
C. pasteurianum (36). The codon usage also showed a strong bias
toward the use of A or U in the wobble position, again a charac-
teristic feature of clostridiae (36). The two amino acid sequence
motifs (YAIACCV and TIRVSGY) are completely conserved
between the E. coli and C. pasteurianum enzymes (Fig. 2), which
is consistent with the PCR amplification with degenerate oligo-
nucleotides of the 970-bp DNA fragment from the C. pasteuria-
num chromosome.
Examination of the DNA sequence downstream of the pfl

gene revealed an intergenic region of 424 bp, which has no
coding capacity, followed by an open reading frame that has
the potential to code for a protein with a molecular weight of
27,116 (Fig. 2). The initiation codon is AUG. The product of
the downstream gene shows 46% identity (52% similarity) with
the Pfl-activating enzyme of E. coli. As with the Pfl enzyme, the
clostridial Act enzyme is marginally (3%) smaller than its
E. coli homolog. These findings indicate that the chromosomal
organizations of the pfl and act genes of E. coli and C. pasteur-
ianum are identical.
Specific synthesis of the C. pasteurianum Pfl and Act poly-

peptides in E. coli. The complete pfl and act genes were cloned
into the T7 promoter-polymerase vectors (27), and the synthe-
sis of their respective gene products was examined by SDS-
PAGE after specific labelling with [35S]methionine (25) (Fig.
3). Pfl migrated as an 85-kDa protein, which is in good agree-
ment with its deduced molecular mass. The Act protein mi-
grated as a 28-kDa polypeptide, and this is also in good agree-
ment with the predicted molecular mass of the protein (Fig. 3).
Transcript mapping of the pfl and act genes. Primer exten-

sion (1, 23) with oligonucleotides that hybridized in the 59
portion of the pfl and act genes and total RNA isolated from an
exponentially growing culture of C. pasteurianum was per-
formed (Fig. 4). Two major transcription start sites which were
separated from each other by 11 bp were identified for the pfl
gene; a weak signal was also observed between these two ini-

FIG. 3. Specific [35S]methionine labelling of the Pfl and Act proteins of C.
pasteurianum in the E. coli T7 promoter-polymerase system. The extract con-
taining Pfl (labelled 85 kD) was separated by SDS–8% PAGE, while the extract
containing Act (labelled 28 kD) was separated by SDS–12% PAGE. The pfl gene
was cloned in the vector pT7-6, and the act gene was cloned in pT7-5. Molecular
mass markers (in kilodaltons) are shown at the side of each gel.

TABLE 1. Bacteria and plasmids used in this study

Organism Relevant characteristic(s) Source or
reference

Bacteria
C. butyricum DSM552 Wild type DSMa

C. pasteurianum DSM525 Wild type DSM
S. sanguis DSM20066 Wild type DSM
S. salivarius ATCC 13419 Wild type R. Wirth
E. faecalis Wild type 6
E. coli
FM420 F2 araD139 D(argF-lac)U169

ptsF25 deoC1 relA1 flbB530
rpsL150 recA56 l2

37

RM202 FM420 Dpfl25 V(pfl::Camr) 22
JM109 recA1 endA1 gyrA96 thi hsdR17

supE44 relA1 F(lac-proAB)
35

K38 F2 HfrC phoA4 pit-10 tonA22
ompF627 relA1 l1

14

Plasmids
pBR322 Apr Tcr 3
pUC19 Apr lacIPOZ1 35
pT7-4 Apr T7f10 27
pT7-5 Apr T7f10 27
pT7-6 Apr T7f10 27
pBCP-1 pBR322 carrying 3.3-kb DNA

insert from C. pasteurianum
chromosome

This work

pBCP-2 pBR322 carrying 3.2-kb DNA
insert from C. pasteurianum
chromosome

This work

pBCP-4 pBR322 carrying 3.5-kb DNA
insert from C. pasteurianum
chromosome

This work

pUACT-1 pUC19 Apr act1 This work
pTACT-1 pT7-5 Apr act1 This work
pTPFL-1 pT7-6 Apr pfl1 This work

a Deutsche Sammlung von Mikroorganismen.
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tiation sites (Fig. 4). The sites were located approximately 150
bp upstream of the translation initiation codon of the pfl gene
(Fig. 2). A perfect E. coli 210 box sequence (TATAAT) was
centered at28 relative to the upper start site which initiated at
an A residue. There was also a putative E. coli 235 box se-
quence, but this was conserved less well than the210 box (Fig.
3). The lower start site had poorly conserved 235 and 210
sequences and may result from the processing of the major
transcript or from reverse transcriptase stalling.
The act gene had a single transcription start site located 123

bp upstream of the translation initiation codon of the act gene
(Fig. 4). The putative 235 box sequence was TTATCA, and
the 210 box sequence was TATGAT (Fig. 3). The results
demonstrate that the C. pasteurianum pfl and act genes have
transcriptional organizations similar to those in E. coli.
Conclusions. The primary structures of the Pfl and Act en-

zymes are highly conserved between C. pasteurianum and
E. coli. Of particular relevance are the identities of the Pfl
amino acid sequences around the active-site cysteinyl residues
and the glycyl radical (16, 33). These findings suggest very
similar catalytic mechanisms for both enzymes.
The genetic organizations of the pfl locus in C. pasteurianum

and E. coli are similar; in both organisms the pfl and act genes
are adjacent on the chromosome, but they are transcribed
independently. In E. coli the genes are differentially regulated
(20–22). Future studies will determine whether this is also the
case for C. pasteurianum. From an evolutionary viewpoint, the
physical proximity of the genes is advantageous to any organ-
ism that acquires them by horizontal gene transfer, because Pfl
is without function in the absence of the activating enzyme.
The major differences between these loci are that in E. coli the
pfl gene forms an operon with the focA gene and that the
expression of this operon is controlled by multiple promoters
(21, 23, 26). Because the role of FocA is the maintenance of
pH homeostasis (formate export) in E. coli (26), it is undesir-
able for C. pasteurianum to have a protein that exports a
valuable intermediate for anabolism.
The reason that Pfl in C. pasteurianum went undetected in

earlier studies may be due to the fact that the initiation codon
of the pfl gene is UUG, which has a reduced translation initi-

ation efficiency compared with that of AUG codons (5). These
studies, however, clearly demonstrate that C. pasteurianum has
two routes of formate synthesis: through the actions of a CO2
reductase (7, 29) and Pfl. Detailed physiological and biochem-
ical characterizations of these two pathways will be the focus of
future studies.
Nucleotide sequence accession number. The nucleotide se-

quence reported in this paper has been submitted to the Gen-
Bank and EMBL databases under accession number X93463.
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