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The gene corresponding to the lactococcal oligopeptidase PepF1 (formerly PepF [V. Monnet, M. Nardi,
A. Chopin, M.-C. Chopin, and J.-C. Gripon, J. Biol. Chem. 269:32070-32076, 1994]) is located on the lactose-
proteinase plasmid of Lactococcus lactis subsp. cremoris NCDO763. Use of the pepF1 gene as a probe with
different strains showed that pepF1 is present on the chromosome of Lactococcus lactis subsp. lactis 11.1403,
whereas there is a second, homologous gene, pepF2, on the chromosome of strain NCDO763. From hybrid-
ization, PCR amplification, and sequencing experiments, we deduced that (i) pepFI and pepF2 exhibit 80%
identity and encode two proteins which are 84% identical and (ii) pepF?2 is included in an operon composed of
three open reading frames and is transcribed from two promoters. The protein, encoded by the gene located
downstream of pepF2, shows significant homology with methyltransferases. Analysis of the sequences flanking
pepF1 and pepF?2 indicates that only a part of the pepF2 operon is present on the plasmid of strain NCDO763,
while the operon is intact on the chromosome of strain IL1403. Traces of several recombination events are
visible on the lactose-proteinase plasmid. This suggests that the duplication of pepF occurred by recombination
from the chromosome of an L. lactis subsp. lactis strain followed by gene transfer. We discuss the possible

functions of PepF and the role of its amplification.

The composition and the functioning of the proteolytic sys-
tem of lactic acid bacteria, essential for optimal growth in milk,
are now well-known, especially for lactococci (36). In this sys-
tem, a cell envelope-associated proteinase hydrolyzes casein
into oligopeptides which constitute the main source of nitrogen
(18). The oligopeptides are then partly taken up by a specific
transport system (47) and internally hydrolyzed by peptidases
into amino acids, which are used for synthesis of the bacterial
proteins. We already know that oligopeptides could be hydro-
lyzed from their extremities by about 10 different exopepti-
dases; they are also probably cleaved internally by two recently
characterized oligopeptidases, PepO and PepF (29, 33). The
two oligopeptidases are metalloenzymes, but they differ in
their substrate specificities and are grouped in different pepti-
dase families (32). In a previous paper (33), the sequence of
the pepF gene was reported and it was shown that PepF be-
longs to the M3 peptidase family, which includes the mamma-
lian oligopeptidase 24.15, according to the classification of
Rawlings and Barrett (38). This gene is located on a large,
55-kb plasmid which also carries the genes coding for lactose
and casein utilization, essential for optimal growth in milk (21).

Three observations suggested the existence of another gene
(pepF2), homologous to that carried by the plasmid (now
named pepFI) but located on the chromosome of strain
NCDO763. First, we copurified with PepF1 another protein
displaying the same properties; second, we measured a residual
PepF activity in strains cured of the plasmid carrying the pepF1
gene; and third, by hybridization experiments, we identified a
DNA fragment having some homology with pepF1, used as a
probe. The hybridization experiments also showed that pepF1
was present on the chromosome of strain 1L1403.

In the present study, we characterized the two genes coding
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for PepF and their flanking sequences in Lactococcus lactis
subsp. cremoris NCDO763 and L. lactis subsp. lactis 11.1403.
Our observations suggest that the duplication of pepF occurred
by recombination events, traces of which are numerous on the
conjugative lactose-proteinase plasmid. We discuss the possi-
ble roles of PepF1 and PepF2, which may be an example of the
first step of gene divergence in the evolution of the lactococcal
genome.

MATERIALS AND METHODS

Purification and N-terminal sequencing of PepF2. PepF1 and PepF2 were
copurified as previously described (33). The purified oligopeptidases were sep-
arated by electrophoresis under denaturing and reducing conditions using 12.5%
acrylamide gels as described by Laemmli (22). The oligopeptidases were blotted
on a polyvinylidene difluoride membrane (Problott; Applied Biosystems, San
Jose, Calif.) with a Bio-Rad apparatus (1 h, 100 V). The blotting was done in 10
mM CAPS buffer (pH 11) containing 10% methanol and 0.5 mM dithiothreitol
(27). The proteins were stained with Ponceau red. The N-terminal sequence was
determined directly on the part of the membrane containing PepF2 with an
automatic sequencer (model 477A; Applied Biosystems).

Bacterial strains and plasmids, transformation, and growth conditions. The
bacterial strains and plasmids used in this study are listed in Table 1. According
to its genotype (15), strain NCDO763 is designated an L. lactis subsp. cremoris
strain throughout the paper. L. lactis strains were grown at 30°C in M17 medium
(46) supplemented with 0.5% lactose or glucose. TIL80 and MG1363 were grown
on a minimal medium containing vitamins, salts, nucleic acids, buffer, and glu-
cose as described for the chemically defined medium by Otto et al. (34) and the
following amino acids: serine (0.34 g/liter), histidine (0.11 g/liter), methionine
(0.12 gfliter), isoleucine (0.20 g/liter), valine (0.33 g/liter), leucine (0.47 g/liter),
and glutamic acid (0.20 g/liter) (5). The Escherichia coli strain was grown in
Luria-Bertani medium (42) at 37°C. When needed, erythromycin (5 pg/ml for L.
lactis subsp. lactis and 150 wg/ml for E. coli) or ampicillin (50 pg/ml for E. coli)
was added to the culture medium. L. lactis electroporation was done as previ-
ously described (17). E. coli was transformed as described by Sambrook et al.
(42).

DNA techniques. Plasmid and chromosomal DNAs were prepared as previ-
ously described (25, 42, 44). The classical pulsed-field gel electrophoresis pro-
cedure for L. lactis was used (24). Restriction endonucleases, T4 DNA ligase,
and T4 polymerase were obtained from Boehringer Mannheim or Eurogentec
and used as recommended by the suppliers. After agarose gel electrophoresis,
Southern blotting and DNA or RNA hybridization were performed either as
described by Amersham International (ECL gene detection system) or by the
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TABLE 1. Strains and plasmids

Strain or plasmid

Description

Source or reference

Strains
L. lactis
1L1403
NCDO763 lac* prt*
TIL75

Plasmid free
Wild-type strain
NCDO763 cured of the lac-prt plasmid

Chopin et al. (4)
Davies et al. (6)
V. Juillard (17a)

TIL70 NCDO763 lac™ prt* pepF1 Monnet et al. (33)
TIL79 NCDO763 lac* prt* pepF2 This work
TIL246 NCDO763 containing pTIL125 (high copy number) This work
TIL248 NCDO763 containing pTIL125 (low copy number) This work
TIL247 NCDO763 containing pTIL126 (high copy number) This work
TIL249 NCDO763 containing pTIL126 (low copy number) This work
TIL250 NCDO763 containing pJIM2366 (high copy number) This work
TIL251 NCDO763 containing pJIM2366 (low copy number) This work
NCDO712 lac* prt* Wild-type strain M. J. Gasson (12)
MG1363 Plasmid-free derivative of NCDO712 M. J. Gasson (12)
TILSO MG1363 pepFI pepF2 This work
E. coli TG1 T. J. Gibson (14)
Plasmids
pBluescript SK* Ap', M13 ori, pBr322 ori Stratagene
pIL253 Em"; 4.6 kb Simon and Chopin (45)
pJIM2366 Derivative of pIL252; Em" lux A/B Renault et al. (39)
pTIL28 1.4-kb fragment pepFI in SK™; Ap” Monnet et al. (33)
pTIL34 1.1-kb fragment pepF2 in SK*; Ap" This work
pTIL35 2.3-kb Sau3A fragment of pIL253 in pTIL34; Em" Ap"; 6.9 kb This work
pTIL36 pepF2 C-terminal part in pTIL35 9 kb This work
pTIL37 pepF2 N-terminal part in pTIL35; 12 kb This work
pTIL125 pJIM2366 containing the P1 promoter of pepF2 This work
pTIL126 pJIM2366 containing the P2 promoter of pepF2 This work

procedure described by Sambrook et al. (42). A pepF1 probe (33) was prepared
from the Bcll/Clal DNA fragment (positions 416 to 1934) purified from pTIL28.

PCR amplifications were done on a Perkin-Elmer DNA thermal cycler 480.
The internal pepF2 fragment was amplified by using degenerate oligonucleotides
1[5 GAAGC(A/T/C/G)TTAACTTGGGA 3', corresponding to the N-terminal
sequence of PepF2] and 2 [5' (T/A)(G/A)TG(C/G/T/A)CC(C/G/T/A)GT(C/T)T
C(G/A)TG 3', corresponding to the sequence of the zinc-binding motif of
PepF1]. Annealing was performed at 44°C. For comparison of the pepF genes of
different strains, inverse PCR was done with oligonucleotides deduced from two
identical parts of the sequences of pepFI and pepF2: oligonucleotides 3 (5'
CATAGAAACGGGGAGGAT 3') and (5' AGGAGTCCATCTTTAAA 3)
(see Fig. 5). The conditions were as follows. The total DNAs of different strains
were completely digested by HindIIl, religated in diluted solution (500 ng per
ml), and amplified by PCR (with annealing at 48°C). Oligonucleotides 5 (5’
TTGGCATGGAACCTCAAGCTC 3") and 6 (5" GAGGAATTTAGCAGTAC
3’), used to amplify the fragments flanking pepFI, were deduced from the
sequences of 1S904 (37) and lacR (8), respectively. Finally, to complete the
sequences, two oligonucleotides deduced from the sequence of the amplified
fragment (with oligonucleotides 3 and 5), oligonucleotides 7 (5" CCCCATAAG
CCAAAGCAC 3') and 8 (5" GAAAAACCCTAAAGGTC 3'), were used. To
test the functionality of the two promoters located upstream of pepF2, P1 and P2,
we amplified two fragments containing either P1 or P2 with oligonucleotides 9 (5’
ATGGACGACGCGTCCGAA 3") and 10 (5" CCTAAATGCTGGTCTGAC 3')
for P1 and with oligonucleotides 11 (5" AAGGTCCATACATTGCTC 3’) and 12
(5" GACCGTTTCCCGACATTT 3') for P2. The oligonucleotides were synthe-
sized by Eurogentec or Genosys.

Construction of plasmids. A 1.1-kb fragment obtained by PCR amplification
of the DNA of strain TIL75 with oligonucleotides 1 and 2, deduced from the
N-terminal sequence of PepF2 and from the active site of PepF1, respectively,
was cloned into plasmid pBluescript SK* in E. coli to give pTIL34. To clone the
entire pepF2 gene and its flanking regions, we used the integrative plasmid
pTIL35 (see Fig. 2), which was constructed by cloning the erythromycin resis-
tance gene of pIL253 (Sau3A fragment) into the BamHI site of pTIL34 and
which conferred to E. coli TG1 both Ap and Em resistance. After transformation
of L. lactis subsp. cremoris NCDO763, the Em" clones containing pTIL35 inte-
grated into the chromosome were checked by hybridization with pTIL35 used as
a probe. A clone containing a single copy of pTIL35 integrated into the chro-
mosome was chosen and named TIL79. To clone the fragments adjacent to
pTIL35, we mapped on the chromosome of TIL79 the Spel, Sacl, EcoRI, Clal,

Xhol, Xbal, and Pstl sites (see Fig. 2) which are unique in the polylinker of
pBluescript SK*. EcoRI and Sacl sites present at 7 and 4 kb, respectively, from
the PCR fragment were chosen to recover the pepF-flanking fragments. Chro-
mosomal DNAs digested with Sacl or EcoRI and self-ligated were used to
transform E. coli TG1. Two clones containing the pTIL36 (7-kb) and pTIL37
(9-kb) plasmids (see Fig. 2) were selected, and their inserts were sequenced.

To check the functionality and measure the strength of the two potential
promoters, P1 and P2, located upstream of pepF2, we cloned them upstream of
the luciferase gene, whose expression can be easily measured. P1 and P2 were
subcloned from PCR fragments (nucleotides 553 to 1140 and 1715 to 3064,
respectively; see Fig. 4) into the pJIM2366 plasmid (39) between the Xbal and
Notl sites. Plasmid pJIM2366 contains the luciferase gene and the erythromycin
resistance gene; furthermore, it can switch from high copy number to low copy
number per cell by a simple Kpnl digestion followed by ligation (39). The
resulting plasmids, pTIL125 and pTIL126, containing P1 and P2, respectively,
were introduced directly or after Kpnl digestion into L. lactis subsp. cremoris
NCDO763. The resulting strains (TIL246 to TIL251; Table 1) were grown in
milk and in M17 medium. The cells were counted and the expression of the lux
gene was monitored on a Bertold Lumat LB9501 apparatus as previously de-
scribed (39). The CFU per milliliter and luciferase activities were calculated as
the averages of several measures during exponential growth in more than two
independent experiments.

DNA sequencing. The amplified fragments were extracted from 0.7% agarose
with spin-X (Costar, Cambridge, United Kingdom) and sequenced. For sequenc-
ing, series of overlapping clones were generated by using exonuclease IIT and
mung bean nuclease (Stratagene, La Jolla, Calif.) or DNase I (Boehringer Mann-
heim). The dideoxy chain termination method of DNA sequencing was carried
out on double-stranded DNA plasmids with Tag dye primer (cycle sequencing
kit) and the Taq dye deoxy terminator (Applied Biosystems) on a PCR apparatus
(DNA thermal cycler 480; Perkin-Elmer). Sequencing reaction mixtures were
primed with fluorescent oligonucleotides (Applied Biosystems), and the products
were analyzed on an automatic sequencer (370A DNA sequencer; Applied
Biosystems). The reported sequences were determined at least twice for both
strands. The DNA and protein sequences were analyzed with the Genetics
Computer Group sequence analysis software package from the University of
Wisconsin (7), the Genmark program (3), and MAIL FASTA (National Center
for Biotechnology Information).
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Nucleotide seq e accessi bers. The Genbank, EMBL, and DDBJ
nucleotide sequence accession numbers are X99710 for pepF2 and its flanking
sequences and X99798 for pepFIp and its flanking sequences.

RESULTS

Presence of two PepF oligopeptidases in L. lactis subsp.
cremoris NCDO763. During the purification of oligopeptidase
PepF1, another protein which has the same endopeptidase
activity on bradykinin was copurified (33). The N-terminal
sequence of this protein, determined up to the 14th residue
(Val-Lys-Asn-Arg-Asn-Glu-Ile-Pro-Glu-Ala-Leu-Thr-?-Ile),
was identical to 10 of the 13 amino acids of the N-terminal
sequence of PepF1 (identical residues underlined) (33), which
suggested the existence of two homologous oligopeptidases in
strain NCDO763. At the DNA level, hybridization with a
pepF1 probe under stringent conditions revealed a single 4-kb
and 3.2-kb HindIII band in strains NCDO763 and IL1403,
respectively. No band was detected in TIL75 (NCDO763 cured
of the 55-kb lactose-proteinase plasmid) or in the plasmid-free
MG1363 strain. This confirmed that pepFI is located on the
lactose-proteinase plasmid of strain NCDO763 and showed
that it is located on the chromosome of the plasmid-free
IL1403 strain. We have named the plasmid copy of pepFI
pepFIp and the chromosomal copy pepFlIc. pepFIp was further
mapped by pulsed-field gel electrophoresis to the Sma2 and
Apall DNA restriction fragment of strain IL1403. Under less
stringent conditions, a 1.6-kb band of low intensity could be
visualized in strains NCDO763 and MG1363, but another band
in addition to the 3.2-kb fragment could not be detected in
strain IL1403 (Fig. 1). This implied the existence of a second
gene, homologous but nonidentical to pepF1, located on the
chromosome of strain NCDO763 but absent in 1L1403. We
therefore decided to characterize the second pepF gene,
named pepF2.

pepF2 is included in an operon. A 1.1-kb fragment of the
pepF2 gene was amplified by PCR with oligonucleotides de-
duced from the N-terminal sequence of PepF2 and from the
active site of PepF1. The nucleotide sequence of the fragment
showed 80% identity with the corresponding nucleotide se-
quence of pepFI and encoded a peptide 84% identical to the
corresponding part of PepFl. From these results, we con-
cluded that a second oligopeptidase gene, pepF2, homologous
to pepFI, was indeed present on the chromosome of strain
NCDO763. To sequence the entire pepF2 gene and its flanking
sequences, we cloned the 1.1-kb fragment in an integrative
plasmid to produce pTIL35, which was used to transform L.
lactis. After integration into the chromosome and appropriate
digestions, two fragments containing either the sequence up-
stream or downstream of the 1.1-kb fragment were self-ligated
to generate pTIL37 and pTIL36, respectively. A total of 4,680
bp were sequenced from pTIL34, pTIL36, and pTIL37, in
which four open reading frames (ORF1 through ORF4) were
detected by the Genmark program (Fig. 2), 3A, and 4).

The presence of a potential lactococcal promoter (P1) up-
stream of ORF2 and of a potential terminator downstream of
ORF4 suggested that ORF2, pepF2, and ORF4 are organized
in an operon. To test this hypothesis, we measured the mRNA
spanning this region with a pepF2 probe and detected a small
amount of 3.7-kb transcript, whose size fits well with the pre-
dicted size (3.6 kb) of the operon. A second potential —10
extended promoter sequence (P2) (41) was found upstream of
pepF2, which would produce a 2.6-kb transcript (Fig. 4). We
could not clearly state if the signal detected at this position
corresponded to this transcript because it would comigrate
with the abundant 23S RNA, which often produces artifactual
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FIG. 1. Southern hybridization of HindIII-digested total genomic DNAs
from several L. lactis strains using a 1.4-kb fragment of pepFI as a probe under
stringent (50% formamide) (A) and nonstringent (20% formamide) (B) condi-
tions. Lanes 1, L. lactis subsp. cremoris 1363; lanes 2, L. lactis subsp. cremoris
NCDO763; lanes 3, NCDO763 prt lac; lanes 4, NCDO763 pepF1; lanes 5, L. lactis
subsp. lactis TL1403.

bands. Consequently, P1 and P2 were cloned upstream of the
luciferase gene in L. lactis and their expression was tested
during exponential growth in milk and in M17 medium. At low
copy number, the expression of the /fux gene under the control
of P1 was not detectable, whereas the same gene under the
control of P2 is expressed in M17 medium and in milk (Table
2). At high copy number, with P2, the luciferase activity was
saturating and the growth rate of strain TIL247 was reduced.
This indicated that P2 is much stronger than P1 under the
conditions used. However, the activity of the P1 promoter was
evidenced in the high-copy-number plasmid (Table 2).

We found no significant homology between the protein en-
coded by ORF1 and other proteins in the databases. The
protein encoded by ORF2 presents a weak overall homology
(15% identity, 39% similarity) with the tomato protein vsf-1,
which is involved in the regulation of vascular system-specific
gene expression (46a).

PepF2 is homologous (80% identity) to PepF1 (33). Both
the zinc-binding motif (91% identity between the two PepF
proteins for 45 amino acids) and the area showing homology
with creatine and arginine kinases found for PepF1 are well-
conserved, also for PepF2. No indication of different locations
and functions for the two PepF oligopeptidases was found
within the sequences.

ORF4 displays a significant homology with several methyl-
transferases from various origins (plants, mammals, and bac-
teria). The highest homologies were found with bacterial O-
methyltransferases from Synechocystis (31% identity, 55%
similarity) (21) and Streptomyces (27% identity, 56% similarity)
(16), caffeoyl-coenzyme A 3-O-methyltransferases from plants
(26% identity, 52% similarity) (28), and catechol-O-methyl-
transferases from mammals (27% identity, 55% similarity) (2).
ORF4 was also related, though to a lesser extent, to protein
L-isoaspartate-O-methyltransferases (10, 19).

Recombination events around the plasmid pepF1 gene. Our
results revealed the existence of two homologous genes, pepF1
and pepF?2, in L. lactis. Hybridization experiments showed first
that pepF1 is present both on the lactose-proteinase plasmid of
strain NCDO763 (pepFIp) and on the chromosome of strain
IL1403 (pepFic) and second that pepF?2 is located on the chro-
mosome of strain NCDO763. The high homology observed
between these genes suggested that they are evolutionarily
related. To evaluate the relationship between them and the
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FIG. 2. Schematic representation of Campbell-like integration of pTIL35 (pBluescript SK* containing the erythromycin resistance gene of pIL253 and a 1.1-kb
fragment of the pepF2 gene) into the chromosomal pepF2 gene of L. lactis subsp. cremoris NCDO763. pTIL36 and pTIL37 were obtained after digestion by SacI and
EcoRI, respectively, and were used to sequence the fragments upstream and downstream of pepF2.

possibility that one was derived from the other, we sequenced
larger regions upstream and downstream of the pepFIp and
pepFIc genes in strains NCDO763 and IL.1403. Two striking
observations were made. First, the sequences flanking pepFlc
in strain 1L1403 are 80% identical to those flanking pepF2 in
strain NCDO763. Second, the sequences flanking pepFIc and
pepFlp are identical from base 339 of ORF2 to base 113 of
ORF4 (Fig. 3B and C; Fig. 5). Beyond these limits, the se-

A

lin1

L

quences carried on the plasmid of strain NCDO763 were to-
tally different from those located on the chromosomes of
strains IL1403 and NCDO763. ORF2 and ORF4 are therefore
truncated and the operon is incomplete on the plasmid of
strain NCDO763. Moreover, the —10 extended P2 promoter is
present on the plasmid.

A sequence identical to IS904 (37) is present on the plasmid,
1.4 kb upstream of the truncated ORF2. Downstream of the

FIG. 3. Organization of the sequences flanking the pepF genes on the chromosomes of strains NCDO763 (A) and IL1403 (B) and the lactose-proteinase plasmid
of strain NCDO763 (C). ORFs (thick arrows), IS elements (boxes), promoters (broken arrows), terminators (lollipops), and junctions between truncated elements
(broken lines) are shown. Junctions A to C in panel C correspond to the sequences presented in Fig. 5. Regions which were not sequenced (hatched regions) are also

indicated.



CTTTTTGCCGAAGCTTTTATAATATTATTATTGATACCAATGACAATAGGAATTGTTGTTCCCATTAGTATTGTTGTTTTAACGATTAAAATGTGGCGAAGAGAGTCAAAATCCATTGGT 120

L F A EAVF I I L L LI PMTIOGIVVPTISIV VLTI XKMWI® RI®RESI K S I G 40
ORF1—
AATCTTTTATCGCCTATTGTTGTTTTGGCATTTTTACTAATTGACTGGGTTTATCTGTCTATGGGAAGACTACCAGATAGTTGGATTTGGTTGAAGATTTTAGGAATTGTTTATCCAGTC 240

N L L s P I V VL AU FILILTIUDWV YL S MGURULPDSWTIWU LI EXKTIULGTI VY P V 80

oligo 9 —
CTATCAATTTATTTGGCTTGGCAGTTTGGTATTTCCTTTTTATCAAGTTGGGTTTATGGACGACGCGTCCGAAAACAAAGAGCAGCCTATTTCATGTTGTCTTAGGGGCTGGTCTTACAA 360
L s I Y L A W Q Ff G I $S F L S 8 WV Y GURURUVRIEIKOQRAAYHUV VL G A G L I Q 120
GGAGAGCATGTTGGAAAATTATTAGGAAATCGAATTTTAGCAGCAGTCAAAGCCGTGCGAGATAATGAAACTATTTTGGTTTTTTCAGGCGGACAAGGTCCAGATGAAAARATTTCAGAA 480
G EH V ¢ K L L ¢ NRITILAAV KAV RDNETTIULVF S GG QG P DEIZKTI S E 160
GCGAGAGCCATGCAAAARATATGCAGTAGAAGTGCTCGGCTTTCCAATTGAGCGAACTATGCTTGAAGACCAATC TAGAACGACATATGAAAACTTGGTTTTTTCTTCTCGCCTAATTAAA 600
A R A M Q K Y AV EVL GF P I ERTTMULEUDIUG QS SU®RTTYENT LUV VP F S S R L I K 200
GAAAAATTTATGTTTTTCACGTCCGATTATCATGTGTTTCGGGCGGCCACTCTTTGCAGCAACTTTAAAAATTGATGCTCAAGGAGGAAAAGGAGGAAAAACAGCGATGTATTATCGTGTT 720
E XK FMVF F TS DY HV FRAALUFAATULI KTIU DA AU QS G G K G GI KT T™AMY Y R V 240
CCCGCCTTTATTCGTGAATTTATTGCAGTTATGAATTATGAAAAGAGAAAACATATTAAATGGGTGGGAATCATTGTTGCTTTTTTCCTTGTTATTGCTATCTTTTCCGCAAATCGGTTA 840
P A F I R EF I AV M NYEI KU RI KUHTII KWV G I I VAT FVF L VI ATIF S ANIR L 280

-35 -10
TCTTTGGAATAATAGATAATAGTAAAAAGTTACTGACAGACTGGTTAGTAACTTTTTTTGTGACAAAATTATATTTTTTTCGTATAAAATAGTATGCTGACAGCAATTGATGAARATAAT 960
S L E * terminator M L T A I D E N N 283- 9
ORF2—
AAAATAATAAACTTACTGGAATTAGACCGCAAAGAATTGACCGGAAAATTTTATTGTCCTTCTTGTCATTCAGAGCTACTTATTAAAAATGGGCAGATAAAAGTTCTTCATTTTGCCCAT 1080
XK I I N L L EL DURIKEULTGZ K F Y CP S CH S EULTULTIZ KNG QI KV L HF A H 49

« oligo 10
AAATCTCTAAAGAGCTGCAATTTATGGTTGGAARATGAGTCAGACCAGCATTTAGGTTTGAAAAAAATATTATATGAGTGGTTTAAAAAGACTGACAAAGTCGAAATTGAACGCTATTTG 1200
K s L X $ ¢ NL WIL ENE sSs D Q HL GL K XK I L Y EWU FZ KK TTDZ KV E I E R Y L 89
CCCGAACTTAACCAAAGACCAGATTTATTAGTAAATGGCAAAATCGCTATTGAGATACAATGCTCTCATTTATCTATTAAGCGTCTCAAGGAACGTACAGAAAATTATAAGGCGCATGGC 1320
P EL N Q R P DL L V N G XK I A I EI Q C S HL S I KU RULIZ K EIRTENDNTYZX A H G 129
TTTAAAGTGCTTTGGTTGATGGGAAAGGATTTATGGC TGGCTGAACAGGTGACAGAACTTCAAAAAAATTTAGT TTATTTCTCGGAAAATAGAGGATTCTTTTATTGGGAGTTAGATTTT 1440
F K VL WUL MG XK DUL WILAEZ QVTETILO QI KN NULV Y F S EDNU RGT FTF Y W ETL D F 169
CAGAGGAAAAAATTAAGATTAAAATCTCTTATTCATGAGGATTTACGTGGCAGAATCATTTGCTTACAAGAGGAAATTCCTTTTGGAAAAGGACGACTTATTGCGCATCTACGCTTACCT 1560
Q R K K L R L K S L I HEDU LI RGH RTITITCLIOQEZ ETIU®PUVFGI KGH RT LTI AU HTLIU RTIL P 209
TATTTGGCTCAAAAACTGGTGAAAATTCCTACTTTTAAAGATTCTAAACTTTCTAGTTTTATTCGTCAGCAATTATACTATCAATCACCAAAATGGATGAAAATTCAAGAAAAATATTAT 1680
Yy L A Q KL V K I PTVF XKD S KL S S F I RQQLY Y Q S P XK WMIE KTIOQTET KYY 249
oligo 11 —
CAAAAAGGAGAAAATTTACTGACGAAAAAATTTGAAGGTCCATACATTGCTCCACTAGGTTTAAATTTACTAGAGAATTTTACTGACGAAATGACAATCACAACTTTTACTCAGATTGAT 1800
Q K G ENIL L T XK K F E G P Y IAPILGILNULILENT FTDEMTTITTT FTQ I D 289
« oligo 3 extended -10
CAAAATGTTAAGCTTTACTATGAAAATTTTTTAATAAATTTCCAAAGAAATAGCCTTGAARATGCTCTATCCTCCCCGTTTCTATGC TATAATGGGAAAGCAGAAGAAGGAAAAATAATAG 1920
Q N VKL Y Y ENPF L I NVF QRDNSL EMTILY P PRVF Y A I MG K QKK E K * * 327
GATTTTATTATTTTATTTTATTCTCATTATTATAAGAAATAAGAGTTTTAAGCTARARAGGAGTACCAATTATGGTAAAAAATAGAAATGAAATCCCTGAAGCCTTAACTTGGGATTTGA 2040

M V KX NR N E I P EA L T WD L 16

PepF2 —
CAACAATTTTTTCAACAGATCAAAAATGGGAAACAGAATTAGAGAAGGTAAAAAAAGAGCTTTCACTTGTTGAGACAAATGATAAAGGTCATTTACTTGATTCAGCAGAAACTTTACTGA 2160
T T I F §$ T D Q K W E T EL E K V K K EL §L VETNDI K GHTULUL D S A E T L L 56

CAATTACTAAAAATATGCTATCAATTTCTCAAAAAGTTGAAAAGCTTTATGTTTATGCTTCAATGAAAAATGATCAAGATACAAGAGAAGCAAAGTATCAAGATTATCAATCAAAAGCAA 2280
T I T K NML S I S Q KV EI XULY VY ASMI KNDNDQDT REAIZ KY QDY Q S K A 96
CGGCCCTCTATGTTAATTTTGGGGAAAGCTATGCCTTTTATGAACCTGAATTTTTARAAAATTTACAAAAGGAAACCTACGGAAAATGGTTAGAAACCCTTCAGGAATTGAAAAATTACG 2400
T A L Y V N F G E S Y A F Y E P E F L KNIL @ K E T Y G K WL E TUL Q@ E L K N Y 136
ATCACATGTTTGAACGTTTATTTGCTAAAAAAGAACATATCCTTAGTCAAAAAGAAGGAAAAATATTGGCGGCACCGGGTGAAATCTTTGAAAGTCCTTCGGAGACTTTTGAAATTTTCG 2520
D H M F ERTULF A KK EHTIULSQ K EGZ X ILAAZPGETITFESU?PSETTFETIF 176
ATAATGCAGATGTTAAATTTCCTTTTGTTAAAAATGAATTGGCTGAAAAGATTCAGTTGACACATGGAAATTATGGCTCTCTTATGGAAAGTGAARACAGGGAAGTCAGAAAAGCGGCTT 2640
D NADV XKPF P F V KNETLGEI KTIOQLTHG GNYS G SLMESENUZ RIEV R K A A 216
ATGAAGCACTTTACAGCAATTATGAACAATGTCAACATACCTATGCAAAAACTTTGCAGACCAATGTAAAAGTTCATAATTTCAATGCCCAAATTCGCGCATATGACTCAGCTCGTCAGG 2760
Yy EA L Y S NY EQ CQHTYAZI KTV LOGQTN NV KV HNVFNWAQ QI RAYUDSA AT RDQ 256
CAGCTTTGATGAGTAATTTTGTTCCAGAAAAAGTTTATGACGTCTTGATAGAAGGCATTCATCAACACTTACCACTTTTACATCGCTATATTGAATTACGTAAGAAAATCTTAGAAATTT 2880
A AL M S NVF V P E XK VYD VL I EGTIHSOQUHILU?PULTULHU®RYIETILIZ RIEKI KTITLETI 296
CTGATTTCAAAATGTATGATATCTATACTCCATTATCTAATTTAGATTATAAATTCAATTACACTGAAGGAGT TAAGAAAGCGCAAGAAGTGCTTGCAATTTTTGGTGAAGAGTATAGTC 3000
s D F XKMYDTIYTUPULSNULUDYZ K FNYTTEZ GV K KA A QEV L A IVF G EE Y s 416
¢« oligo 12
AGAAAGTTAAAGCGGCTTTTGATGAACGTTGGATTGATGTTGAAGAAAATGTCGGGAAACGGTCAGGGGCATACTCAGGTGGTTCTTATGATACCAAGGCATTCATGTTACTCAATTGGC 3120
Q K V X A A F D ERWTIDUVEZENWVGI K RS GAY S GG S Y DT KA AT FMMTLTULN W 456
AAGGAACATTGGACGATCTTTTTACATTGGTTCATGAGATGGGGCATTCTATTCACAGCACTTTTACGAGGGAARATCAGCCTTATGTTTATGGGGATTACCCAATCTTCTTAGCAGAGA 3240
Q 6 T L. D DL F TJLV HEWMGH S I HsS TV FTTIREWNOGQUPY VY G DY P I F L A E 496
TTGCTTCAACTACCAATGAAAATATTTTAACTGAGACTTTGCTCAAAGAAAGTAATGATGAAAAGGAACGTTTTGCTCTTTTAAACCATTGGTTAGATAGTTTTCGAGGAACCGTATTTC 3360
I A s TTDNJZEWDNIULTTETTZLULIZ KESNUDEI K EWRVFATLILDNUHWILD SV FIRGTV F 536
GTCAAAGTCAATTTGCTGAATTTGAACAAAAAATTCACGAAGTCGATGCTGAAGGTGAAGTGTTGACGAGCGAATTTTTGAATTCTCTTTATGGCGAACTTAATGAAAAATATTATGGCT 3480
R Q S Q F A EF EQ K I HEVDAEGEVILTSEUFILNSUL Y G ETILNZEIZ K Y Y G 576
TATCTGCCAAAGAAAACCCTGAAATTCAGTTTGAATGGGCAAAAATTCCTCATTTCTATTATAATTTTTACGTTTTTCAATATGCAACTGGCTTTTCCGCAGCCTCATTTATAGCTGAAA 3600
L S A K ENUP ETI Q F E WA K I P HVF Y YNV F Y V F QY AT GV F S8 AA S F I A E 616
AAGTGGTGCATGGTTCGGTTACTGACCGTCAAAATTATCTTGATTATTTARAAGCTGGTTCGTCAGCCTACCCACTAGACGTGATTGCAAAAGCTGGAGTCAATATGGAATCTACAGATT 3720
K VvV VH GS VvV T™DIZRQNY LD YL KAG S S AY PL DV I A KA AGVNME S T D 656
oligo 4 —
ACTTAGAGTCTGCTTTTAAGCTTTTTGAAAAACGTTTGAATGAATTAGAAAAATTAGTTGAAARAGGAGTCCATCTTTAAAAATGGTTGAAACATATAAGAGCACAAGTAACCCCATGAT 3840
Yy L. E S A F KL F E K RL N EULE KL V E X G V H L * M V E T Y K S T 8§ N P M M682-12
ORF4—
GAATCGACCAGTTGTCAAAGCCGAGTTAGTCGAATGGATGCGTTCAAGTCAAACACAAGTGACTGGAGAACTTGCAGAAGTCCTAAACTTTGCTAAAGAAAATAACATTCCTGTTATTCC 3960
N R PV V KA EVLV EWMU® RS SQTQVTGEULAEVL NV FAZ KENNTIUPUV I PS52
ACATGAAACAGTTCTCTATTTTCAAATGCTATTGAGTCTGCTCAAGCCTAAAAGAATTCTGGAAATTGGGACAGCTATTGGTTTTTCAGCCTTAGTAATGGCACAAGAAGTTCCAGAAGC 4080
H ETVL Y F QML L S$S$L L KP KU RTIULETIGTA ATIGT FSALVMAT QEV P E AO92
TGAGATTGTGACCATCGATCGTAATCCTGAAATGATTGAGCTAGCCAAGAAAAATTTAGCTAAATACGATCACCGCAATCAAATTCAGCTTAAAGAAGGAGATGCTGCAGATGTTTTGCA 4200
E I vT I D RNUPEMTIUET LA AZ K KNI LA AIZ K YD HI RNDNZ QT QUL K E G DA AA ADV L Q132
AGAATTAAAAGGTCCATTTGATCTTGTTTTCATGGATTCAGCCAAGTCGAAATATGTTGAATTCTTACCTAAATCACTTGAATTGCTTTCAGAAAATGGCCTTATCCTAATGGATGATGT 4320
E L XK G P F DLV FMDSAI K S K YV ETFILZPI XKSLETLILSEINGTLTITULMDD V172
TTTTCAAGCTGGTGAAATATTGTTGCCAATCATGGAAGTTAAAAGAAATCAACGAGCTTTGGAACGAGGCTTAAGAAAACTTTTTGATGAAGTTTTTGATAATCCTAAATATATGACCAG 4440
F Q A G EI L L P I M EV K RDNOQ RATLEURGILZ RI KULU/FDEV F DNUPI K Y M T S 212
CGTTCTTCCGCTAGGTGATGGATTATTAATGATAAAAAAGCATTAAAATTGCTGATATAAGTICTCAGTAATTTTAGAAAGTTTTTTTGCATAAATAAAGCTTTCTTTAATTTTTTATGAT 4560
v L P L GDGUL L M I K K H * terminator 227

FIG. 4. Nucleotide and deduced amino acid sequences of ORF1, ORF2, ORF3 (pepF2), and ORF4 from the chromosome of L. lactis subsp. cremoris NCDO763.
The numbers to the right refer to nucleotides (top lines) and amino acid residues (bottom lines). The putative —10 and —35 regions and ribosome binding sites
(boldface), stop codons (asterisks), putative terminators (underlined), and the zinc-binding motif of PepF2 (underlined and boldface) are indicated.
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TABLE 2. Luciferase expression under the control of promoter
sequences P1 and P2 found upstream of pepF2 at high
and low copy numbers in L. lactis®

Luciferase activity (Ix/10” CFU)
in the indicated medium

Promoter
Milk M17

Low copy number

None (control) NS? NS

P1 NS NS

P2 1,550 4,750
High copy number

None (control) 25 38

P1 110 275

P2 (34,860)¢ (326,920)¢

“ Luciferase activities were measured during growth in milk or M17 medium
when the cell concentration reached 10° CFU/ml.

NS, value obtained not significant compared to the background level.

¢ Luciferase activities in these experiments were saturating and thus probably
underestimated.

insertion element (IS), we found a sequence almost identical to
that found downstream of the terminator of the L. lactis llall
restriction/modification genes and a sequence coding for a
DNA invertase from L. lactis (49) (Fig. 3C) homologous to
binR from Staphylococcus aureus (40). A small DNA fragment
of 68 bp is inserted between the latter sequence and the trun-

Putative recombination sites upstream of the pepF gene

4

A

GAA ATT TAA TAA GAA AAG AAG AGT GTC CAT AAA ATG ACC ATT TTC TGA ACAT CT GAT AAA AAA GGA AAA ACGATT AGAACG CTT TTC TTT TTT ATG TCT

[ A N N R N R N A e e e R N N A A A VA N AR R AN

GAG TTT TAA TAA CAA AAG AAG AGT GTC CAG AAA ATG ACC ATT TTC TGA ACAT GA ATT GGT TGT GAT AAA ATC AGC CCA AAC AAA AAC AGA TTT ACA TTT

v

B

ACG ATT AGA ACG CTT TTC TTT TTT ATG TCT ACT TAT TTG ATA ATA GTC CAT| TCT ATG AAA CGT TTA AAA GAA CGG AAA GAA AAT TAT CAA GTA CAC GGT

| | . I f T

GAT TTA TTA GTA AAT GGC AAA ATC GCT ATT GAG ATA CAA TGC TCT CAT TTA' TCT ATT AAG CGT CTC AAG GAA CGT ACA GAA AAT TAT AAG GCG CAT GGC

I 1 v H|s|mM|{E R L X E R
CSHLLSIKRLKER

T I R T L F F F M Bl I Y L
D L L v N G K I A I E I Q

Putative recombination sites downstream of the pepF gene

C

TTA GTA GAA TGG ATG CGT TCA AGT CAA ACA CAA ATA ACC GGA GAA CTT GCT [TCA TTA GCT TCT GTA CCA GTT TTAACC CGA CTT TTT CCC CTT GTT TAA

A N e A N A N R e R AN E AR R |
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cated ORF2; the junctions between these fragments are shown
in Fig. 5A and B.

Downstream of pepFlp, the truncated sequence of ORF4
directly abuts a sequence identical to a truncated IS98/ (bases
591 to 1, from accession no. M33933) (35) (Fig. 5C). At 34 bp
downstream of the IS, there is a sequence, /in2, that could code
for an invertase, different from that encoded by linl present
upstream of pepFI. The 133-amino-acid protein encoded by
lin2 seems to be truncated at its C terminus, since the usual
length for bacterial invertases is 180 amino acids. The region
between /in2 and lacR does not contain a potential ORF and
does not show any homology to known sequences. This frag-
ment contains two potential terminators (Fig. 3C).

Northern (RNA) blotting showed that the abundant pepFIp
transcripts from the plasmid of strain NCDO763 were signifi-
cantly smaller (3.2 kb) than the transcripts of the operons
located on the chromosomes of strains NCDO763 and 1L1403
(3.7 kb). The size of the pepF1p transcript corresponded to an
mRNA initiated at P2 and ending at the potential terminator
found downstream of the truncated /in2" sequence (Fig. 3C).
Since we demonstrated that P2 was functional on a plasmid, its
presence upstream of pepFIp on the lactose plasmid most
probably induced the amplification of expression of pepF.

Function of pepF operon. The amplification of PepF activity
by gene duplication in L. lactis raises the question of the
function of PepF. Preliminary investigations of the growth of
strains MG1363 (pepF2" ApepFI) and TIL80 (pepF2 ApepFI)
on different media revealed that the two strains grow at the

NCDO 763 plasmid

P Il | e 1
lall/lin

NCDO 763 plasmid

I AN A R | 11l
NCDO 763 chromosome

Q V|H @ 'ORF2
K A|H @ ORF2

NCDO 763 plasmid
b Il I i I

TTA GTC GAA TGG ATG CGT TCA AGT CAA ACA CAA GTG ACT GGA GAA CTT GCA 'GAA GTC CTA AAC TTT GCT AAA GAA AAT AAC ATT CCA GTT ATT cCA CAT NCDO 763 chromosome

v

s v P VvV L T R L F P L V * ORF4'
F A X E N N I P V I P H ORF4

FIG. 5. Junctions corresponding to probable recombination sites on the plasmid of L. lactis subsp. cremoris NCDO763 upstream (A and B) and downstream (C)
of the pepFI gene (see Fig. 3). The sequence of the plasmid in the first line is aligned with the llall/lin sequence (accession no. U16027 and Z48180) and the
chromosomal pepF operon as indicated. The ORFs corresponding to the sequences are indicated below. Identical amino acids (boxed), amino acids corresponding to
totally different proteins (italics), and DNA sequences corresponding to the same part of the plasmid (boldface) are shown.



4170 NARDI ET AL.

same rate in M17 rich medium. However, different phenotypes
were evidenced in minimum medium containing only the seven
amino acids essential to the two strains. TIL80, devoid of
PepF, grew significantly more slowly (maximum growth rate
[Mmad = 0.12 h™') in this medium than its parental strain
(Wmax = 0.14 h™1). This suggests that PepF could be involved
in protein turnover, since starvation for required nutrients
leads to an elevated rate of the degradation of proteins (30).
Similar results obtained with TIL70 (pepF2* pepFlp) and
TIL79 (pepF2 pepFIp™) compared to NCDO763 seem to in-
dicate that the presence of both genes is beneficial in minimal
medium.

DISCUSSION

We report the presence of two homologous genes coding for
oligopeptidases in L. lactis subsp. cremoris NCDO763. One of
the genes (pepFl1p) is carried on the 55-kb plasmid which also
contains the genes necessary for lactose and casein utilization.
The other (pepF2) is located on the chromosome.

During a search for pepF genes in the chromosome of sev-
eral lactococcal strains, we observed that pepF2 is present on
the chromosome of L. lactis subsp. cremoris NCDO763, while
pepF1 (identical to the plasmid copy of the gene in strain
NCDO763) is present on the chromosome of L. lactis subsp.
lactis 1L1403. The two chromosomal genes are 80% identical,
which corresponds to the divergence usually observed for L.
lactis subsp. lactis and cremoris genes (16). The almost com-
plete identity between the chromosomal gene of strain 1L1403
and the plasmid gene of strain NCDO763 indicates that the
two genes diverged more recently than the two subspecies and
strongly supports the hypothesis of a recent gene transfer. The
fact that pepF is part of a gene cluster in the chromosome of
the two subspecies whereas it is restricted to an intact copy of
pepFI on the plasmid suggests that pepFIp is a derivative of
pepFIc. The precise mechanism which allowed this event is not
known. However, the presence of 1S904 and IS981 upstream
and downstream, respectively, of pepFIp suggests the involve-
ment of IS-directed mobilization of pepFI from the chromo-
some to the plasmid. Since the lactose-proteinase plasmid is
conjugative (13), it could have then been transferred to differ-
ent strains, such as L. lactis subsp. cremoris NCDO763. The
sequences upstream and downstream of pepFIp possess several
fragments identical to previously identified sequences. The
direct linkages of these fragments are visible proof of numer-
ous reorganizations that have occurred during the evolution of
the lactose-proteinase plasmid.

Two duplicated pepO genes coding for homologous PepO
oligopeptidases were recently shown to exist in lactococci
(16a). Therefore, both the PepO and the PepF oligopeptidase
genes are duplicated in L. lactis. The occurrence of such inde-
pendent duplications of oligopeptidase genes suggests that
these events are beneficial to the cell.

The first role attributed to gene duplication is amplification
of the level of expression of a gene. This event can be fixed in
a population by natural selection if the amplification confers a
selective advantage. The best-known examples of amplification
concern genes conferring a selective advantage by coding for
resistance to antibiotics or drugs. The tufA and fufB genes of E.
coli are another example of duplicated genes. The two genes
are 98% identical, and their products are functionally indistin-
guishable. However, the TufA protein appears to be produced
at a higher level (11, 31), which suggests that the duplication
enables the cell to provide larger amounts of the translation
elongation factor EF-Tu when demand is high (1). In the case
of pepF, its presence on the lactose plasmid allows a fourfold

J. BACTERIOL.

increase in enzymatic activity in L. lactis subsp. cremoris
NCDO763, which fits with the above hypothesis. The selective
advantage that the strain derives from pepF overexpression
remains to be determined.

Once retained on a plasmid, a duplicated gene can be as-
sembled into new pathways to respond to environmental
changes and participate in an important manner in the evolu-
tion of the genome. In the present case, the enzymatic prop-
erties of pepF genes seem to remain unchanged but the ex-
pression of the two genes is under the control of different
promoters and in different backgrounds (the chromosome for
pepF2 and the plasmid for pepFIp). Studies of the regulation of
pepF genes are in progress in our laboratory and will provide a
better understanding of the function of PepF.

Although PepF is biochemically well characterized, its role
in L. lactis remains unclear. A mutant devoid of PepF activity
(TIL8O) is fully viable in M17 rich medium. However, the
slower growth of pepF1 or pepF2 mutants than of the parental
strains in minimum medium suggests that this oligopeptidase
could be involved in protein turnover. This hypothesis is rein-
forced by the fact that pepF is cotranscribed with a gene coding
for a methyltransferase. Most of the methyltransferases show-
ing homology to ORF4 are involved in defense and survival
responses and metabolism of altered proteins (43). The latter
role is attributed to L-isoaspartyl methyltransferases, which
help the cells to repair or degrade the altered proteins that
accumulate in aging cells and limit their viability (10, 24, 26). A
similar function may be postulated for ORF4 and the chromo-
some-encoded PepF. Lastly, a gene coding for a protein show-
ing 30% identity with PepF was detected in the genome of
Mycoplasma genitalium (9). This genome is one of the smallest
known for a self-replicating organism and probably possesses a
minimal functional gene set. This suggests that PepF oligopep-
tidases could play an important role in the cells. Such a fun-
damental function was already proposed for the homologous
oligopeptidase from Salmonella typhimurium (OpdA), which is
involved in protein turnover during carbon deficiency and in
the degradation of signal peptides (48).

The presence of an isolated copy of pepFlIp (without the
methyltransferase) suggests that the plasmid and chromosome
pepF genes have different functions. The linkage of pepFlp
with the genes necessary for optimal growth in milk would
indicate a role in peptide assimilation. However, experiments
testing growth in milk showed that pepF amplification does not
confer a significant advantage during exponential growth. Al-
ternatively, the two pepF genes may still have the same func-
tion and a sufficient amount of the methyltransferase from the
chromosome could be expressed while PepF activities could be
limiting in milk cultures.
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