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The genes coding for the type II restriction-modification (R/M) system LlaBI, which recognized the sequence
5*-C2TRYAG-3*, have been cloned from a plasmid in Lactococcus lactis subsp. cremoris W56 and sequenced.
The DNA sequence predicts an endonuclease of 299 amino acids (33 kDa) and a methylase of 580 amino acids
(65 kDa). A 4.0-kb HindIII fragment in pSA3 was able to restrict bacteriophages, showing that the cloned R/M
system can function as a phage defense mechanism in L. lactis.

In the dairy industry, species of the genus Lactococcus are
widely used as starter cultures in the manufacture of cultured
milk products. One of the major problems encountered is
infection of the lactococcal cultures by lytic bacteriophages,
which results in dead or slow cheese vats. Since it is very
difficult to avoid contamination with phages, the starter cul-
tures have to be phage resistant. On the basis of their mode of
action, four categories of naturally occurring phage resistance
mechanisms have been identified in lactococci: adsorption in-
hibition, penetration blocking (6), restriction-modification
(R/M) systems, and abortive infection. Several R/M systems
have been isolated from lactococci, but only a few have been
cloned and characterized (11). Two m5C methylases have been
sequenced from the chromosomally encoded type II system
ScrFI from Lactococcus lactis subsp. cremoris UC503. This
system specifically recognizes 59-CC2NGG-39 sequences,
where N is any nucleotide (4, 20). A plasmid-encoded type II
R/M system, LlaDCHI, recognizing 59-2GATC-39, has re-
cently been cloned and sequenced (13). Two m6A methylases
and one restriction endonuclease make up the system. Mayo et
al. (12) have reported type II endonuclease activity, designated
LlaI and recognizing the sequence 59-CC2WGG-39 (W is A or
T), from L. lactis subsp. lactis NCDO 497. The isolation and
purification of two type II endonucleases, LlaAI and LlaBI,
recognizing 59-2GATC-39 and 59-C2TRYAG-39, from L.
lactis subsp. cremoris W9 and W56, respectively, have been
described previously (14). A type IIS R/M system on plasmid
pTR2030 from L. lactis subsp. lactis ME2 has also been se-
quenced (16). It consists of an m6A methylase and three open
reading frames (ORFs) involved in the LlaI restriction activity.
Furthermore, plasmid pTR2030 codes for an abortive infection
mechanism (11).
L. lactis subsp. cremoris W56 has previously been isolated

from the Danish mixed cheddar starter TK5 (9). It was shown
that L. lactis subsp. cremoris W56 harbors at least three plas-
mids, pJW563, pJW565, and pJW566, which encode distinct
R/M systems (10). Only L. lactis subsp. cremoris W56 and the
transformant L. lactis subsp. cremoris MG1614(pJW563), and
not transformants harboring plasmid pJW565 or pJW566, ex-

pressed type II activity (15). A restriction endonuclease, des-
ignated LlaBI, from L. lactis subsp. cremorisW56 was purified
and its recognition sequence was determined (14).
In this study, the genes coding for the LlaBI system from

L. lactis subsp. cremorisW56 were cloned and their nucleotide
sequences were determined. The bacterial strains and plasmids
are listed in Table 1. Lactococcal strains were grown at 308C
in M17 medium (Oxoid) supplemented with 0.5% glucose
(GM17) and with 5 mM CaCl2 when phages were used. Trans-
formations were performed as described by Holo and Nes (8),
with the transformants selected on agar medium with 10 mg of
chloramphenicol per ml or 2.5 mg of erythromycin per ml. The
antibiotics were purchased from Sigma Chemical Co. Esche-
richia coli was grown at 378C in LB broth (17) supplemented
with chloramphenicol, erythromycin, tetracycline, or ampicillin
at 10, 50 to 250, 12.5, or 100 mg/ml, respectively, when re-
quired. The isometric-headed phage jj50 (10) and the prolate-
headed phage c2, both with double-stranded DNA (11), were
propagated and titrated by the method of Terzaghi and Sand-
ine (19). Plasmid DNA was extracted from L. lactis strains by
the method of Andresen et al. (2). Subcloning and nucleotide
sequencing were performed by standard DNA techniques (17).
A restriction map of plasmid pJW563, which expressed

LlaBI activity, was constructed (Fig. 1). When direct cloning of
the entire R/M system was attempted in E. coli XL1Blue or
HB101, only plasmids with deletions were found (data not
shown). Thus, pJW563 was cloned only in L. lactis subsp.
cremoris MG1614.
Because of difficulties in cloning the entire system in L. lactis

subsp. cremorisMG1614, a decision was made to determine the
location of the genes for the R/M system on plasmid pJW563.
A chloramphenicol resistance cassette was inserted into one
of the ClaI sites, resulting in plasmid pJWC1. L. lactis subsp.
cremoris MG1614(pJWC1) expressed R/M activity similar to
that of the wild-type plasmid. Deletion of the 1.2-kb BclI frag-
ment from pJWC1 resulted in plasmid pJWC2, which showed
neither endonuclease nor methylase activity (Fig. 1). When an
erythromycin cassette was inserted into the unique BglII site in
plasmid pJWC1, the transformant L. lactis subsp. cremoris
MG1614(pJWE1) did not express any LlaBI endonuclease ac-
tivity or phage resistance. However, phages propagated on
L. lactis subsp. cremoris MG1614(pJWE1) were not restricted
by L. lactis subsp. cremoris MG1614(pJW563), showing that
pJWE1 expressed methylase activity. All these results indi-
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cated that the endonuclease gene was located near the BglII
site, whereas at least part of the methylase gene was located on
the 1.2-kb BclI fragment.
The entire R/M system was then cloned in shuttle vector

pSA3 on a 4.0-kb HindIII fragment containing the BglII and
BclII sites, resulting in plasmid pSNB1. L. lactis subsp. cremoris
MG1614(pSNB1) transformants expressed both LlaBI endo-
nuclease and methylase activity (data not shown) and re-
stricted phage jj50 with an efficiency of plaquing of 1024 and
phage c2 with an efficiency of plaquing of 1023. This demon-
strates that the genes encode both the endonuclease and the
methylase from the LlaBI R/M system and that they can be
cloned and used to increase phage resistance in Lactococcus
strains.
When the 4.0-kb HindIII fragment in pBluescriptIISK1 was

used to transform E. coli XL1Blue, only plasmids with deleted
inserts were obtained, indicating that the endonuclease and/or

methylase expression may be lethal to E. coli XL1Blue. Addi-
tionally, since the HindIII1-BglII fragment was also difficult to
clone, it is probably the methylase which caused this apparent
lethality in E. coliXL1Blue, because of the presence of the Mrr
restriction system, which restricts methylated DNA (22).
The nucleotide sequence of 3,476 bp in the 4.0-kb HindIII

fragment containing the LlaBI R/M genes was determined and
analyzed as shown in Fig. 2. ORF1 was 1,740 bp and predicts
a protein of 580 amino acids (65 kDa), while ORF2 was 897 bp
and predicts a protein of 299 amino acids (33 kDa). The in-
activated BglII site in plasmid pJWE1 (Fig. 1) was located
in ORF2, showing that ORF2 codes for the endonuclease
R z LlaBI. The deleted 1.2-kb BclI fragment (positions 1305 to
2520) in plasmid pJWC2, spanning 856 bp downstream in
ORF1, shows that ORF1 codes for the methylase M z LlaBI. A
secondary structure indicating a putative terminator structure
with a 13-bp inverted repeat sequence (DG 5 216.9 kcal [ca.

FIG. 1. Maps, R/M activities of pJW563 and its derivatives, and the products of the LlaBI genes. Plasmids are shown linearized by cleavage at an XhoI site; pJW563
is a wild-type plasmid. The positions of the putative ORFs and the direction of transcription are indicated (arrows). The putative sizes (in amino acids) are indicated
for the methylase and the restriction endonuclease. Bc, BclI; Bg, BglII; C, ClaI; E, EcoRI; H, HindIII; X, XhoI.

TABLE 1. Bacteria and plasmids used

Strain or plasmid Relevant characteristicsa Reference
or source

Strains
L. lactis subsp. cremoris
MG1614

Plasmid-free derivative of L. lactis subsp. cremoris 712 7, 21

E. coli XL1Blue Transformation host; mrr1 Stratagene Ltd.

Plasmids
pJW563 Resident plasmid of W56; R1/M1; 11.5 kb 10
pSA3 Shuttle vector; Cmr Tcr Emr; 10.2 kb 3
pBluescriptIISK1 Cloning vector for sequencing; 3.0 kb; Apr Stratagene Ltd.
pUC7,erm pUC7 V(1.1-kb HinPI pIL253 erm) W. M. de Vos
pJWC1 pJW563 V(4.0-kb cam cassette from pVC5 [21]) in ClaI site; R1/M1; Cmr Anne Gravesen
pJWC2 pJWC1 D(1.2-kb BclI fragment); R2/M2; Cmr This study
pJWE1 pJWC1 V(1.1-kb erm cassette from pUC7, erm) in BglII site; R2/M1; Cmr Emr This study
pSNB1 pSA3 V(4.0-kb HindIII fragment from pJW563) This study

a Apr, ampicillin resistance; Cmr, chloramphenicol resistance; Emr, erythromycin resistance; Tcr, tetracycline resistance.
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FIG. 2. Complete nucleotide sequence of the 3,476 bp of the 4.0-kb HindIII fragment containing the LlaBI R/M enzyme genes. Nucleotide positions are numbered
consecutively starting at the left HindIII site (H1, Fig. 1). The restriction endonuclease (nucleotides 2234 to 3131) is encoded by the top strand; the modification enzyme
(nucleotides 191 to 1931) is encoded by the bottom strand. Promoter sequences (210 and 235), Shine-Dalgarno sequences (S.D.) (underlined), stop codons (p), and
translation start codons (boldface and gene designations) are indicated. The deduced amino acid sequences for both proteins are also shown. The amino acids are
aligned with the first nucleotide of each codon. Motifs I (boldface) and IV (underlined boldface letters) are also indicated.
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FIG. 2—Continued.
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270.7 kJ]) was found downstream of the methylase gene with
a 2-bp overlap. The results show that the LlaBI R/M system
consists of two divergently transcribed genes encoding a meth-
ylase, M z LlaAI, and an endonuclease, R z LlaAI.
No primary sequence similarities between the restriction

endonuclease R z LlaBI and the corresponding methylase M z
LlaBI or other type II restriction endonucleases were found.
As shown in Fig. 2, the deduced amino acid sequence of
M z LlaBI has all the characteristics of subclass g of the m6A
methylases: a motif I, a short variable region (14 amino acids),
and a motif IV with asparagine in the first position (NPPY)
(23).
During the cloning of the LlaBI system, it was found that

subclones of pJW563 containing fragments of the LlaBI meth-
ylase were not resistant to PstI restriction, although plasmid
pJW563 was resistant to digestion by the PstI restriction endo-
nuclease (data not shown). The PstI endonuclease recognizes
59-CTGCA2G-39 and cuts as indicated by the arrow. LlaBI
can recognize the same sequence, 59-C2TGCAG-39 (and 59-
C2TATAG-39), but cuts the recognition sequence at a differ-
ent position (LlaBI generates 59 overhangs while PstI yields 39
overhangs). This indicates that the adenine in the PstI recog-
nition sequence has been methylated by the LlaBI methylase.
This reinforces the assumption that M z LlaBI is an m6A meth-
ylase.
Preceding the LlaBIR gene, and in the same direction, sev-

eral putative small ORFs were found. ORFX, of 30 codons
(Fig. 2), was the largest and may code for an inhibitory peptide
preventing endonuclease subunit association, as found for the
PvuII R/M system (1).
The high C1G content in the recognition sequences of

ScrFI (59-CC2NGG-39) and LlaI (59-CC2WGG-39), in con-
trast to those of LlaAI or LlaDCHI (59-2GATC-39) and
LlaBI (59-C2TRYAG-39), may have a practical implication in
the use of these systems as phage defense mechanisms, since
lactococcal phage DNA has ,40% C1G (11).
The average G1C content of the LlaBI genes is 27.8%

(31.5% for R z LlaBI and 25.7% for M z LlaBI), which is much
lower than the 34 to 43% G1C content normally found in
lactococci as measured by determination of the melting tem-
perature (18). This may indicate that the LlaBI R/M system
originates from a genus other than Lactococcus or that it is an
inherent feature of particular R/M systems. Genes coding for
the phage resistance mechanism abortive infection in L. lactis
also have been found to have a low G1C content (26 to 29%)
(5).
Nucleotide sequence accession number. The nucleotide se-

quence (3,476 bp) of pSNAI has been deposited in the EMBL
Nucleotide Sequence Database under accession no. X97263.
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