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Abstract

The complete genome sequence of a Lactobacillus temperate phage dgle was established. The double-stranded DNA is composed
of 42 259 bp, and encodes for sixty-two possible open reading frames (ORF) as well as several potential regulatory sequences.
Based on comparative analysis with other related proteins of the Lactobacillus and Lactococeus phages as well as the Escherichia
coli phages (such as lambda), functions were putatively assigned to several ¢gle ORTFs: eng and ¢pg (encoding for repressors), fiel
(helicase), nzp (NTPase), and several ORFs (e.g., minor capsid proteins). An about 1000-bp DNA region of ¢gle containing cpg
and cng was inferred to function as a promoter/repressor system for the ¢pgle lysogenic and lytic pathway.
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1. Introduction

Prevalence of lysogeny in various lactic acid bacteria
has been reported (Davidson et al.,, 1990), and several
temperate phages have been investigated in detail: e.g.
the Lactobacillus gasseri phage ¢padh (Fremaux et al.,
1993), the Lactabacillus bulgaricus phage mv] and mv4
(Dupont et al., 1995), and the Lacrococcus lactis phage
¢LC3 (Lillehaug and Birkeland, 1993), Tuc2009 (Van
de Guchte et al., 1994), BK5-T (Boyce et al.,, 1995),
and rlt (Van Sinderen et al., 1996). Unlike the
Escherichia coli temperate phages such as lambda
(Campbell, 1994), informations on the phages of lactic
acid bacteria are sull insufficient at molecular level;

Abbreviations: aa, amino acids; attP, phage attachment site; bp, base
pair(s); eng, ORF encoding cro-like repressor (Cng); epg, ORI encod-
g Cl-like repressor (Cpg); fief, ORF encoding helicase-like protein
(Hel }; hol, ORF encoding holin (Hol); int, ORF éncoding integrase
(Int): kb, kilobase(s) or 1000 bp; kDa, kilodalton; LB, Luria-Bertani
(medium); MMC. mitomycin C; /ys, ORF encoding lysin (Lys); nip,
ORF encoding NTPase-like protein (Ntp); ORF, putative open read-
ing frame; PAGE, polyacrylamide gel electrophoresis; SDS, sodium
dodecyl sulfate; T7, possible secondary structure; xis, gene encoding
excisionase (Xis); YT, Yeast-Triptone (medium); UV, ultraviolet.

structures, functions, and expressions of their gene pro-
ducts mostly remain to be elucidated.

Recently, we isolated a new Lactobacillus temperate
phage ¢gle, which has a small isometric head with a
diameter of 63 nm and a non-contractile tail of 260 nm,
and have sequenced its several genes, specifying [our
major capsid proteins (Kakikawa et al., 1996), lysis
proteins (holin, and lysin; Oki et al., 1996a), and recom-
bination proteins (excisionase and integrase; Kakikawa
et al., 1997).

In this study, we established the whole genome
sequence (42259 bp) of ¢gle. In the ¢gle double-
stranded DINA, sixty-two possible ORI's were dctected.
Based on comparative analysis with other related pro-
teins of the Lactobacillus and Lactococcus phages as
well as the Lscherichia cofli phages, possible functions
were assigned to several pgle ORFs encoding for repres-
sors (Cpg and Cng), a helicase, an NTPase, and minor
capsid proteins. An about 1000-bp DNA region of ¢pgle,
containing the two repressor ORFs, was inferred to be
involved in a genetic switch for the ¢gle lysogenic and
lytic pathway.



2. Materials and methods
2.1. Buacteria, phage, and plasmids

The Lactobacillus strain Gle and its temperate phage
dgle were from our laboratory stock. They were propa-
gated in M 17 medium, and the ¢gle DNA was extracted
from virion particles as described previously ( Kakikawa
ct al., 1996, 1997). The L. coli vector plasmids (pUCIS,
pUC1Y, pUCILIE, and pUCI19) and phages (M13mpl8
and M13mpl9), and their host XL1-Blue were from our
laboratory stock, and were propagated using LB or 2YT
medium as described by Oki et al. (1996a,b).

2.2. Analysis of DNA

Random libraries of ¢gle DNA fragments derived
with several restriction enzymes (e.g. EcoRI) were con-
structed using £ eoli vector plasmids (e.g. pUCI8) as
described previously ( Kakikawa et al., 1996, 1997; Oki
et al.,, 1996a,b). Recombinant plasmids thus constructed
were introduced into E coli XLI1-Blue by
Ca?*-dependent transformation or electroporation
(Taketo, 1996). Using these random libraries, various
deletion clones were generated by exonuclease digestion,
and were sequenced as described previously ( Kodaira
et al., 1996). All other procedures were performed as
described by Kodaira et al. (1996).

2.3. Enzymes and biochemicals

Restriction enzymes, phage T4 DNA ligase, and alka-
line phosphatase (calf intestine) were purchased from
Takara Shuzo (Kyote) and Nippon Gene (Toyama).
[0-**P]dCTP was from NEN ( USA). All other materials
were as described previously by Kodaira et al. (1996).

2.4, Induction of pgle

Induction by UV light was performed as described by
Mckay et al. (1973). Cells of Gle were grown in M17
broth at 30°C for 10 h. The bacteria were collected by
centrifugation at 5000 x g for 10 min and resuspended
in 1/20 volume of 0.85% saline. The cell suspension was
irradiated for a period (from 10 to 50 s) using 15 W
germicidal UV lamp held 37.5 cm (220 pW) above the
cell suspension. The UV-irradiated cells were inoculated
into M17 broth and incubated in darkness at 30°C.
Lysis of the cells were monitored by measuring the
change in absorbance at 660 nm (Agep). For MMC
induction, cells of Gle were grown at 30°C in M17
broth. When the A, of the culture had reached 0.25,
mitomycin C (MMC) was added Lo a final concentration
of 5.0 pg/ml. After incubation for 20 min at 30°C, the
cells were harvested by centrifugation and then sus-

pended into fresh medium. Lysis of the cells were
measured as in UV-induction.

3. Results and discussion
3.1, Cloning and sequencing of the pgle genome

¢dgle has a double-stranded DNA genome of about
42.2 kb, and whether or not ¢gle has a cohesive or
redundant end is presently under investigation. In the
dgle genome, several regions (15127 bp, see above)
have been already sequenced (Kakikawa et al., 1996,
1997, Oki et al., 1996b; sce Fig. 1). In this study, the
¢gle genome was completely covered by random librar-
ies with various restriction enzymes (e.g. EcoR1) cloned
into several E. cofli vector plasmids such as pUCI118
(Section 2). After constructing various deletion clones
from the random libraries (data not shown), the ¢gle
whole genome sequence was established as described in
Section 2. The sequence analyses (this and previous
studies) have revealed that the ¢pgle genome consists of
42 259 bp (EMBL accession No. X98106), and its total
G+C content is 43.1%, which is higher than that
(35.5%) of the Lactococcus lactis phage rlt (Van
Sinderen et al., 1996).

3.2. ORFsencoded by pgle

As summarized in Table 1 (see also Fig. 1), ¢gle has
sixty-two possible ORFs. Eight ORFs of them are
encoded on one strand (designated as L-strand), and
other fifty-four ORFs are located on the complementary
strand (R-strand). These predicted ORFs (except three
ORFTs, Lorf100, Rorf125, and Rorf232) are preceded
by a potential Shine and Dalgarno (SD) sequence
(Table 1), which is in good agreement with SD con-
sensus  found in  Lactobacillus  (5-AGGAGG-3)
and  Lactocoecus  (5-ACGAAAGGAGGT-3) species
{Pouwels and Leer, 1993; Schouler et al., 1994; Matern
et al., 1994). In the two ORFs, Rorf167 and Rorf281,
UUG may be used as a start codon, as predicted in the
Lactococcus virulent phage bIL67 (Schouler et al., 1994).
Based on comparative analysis with other putative pro-
teins of the Lactobacillus and Lactococcus phages as
well as the Escherichia coli phage lambda, functions
were assigned to several ¢gle putative ORFs (Table |
and Tig. 1): ¢pg and cng (encoding for repressors), hel
(helicase), nip (NTPase), and several other ORFs (e.g.
minor capsid proteins). Properties of these ¢pgle proteins
thus deduced will be discussed below.

3.3. cpgandcng

The putative ORF, ¢pg, speeifics a 132 amino acids
product (termed Cpg) (Fig. 2), and is preceded by
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Fig. 1. Genome organization of dgle. The double-stranded DNA of the dgle genome (double thick lines} was shown linearizing at one site of EcoR1
together with dgle ORFs (in the details, Table | and text) predicted from sequence analysis (EMBL accession No. X98106). The putative ¢pgle
ORFs were represented by arrows or arrowheads above or below the ¢ggle DNA depending on their orientation. A putative promoter region
required for the lysogenic and lytic pathway was shown by a broken box (see text and Fig. 2), A vertical arrow shown by att* points out a ¢gle
attachment site (Kakikawa et al., 1997), DNA regions homologous to those of the Lactococeus phage BK5S-T (Boyce et al, 1995) and the
Lactobacillus phage LL-H (Mikkonen and Alatossava, 1994) were indicated by ‘BK3-T-like' and ‘LL-H-like’, respectively. Five DNA regions
reporfed previously (see text) were shown by dotted boxes with their EMBL accession numbers ( X90510, X90511, X90512, X90513 and X90514).



Table 1
ORFs of the Lactobacillus phage dgle!

ORF? Ribosomal binding site Predicted Muss Predicted features
product (aa) (kDa)

j Lorf59 gtttcGGAGta..caataaaaATC (59) 6.7

2 Tacfl0f  m s s s e EE v ATG (100) 1.2

3 Lorfl66 cAtgAGGAGGT . .gaataatallG (166) 19.2

4 g AGAAAGGAGEG.. ... gtactATG CUpe (132) 15.1 Helix-turn-hehx

5 Lorfi43? AaAAAGtAGGT....gtttacATG (143) 16.3

6 Lorf304° AatttGGAGGa...gtaaataATG (304) 335

F xis? CGAAAGGATGT....gltLtytATG Xis (66) 7.6 Exicisionase

8 int” AGtttGGAGGg..ataaaaacATG Int (391) 455 [41.0] Integrase

9 cng gaAttGGAGGT....gcaaaalATG Cng (88) 10.1 Helix-turn-helix

o Rorf49 AcAMAGGAGGEC . ...agcaaalATG (49) 53

i1 Rorf58 gacgAGGAaGe.tttatatcalATG (58) 7.1

12 Rorf184 tGAAAGGEGGT. ... .gatggaATG {184) 20.7

13 Rarf117 AGYAAGGAGTg....atataaATh (117) 117

14 Rorfla7 cctActGAGGa. .agagctgallG (167) 19.6

15 Trel caAAAGGATga....taaaccATG Hel (220) 249 NTP-binding

16 Rorf224 gcAAAGGAGeca...aaataaaATl6 (224) 23.6

17 Ruif242 gcAcAGGAGtg.....attagATG (242) 283

18 Rorf262 gtAAAGGAGGT....gtagatTTG (262) 29.7

19 nip tcAAQGGAGG. .cacaaacatATG Ntp (280) 31.2 Zo-finger, NTP-binding

20 Rorf 166 ttAgcGGgGGT. .gctgtctcATG (166) 19.1

21 RofldS s R Sl $hEEa £ v ATG (125) 14.3

2 Rorf76 gttAcGGAGGg. ... tgttaaATG (76) 9.0

23 Rarf43 gacAAGGgGGa....ttagatATG (43} 4.8

24 Rorfiod tcgAtGGAGGY. ... ... CcQaATG (161) 18.9

25 Rorf5i ttcggGGAGGa....ttaaatATG (51) 5.4

26 Rorf32 ttecyygGGAGGa. ... LLtygaaaATe (52) 5.7

27 Rorf1i5 tGAttGGAGaT...ggcgacgATG (115) 13.0

28 Rorf72 ctActGGAGGE....ggacaaATG (73) 8.4

2 Rarf72 AtAcAGGAGGc....gttgaaATG (72) 8.1

30 Rorf95 ctAtAGGAGGG....aacaacATG (95) 10.9

31 Rorf147 AGcgAGGAGtg. .gcgggataATe (147) 17.2

32 Rorf28] AagcccGgGGTecgaaaccgggettTTG (281) 2.6

i3 Rorf 92 tAcAAGGAcaa..gaagcgtcGTG (92) 10.4

4 Rorfi72 AaAAcCGGAGGTgtGGLEGTatgtaATG (172) 19.2

35 Rorf447 AtgtgGGAGGC...atggacgATE (447) 525

36 Rorf508 AGALUGLAGGT....galtaaATG (508) 56.9 (Minor virional protein)

37 Rorf347 taAAcGGtGGT..gatggtgaATG (347) 392 [41.2]  (Minor virional protein)

38 Rorf84 AatAtGGgGGT..... gcacgATG (84) 9.2

39 Rorf204 cgttAGGAGecg..,,.attgacATG (204) 22.4 {Miner vitional protein)

40 G? AaAAAGGAGGe...catatcaATG epG (351)  [3:30) 377 [43.0]  Major virional protein

41 Rorf142 gaAttGGAaGT....gattagATG (142) 15.7 (Minor virional protein)

42 Rorf 1170 AGtAgGGcGGT.gagetaccgATe (117) 13.2 (Minor virional protein)

43 Roef1i7h gaActGGAGGT. ... .gctgtgATG (117) 13.5 (Minor virional protein)

44 Rorf135 ActAAGGGGaT....gangtgATE (135) 14.9 (Minor virional protein)

45 i AGgAAGGAaGTagttacaaaaATG pP (178)  [177] 18.8  [26.0]  Major virional protein

46 Ror/ 143 taAtAGGAGGa...alttatlATG (143) 16.9 (Minor virional protein)

47 Rorf198 AcghAGaAGaa.gtgatgtgaATG {198) 22.5 (Minor virional protein)

48 Rorf1608 gcAAAGGAGGY. ..atagtccATG {1608) 172.8 {Minor virional protein)

49 Ror[269 AGAAQGGAGGT..ttgcattaGTG (269) 30.2

30 Rorf372 tactAGGAGGc...ttttgacATG (372) 411

51 Rorf100 ctggAcaAGGT........ agGTG (100) 10.6

52 Rorf282 AcgAAGGAaGg..ggatagcgATG (282) 30.5

53 Iig AaAAAGGAGag...tgattgaATG apB (602) 67.0  [64.0]  Major vinonal protein

54 ot tactAGGAGGT.gatttaaatAlG gpO (261) [260] 286 [290]  Major virional protem

55 Rorf50° cAAAGGAGGca...gttaataATG (50) 54

56 Rorf118° AtAAtGGAGat..gatggaatGTG (118) 13.1

57 hol* ttAAAGGAGTg....gaagtaATG Hol (142) 14.2 Haolin

58 Iys® cGgAAGGAGGe...agtacgaGTG Lys (442) 484  [48.0]  Muramidase

59 Rorf175° tGAAAGGAGac....gtcacaATG (175) 20.1 {Membrane-binding)

60 Rorfl48 AGAAAGGAEGT...cttaaaalATG (148) 17.0 Arginine-rich

6l Rorf192 AaAAgGGAGaT....tataaaATG (192) 216

62 Rogfd3d: oz ssevps shein we adears & ATG (232) 258

16s IRNA 3~ ucuuyuccucca -5

'See the text for the details; *ORFs were numbered from | to 62 (see Fig. 1):*Kakikawa et al. (1997); *Kakikawa et al. (1996); *Oki et al,
(1996a). In Kakikawa et al. (1996), ORFs Rorf204, Rorf142, Rorf135, Rorf143, Rorf282, Rorf50 have been named RorfUl, RorfU2, RorfU3,
RorfUd, RorfUS, RorfUs, respectively. aa, amino acids, Mass, molecular weight from DNA sequence, | ], deduced from protein sequence or SDS
PAGE (Kakikawa et al., 1996, 1997; Oki et al., 1996a).
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Fig. 2. DNA sequence surrounding the dgle eng and cpg ORFs. A DNA region of 1000 bp containing cng and cpg (see Fig. 1) was shown with
their deduced amino acid sequences (EMBL accession No, X98106). Asterisks, stop codons; bold italic lower letters, putative ribosome binding
sites {R. B.); arrows, inverted repeats. The seven GATAC-boxes (for the details, see the text) were enclosed rectangularly. —35 and — 10, potential
mRNA promoter sequences.



promoter/operator-like sequences (in the details, see
below). Cpg bears a significant resemblance to other
presumed SOS-related repressors of the Lactococeus
phages Tuc2009 (Van de Guchte et al., 1994), BK5-T
(Boyce et al., 1995), and rlt (Van Sinderen et al., 1996),
the lambdoid phages lambda, P2, P22, and 434 as well
as the F£. cofli proteins LexA (Ljungquist et al.,, 1984;
Saha et al., 1987) and LacR (Pabo and Saucr, 1984),
although the size of dgle Cpg is shorter than those of
other repressors.

The N-terminal domain of ¢gle Cpg resembles that
of the lambda repressor family, and contains a potential
helix-turn-helix  motif implicated in DNA binding
(Fig. 3). In the well characterized repressor of lambda
Cl or E. coli LexA, its C-terminal region has two key
amino acids, Ser and Lys, which have been proposed to
function in RecA-mediated cleavage (Sauer et al., 1990;
Kim and Little, 1993). ¢gle Cpg contains two corre-
sponding residues, Ser-101 and Lys-131 (see Fig. 2). The
C-terminal halves of LexA and Cl contain one more
common amino acid stretch, Ala-Gly, constituting the
site of RecA-mediated cleavage (Sauer et al,, 1990; Kim
and Little, 1993). Unlike other repressors, ¢gle Cpg is
devoid of such Ala-Gly residues in its C-terminal half
(Fig. 2). As shown in Fig. 4, ¢gle was induced by UV
as well as MMC. Like lambda, the ¢gle induction by
UV or MMC seems to be dependent on a host SOS-
related pathway(s), but its molecular mechanism may
be different from that of lambda, as predicted in 186
(Lamont et al., 1989).

The deduced e¢ng protein (Cng) is composed of 88
amino acids (Fig. 2). Its N-terminal half shows sim-

ilarity (38% identity) to that of Cpg (see above), and
contains a potential helix-turn-helix motif (sce Fig. 3).
In addition, Cng resembles (33% overall identity) the
lambda Cro repressor (Anderson et al., 1981), as well.

3.4. hel and ntp

Four putative proteins cncoded by Rorf184-
Rorfl17-Rorf167-hel, localized about 1000 bp down-
stream of eng (Fig. 1), show similarity (28, 37, 30, and
34% overall identities, respectively) to those of four
putative ORFs (ORF266-ORF111-ORF169-ORF234)
of the Lactococcus phage BK5-T (Boyce et al., 1995).

In ¢gle, the deduced proteins of Hel (220 amino
acids) and Ntp (280 amino acids) contain so called
NTP-binding-like sequences. The NTP-binding proteins
reported so far have two highly conserved regions
(known as domains A and B) accompanied by an
additional motif(s) such as C, la, 11, and/or IV, and
have been classified putatively into several superfamilies
(Hyiana et al., 1992): e.g., UvrA-related ATPases (con-
taining A-II-B-IV motifs); DNA and RNA helicascs
such as T antigen of SV40 (A-B-C); DnaB-associated
helicascs such as bacterial DnaB protein (A-l1a-B). dgle
Hel (as well as BK5-T gpORF234) carries A-la-B-like
regions in the N-terminal half (Fig. 5A). On the other
hand, ¢égle Ntp has A-B-C-like sequence in the
C-terminal half, in addition to a Zn-finger-like motif,
located in its N-terminus (Fig. 5SB). Hel (as well as
gpORF234) may be related to a DnaB-helicase for DNA
replication, and Ntp may be involved in morphogenesis,
as a subunit ol a lerminase.

al —> {l—— a2 —> < a3 >
$gle Cpg t8aa k|T afd|E v 4 K|s[t 6 1 s]e[a]r y[s]n[L & N]e[r v E Pl
A CI J0aa 1(S Qfe|S V A|d k n|G|n g 9 s g|V]g alL|f|{N Gli|Nla 1 n
A CII 23aa 1 g t e k t|Aje a v|Gfv d k s g i|S|rwkrdwdipkH t
P2 C 17aa 1[s|r a q 1]a tfefv v g[r]1s|y v[e]s[a &]s t[p]e
P22 c2 18aa 1 rfQja a 1 g lVGVﬂHV&iSqH r set n
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P22 Cro dir a G S e
434 Cro lﬁaauTutE G a gvithkrep
E. coli LacRk Jaa v(T|1l vy d G Nqashv@

Fig. 3. Comparison of the putative helix-turn-helix structures of the ¢ggle ¢pg and eng products with those of other DNA-binding proteins. The
N-terminal amino acid sequences of ggle Cpg and Cng (this study) were compared with those of other DNA-binding proteins of the lambdoid
phages, lambda, P2, P22, and 234 as well as the E. coli LacR repressor protein (see for a paper, Pabo and Sauer, 1984): CI, CII and Cro, from
lambda; C and Cox, from P2; C2 and Cro, from P22; Cro, from 434. The helix-turn-helix motif was indicated by « 2-turn-o 3 (Pabo and Sauer,
1984). The amine acids of the putative ¢gle proteins homologous to those of other DNA-binding proteins were boxed.,
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Fig. 4, Induction of ogle by UV or MMC. (A) Gle cells were irradiated with an UV lamp, and their changes in absorbance at A, was measured
as described in Section 2. Irradiation periods were as follows: O, 0s; @, 5s; A, 15 B, 25 & ¥, 35 5. (B) MMC was added o early-log-phase
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Fig. 5. Putative DNA-binding motifs of the dgle hel and aip products. The NTP-binding motifs of Hel and Ntp were shown together with those
found in the putative ORF234 product of the Lactecoccus phage BKS-T (Boyce et al., 1995). The NTP-binding motifs and the Zn-finger referred
in this study were derived from Gorbalenya et al. (1992), Koonin and Gorbalenya (1992) and Ilyiana et al. (1992).



3.5. ORFs for minor capsid proteins

The ¢gle virion particles consist of four major and
more than sixteen minor proteins ( Kakikawa ct al.,
1996). As shown in Fig. I (see also Table 1), an about
22-kb region of ¢gle genome contains twenty-three
consecutive ORFs from Reorf281 to O, including the
four major proteins (Kakikawa et al, 1996).
Immediately upstream of Rorf281, there is a noncoding
region of about 600 bp rich in secondary structure,
repeated sequence, and promoter-like sequence (data
not shown), whereas O is followed by a potential rho-
independent mRNA terminator (Kakikawa et al., 1996;
Oki et al., 1996a).

In twelve consecutive ORFs from Rorf308 to Rerf198
(Fig. 1; Table 1), their putative proteins show similarity
(from 29 to 49% overall identity) to other predicted
capsid proteins of the Lactobacillus virulent phage LL-H
as well as the Lactobacillus temperate phage mv4
(Mikkonen and Alatossava, 1994). For example, the
identity between gpRorf117a ($pgle) and gpORF118
(LL-H) is 49%. These comparative results suggest that
the ¢gle proteins specified by the 22-kb rcgion arc
capsid components.

3.6. Putative promoterfrepressor system

As shown in Fig. 2, a ¢gle genome region of about
1000 bp, which contains cng and epg (see above), carries
seven homologous inverted sequences with a 15-bp
consensus (termed GATAC-box) of 5-GATAC(a/t)
tla/t)(a/t)(a/t)GTATC-3". The boxl is situated within a
Y-region of eng rich in complicated secondary structure,
and its R-strand is accompanied by an mRNA-pro-
moter-like sequence. Other five consecutive boxes,
box2-(19  bases)-box3-(14)-box4-( 13)-box5-(6)-boxo,
are positioned in an intergenic region between ¢ng and
epg. The two boxes 3 and 5 are accompanied by a
possible mRNA promoter, on the R-strand and the
L-strand, respectively. On the other hand, the box7 is
localized just downstream of ¢pg. Like the lambda
Cl/Cro system (Campbell, 1994), these GATAC-boxes
of ¢gle may function as an operator, and may be
recognized by Cpg and/or Cng (see above).

Further studies on structure, expression and function
of the dgle genes are currently in progress.
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