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Summary. The genes that encode the morphogenetic proteins of bacteriophage
A2 are clustered and expressed as a single operon which originates a late transcript
of more than 20 kb. This DNA stretch is analyzed in the context of the whole phage
genome, which presents the following peculiarities: a) the head presents two major
proteins that share their NH2 termini, i.e.: both are translated from a single gene
(orf5), b) these two proteins suffer a proteolytic maturation process before being
incorporated into the capsid, rendering a 123 NH2 terminal putative polypeptide
that is postulated to be the scaffolding protein of the phage, c) similar maturation
processes occur at the portal and tail length determination proteins, having all
in common a Pho-Pho-Arg↓ sequence (where Pho stands for any hydrophobic
amino acid) at the processing point, d) the genes encoding the subunits of the
terminase (orf61 andorf2) are separated by the cohesive ends, e) two genes that
might mediate lysogenic conversion (orf19 andorf22) have been identified and f)
the genome presents a dispensable region (which covers at least 10orfs, as judged
from analysis of deletion mutants) that might be involved in maintaining its size
between the packaging limits of the capsid.

Introduction

In a couple of recent reviews new phylogeny based schemes for bacteriophage
classification have been proposed [6, 50]. These proposals are a consequence
of the fast growing number of phages whose genome sequence is completely
known, which allows evolutive analysis of their complete nucleotide and amino
acid sequences and permit mapping of gene clusters in relation to the whole
genome and prediction of the secondary structures of proteins judged to have
similar functions.



1052 P. Garc´ıa et al.

As a consequence of their interest, slightly more than 100 phage genomes have
been completely sequenced [50], being especially well represented those infecting
Escherichia coli and lactic acid bacteria (LAB). In this last case, the interest on
phages is a consequence of their role as a threat to food fermentation [1, 5, 11].
Phages infect the starter bacteria slowing the production of lactic acid, which
results in organoleptic defects and in shortening of the consumption period of
the final product. The problem is specially worrying for dairies due to the high
volumes of milk that are processed at the same time, to the relatively low number
of proficient bacterial strains used and to the production of aerosols, which act
as vehicles for phage dispersion. As a consequence, out of the 18 LAB-phage
genomes completely known, 17 infect organisms used as dairy starters, i.e.: six
infect Streptococcus thermophilus, nine develop onLactococcus lactis and two
grow on thermophilic lactobacilli [13, 32].

The temperate bacteriophageA2 was isolated from the whey of a failed cheese
fermentation, onLactobacillus casei 393 [25]. A2 probably belongs to the family
Siphoviridae being composed by an isometric head with a diameter of 60 nm and a
tail 280 nm long and 12 nm wide.The tail is ended by a basal plate with a protruding
spike of 28 nm (J. L. Caso, personal communication). The early functions of
the phage have been partially characterised; it is known for instance that, upon
infection, two divergently oriented promoters are constitutively expressed. One of
them, PL, governs expression of the lytic cycle repressor gene,cI, while the other,
PR, directs expression of thecro repressor gene and of the replication module of the
phage [20, 34, 35, 39]. Downstream ofcI lies the gene encoding the integrase that
mediates the recombination between the adjacentattP phage region and anattB
sequence located at the end of a tRNALeu gene [2]. Besides, the small terminase
subunit and thecos ends of the phage have been characterised [19]. The sum of
these DNA regions account for some 17 kb, i.e.: about 1/3 of the genome.

In this paper the structural proteins of A2 are characterized as a step towards
location of their determinants in the genome of the phage and determination of the
post-translational modifications suffered by some of them upon integration in the
virions. In this context, a detailed description of the phage genome is included (a
preliminary comparison of theA2 genome with those of other phages has appeared
recently) [48].

Materials and methods

Bacterial strains, plasmids and bacteriophages

Lactobacillus casei ATCC 393 was used to propagate bacteriophage A2 on liquid MRS
(Oxoid) supplemented with 10 mM CaCl2 and 10 mM MgSO4 (MCM) at 30◦C, without
aeration. Plaque enumeration was on solid MCM (1.5% agar) covered by semisolid medium
(0.7% agar).Escherichia coli XL1-Blue was used as recipient for pUC18 plasmid construc-
tions [57]. It was propagated in 2xTY broth or 2xTY broth solidified with 1.5% (w/v) agar [51]
at 37◦C under agitation. Ampicillin (100µg/ml), IPTG (0.5 mM) and X-Gal (40µg/ml) were
used when required. Deletion mutants of phageA2 were obtained as previously described [35]
through repeated treatments of phage suspensions with 10 mM sodium pyrophosphate.
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Nucleic acid analysis techniques

General techniques such as DNA electrophoresis and fragment electroelution were performed
by standard methods [51]. DNA related enzymes were obtained from Roche and used accord-
ing to the supplier’s instructions. Phage A2 DNA was extracted and purified as described
previously [54]. The QIAGEN Plasmid Mini Kit was used for plasmid DNA extraction.
E. coli was transformed by electroporation with a BioRad pulser apparatus [15]. PCR am-
plification was performed in a MiniCycler (MJ Research, Inc.) using the proofreadingPwo
DNA Polymerase (Roche) according to the instructions of the suppliers. PCR products were
purified using the QIAquick-spin PCR Purification Kit (QIAGEN). Large DNA templates
were amplified with the Expand Long Template PCR System (Roche). RNA extraction and
Northern blotting were performed as previously described [19].

DNA sequencing and analysis

A random library of the phage genome was established in pUC18 and DNA sequencing was
determined on both strands by the PCR cycle sequencing method [41]. Gaps in the sequence
were filled using PCR amplified segments or direct sequencing using the whole phage DNA
as a template. The Genetics Computer Group sequence analysis package (University of
Wisconsin, Madison, version 10.2) was used to assemble and analyze the sequences [14].
Nucleotide and predicted amino acid sequences were compared with those in the last ver-
sions of the data bases (GenBank, EMBL, PIR-protein, SWISS-PROT) using the BLAST
program [45]. The nucleotide sequence reported here has been submitted to the EMBL
Nucleotide Sequence Data Libraries under Accession Number AJ251789.

Purification of A2 virions and structural protein analysis

Phage A2 was purified through isopycnic centrifugation in continuous CsCl gradients [51].
Disruption of A2 virions and structural protein analysis was performed by heating CsCl-
purified phage suspensions at 70◦C for 15 min. After incubation at 37◦C with DNaseI, the
samples were centrifuged for 90 min through linear 13 ml 5% to 30% glycerol gradients at
35,000 rpm. Fractions were collected from the bottom of the tubes and analyzed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electron microscopy.
N-terminal amino acid sequencing was performed by automated Edman degradation.

Electron microscopy

Drops of the samples were applied onto Formvar-coated copper grids (300 mesh) and nega-
tively stained with 2% uranyl acetate. Micrographs were taken in a JEOL 2000 EXII electron
microscope at an acceleration of 80 kV with Agfa Scientic film plates.

Results

Structural proteins of A2 virions

Seven protein bands were visualized after SDS-PAGE of CsCl purifiedA2 particles
(Fig. 1, lane 2). Their apparent sizes ranged from 26 to about 150 kDa. Out of them,
three, with apparent sizes of 26, 35 and 42 kDa, were more abundant than the rest.
The bands were subjected to NH2-terminal amino-acid sequencing. Noticeably,
the two major bands of 35 and 42 kDa (B and C), presented the same amino ends,
indicating that they were probably the products of translation of a single gene.



1054 P. Garc´ıa et al.

Fig. 1. Proteins from purified A2 virions separated by SDS-PAGE (15%) and stained with
Coomassie brilliant blue (lane 2). Protein size standards are indicated in kDa (lane 1).

N-terminal amino acid sequences of the proteins detected are shown

Besides, only band F conserved its formyl-methionine. These data were used to
locate the corresponding genes in the A2 genome (see below).

To ascribe some of the structural proteins to the capsid or to the tail of the virion,
purifiedA2 particles (Fig. 2A) were dissociated by heating and centrifuged through
a glycerol gradient, which yielded enriched preparations of heads (Fig. 2B) and
tails (Fig. 2C). Analysis by SDS-PAGE showed an increase of bands B and C
in head enriched preparations with respect to band A, which was virtually absent
(Fig. 2D, lanes 3 and 4). These proportions were reversed in tail enriched fractions
(Fig. 2D, lanes 5 and 6), suggesting that the proteins included in bands B and C
were the most abundant components of the head while A would be the major
protein of the tail.

Analysis of the Lactobacillus caseibacteriophage A2 genome

The total circular length of the genome was determined to be 43,411 bp and its
total G+ C content is 44.8%, a value well in agreement with the 46% reported for
its hostLactobacillus casei [27].A total of 61orfs were identified (Fig. 3) by using
the following criteria: theorf should encode more than 50 codons, begin with an
AUG or GUG start codon, be preceded by an identifiable ribosomal binding site
(RBS) located at the appropriate distance to the initiation codon or the possibility
of translational coupling existed. Out of the 61orfs, 55 read from left to right
and six read from right to left. These sixorfs were mainly located in the early
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Fig. 2. Purification of bacteriophage A2 heads and tails.A micrographs of negatively stained
virions, B head enriched andC tail enriched fractions obtained from a glycerol gradient.
D SDS-PAGE of the fractions.1: complete capsids;3 and 4: head enriched fractions;5

and6: tail enriched fractions;2: size standards (values are as in Fig. 1)

gene region which is placed in the centre of the phage genome. The point of
divergence is located betweenorf23 andorf24, which correspond to the lambda
cI andcro homologues. In the intergenic region where theorfs converged (between
orf19 andorf20) a putative transcriptional terminator and the phage attachment site
(attP) were identified [2]. Other putative transcriptional terminators were detected
upstream of the lysis cassette and downstream of the replication module. The
genome was closely packaged, indicative of transcription through polycistronic
mRNAs and in some cases, severalorfs overlapped, suggesting that they might
be translationally coupled.

The deduced amino acid sequences of all the ORFs were compared with protein
sequences from available databases. Significant homologies are shown in Table 1
and are discussed below:



1056 P. Garc´ıa et al.

 

F
ig

.3
.

G
en

om
e

or
ga

ni
za

tio
n

of
ba

ct
er

io
ph

ag
e

A
2.

T
he

61
or

fs
ar

e
co

rr
el

at
iv

el
y

nu
m

be
re

d,
in

di
ca

te
d

by
ar

ro
w

s
pr

op
or

tio
na

lt
o

th
ei

r
le

ng
th

an
d

po
in

tin
g

to
w

ar
ds

th
ei

r
di

re
ct

io
n

of
tr

an
sc

ri
pt

io
n.

T
he

fu
nc

tio
na

l
cl

us
te

rs
ar

e
in

di
ca

te
d

on
to

p
of

th
e

sc
he

m
e.

T
he

tr
an

sc
ri

pt
io

n
te

rm
in

at
or

s
ar

e
in

di
ca

te
d

by
lo

op
s

w
hi

le
th

e
pr

ev
io

us
ly

ch
ar

ac
te

ri
ze

d
P L

an
d

P R
ea

rl
y

pr
om

ot
er

s
ar

e
sh

ow
n

w
ith

be
nt

ar
ro

w
s.

T
he

da
sh

ed
lin

e
be

lo
w

th
e

m
ap

in
di

ca
te

s
th

e
di

sp
en

sa
bl

e
st

re
tc

h
(u

nd
er

la
bo

ra
to

ry
co

nd
iti

on
s)

of
th

e
ph

ag
e

ge
no

m
e

as
de

te
rm

in
ed

th
ro

ug
h

th
e

an
al

ys
is

of
se

ve
ra

lm
ut

an
ts

sh
ow

in
g

1
to

3
kb

de
le

tio
ns

in
th

at
re

gi
on

[3
5]



Structural analysis of bacteriophage A2 1057

Table 1. General features of the open reading frames predicted from the DNA sequence of the bacteriophage
A2 and comparison with those stored in databases

orf/previous Molecular Predicted Predicted Putative RBS (capital letters ORF Organisms matched % Accession
name size start stop indicate matches with the 5′-end homology Identity number

(kDa) position position of L. casei 16S rRNA) (42)

1/Orf4 17 102 557 auuAGGAGGUgaagugggaaaug ORF2 L. casei PL-1 96 (78) S73384
ORF1 S. aureus PVL 35 (127) AB009866
ORF38 L. lactis bIL309 27 (120) AF323670
ORF40 L. lactis bIL286 25 (120) AF323669
putative L. lactis BK5-T 25 (120) AF176025
terminase
ORF161 S. thermophilus 31 (72) AF115102

φSfi19
2/Orf5 64.2 600 2291 uggcaaaauuuAAAGauccaaug terminase

large subunit
ORF2 S. aureus PVL 34 (564) AB009866
terminase L. lactis bIL309 31 (551) AF323670
protein 34 L. lactis prophage pi1 31 (551) AE006282
ORF623 S. thermophilus φSfi21 30 (548) AF115103
ORF623 S. thermophilus φSfi19 30 (550) AF115102
terminase L. lactis BK5-T 30 (552) AF176025

3 46.1 2500 3753 aacgAAgGGAGGUgagauuaaug portal S. aureus PVL 28 (399) AB009866
portal L. lactis bIL309 27 (341) AF323670
ORF397 L. gasseri φadh 24 (384) AJ131519
ORF24 S. thermophilus 7201 26 (374) AF145054
Portal S. thermophilus DT1 26 (329) AF085222
Portal E. coli HK97 19 (298) AF069529

4 23.6 3707 4336 auugAAgGGAGGUgauacuaaug ORF26 Bacillus φ105 48 (189) AB016282
ORF5a S. aureus PVL 40 (209) AB009866
protease L. lactis bIL309 40 (154) AF323670
protease L. lactis bIL312 37 (172) AF323673
protease E. coli O157:H7 35 (170) AE005328
ORF35 Streptomyces φC31 32 (191) AJ006589

5 43.6 4378 5580 aaaauAAGGAGGgucacuagaug major head
capsid L. lactis bIL285 32 (416) AF323668
capsid S. aureus PVL 22 (412) AB009866
capsid L. lactis bIL309 27 (382) AF323660
ORF27 Bacillus φ105 23 (360) AB016282
head L. gasseri φadh 24 (339) AJ131519
head L. lactis bIL286 25 (221) AF323669

6 11.2 5908 6207 aacaguuucAGGUucugaaaaug DNA-
packaging
ORF106 S. thermophilus φSfi21 27 (84) AF115103

7 16.9 6086 6526 ugaagcaAguGaGGaagacuaug head-tail
joining
ORF10 S. aureus PVL 26 (108) AB009866

8 14 6526 6912 acggcAAAGGcGGUgagcugaug head-tail
joining
ORF11 S. aureus PVL 34 (97) AB044554
ORF32 Bacillus φ105 30 (101) AB016282

9 13.1 6912 7256 uugaaggAAGGcGGgauguaaug head-tail
joining
ORF12 S. aureus PVL 34 (64) AB009866

10 21.7 7331 7939 ccuAAAGGAGGauuuuuaauaug major tail
ORF34 Bacillus φ105 31 (124) AB016282
ORF13 S. aureus PVL 23 (142) AB009866

11 8.5 8253 8474 uauaccuAAGGAGaUuaagcaug

(continued)



1058 P. Garcı́a et al.

Table 1 (continued)

orf/previous Molecular Predicted Predicted Putative RBS (capital letters ORF Organisms matched % Accession
name size start stop indicate matches with the 5′-end homology Identity number

(kDa) position position of L. casei 16S rRNA) (42)

12 173 8787 13652 ucuaugAAAGGAGGUaaaacaug tape measure
ORF1374 S. aureus φSLT 27 (567) AB045978
ORF15 S. aureus PVL 25 (536) AB044554
tail protein L. lactis bIL286 29 (474) AF323669
TMP L. lactis TP901-1 29 (429) AF304433
ORF48 L. lactis Tuc2009 28 (429) AF109874
tail protein E. coli O157:H7 25 (528) AP002559A

13 65.5 13653 15432 gAAGaAGGgggauuuucuaagug ORF16 L. lactis BK5-T 30 (116) AF176025
ORF53 L. lactis bIL286 33 (105) AF323669
ORF52 L. lactis bIL309 33 (105) AF323670
ORF512 S. thermophilus φSfi11 30 (70) AF158600

14 90 15507 17978 ucuuggcAGGAGGcauggcuaug host
interacting
ORF18 S. thermophilus DT2 26 (468) AF348739
ORF1291 S. thermophilus φSfi19 26 (456) AF115102
ORF1276 S. thermophilus φSfi21 26 (456) AF115103
ORF18 S. thermophilus DT1 25 (462) AF085222
ORF38 S. thermophilus 7201 30 (309) AF145054
ORF695 S. thermophilus φSfi11 38 (175) AF158600

15 11.6 17988 18311 cgcaguuuAGGAGGcuguuaug
16 13.2 18416 18766 gcaaauuAcAGGcaGUgacuaug ORF5 Dp-1 38 (63) Z93946
17 14.8 18780 19211 aaacugAAAGGAaugucaguaug holin L. lactis Tuc2009 45 (77) AF109874

holin L. lactis TP901-1 45 (77) AF304433
LysA L. lactis φLC3 44 (77) AF066865
ORF87 S. thermophilus φSfi21 48 (31) AF115103
holin S. thermophilus φSfi11 48 (31) AF158600
holin S. thermophilus φSfi19 48 (31) AF115102

18 37.4 19213 20265 uagugAGGAGGUaaaauaguaug lys Lactobacillus PL-1 90 (35) AJ251790
enterolysinA E. faecalis 66 (151) AF249740
lysin L. lactis r1t 42 (189) U38906
lysin L. monocytogenes A511 35 (203) X85010
autolysin S. pneumoniae 41 (104) AE007483

19 33.2 20388 21290 ugaAgAGGAGGUgguucaaaaug
20/Int 43.8 22876 21721 uuacAcAGGAGGgcaauaauaug integrase Lactobacillus φg1e 33 (333) X90510

integrase L. oenos 10MC 34 (337) U77495
integrase L. lactis bIL309 27 (380) AF323670
ORF359 S. thermophilus φSfi21 29 (376) AF115103
ORF1 S. thermophilus 29 (376) U88974

φO1205
integrase L. lactis BK5-T 26 (388) AF176025

21/Xis 8.8 23182 22952 cggcucucGAauUcuagaaaaug
22/OrfA 24.4 23720 23043 gauuuuuuuGGAGGggaauaaug ORFtxe3 C. difficile 56 (103) U25132

ORFdtxA C. difficile 55 (103) X57190
23/CI 25.2 24453 23779 ucauucuuGAGGUgagauacaug cI-like L. lactis prophage pi3 56 (79) AE006373

repressor L. lactis bIL286 55 (79) AF323669
ORF127 S. thermophilus φSfi21 35 (111) AF115103
ORF221 L. lactis mv4 24 (219) AF182207

24/Cro 9.1 24615 24860 aaacgAAAGGAGGcaauccaaug repressor L. lactis bIL286 59 (76) AF323669
cro-like L. lactis prophage pi3 59 (76) AE006373
ORF75 S. thermophilus φSfi21 43 (76) AF115103

25/Ant 17.8 24857 25339 gaacgAAAGGgGaUgacgguaug antirepressor L. innocua A118 53 (158) AL596163
ORF38 L. lactis BK5-T 49 (147) AF176025
ORF5 L. lactis r1t 46 (147) U38906
antirepressor L. lactis bIL309 40 (171) AF323670

(continued)
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Table 1 (continued)

orf/previous Molecular Predicted Predicted Putative RBS (capital letters ORF Organisms matched % Accession
name size start stop indicate matches with the 5′-end homology Identity number

(kDa) position position of L. casei 16S rRNA) (42)

26/Orf70r 7.7 25957 25745 cccgAAAGGAGGUgauugauaug
27/Orf96 10.5 26023 26313 acaggAAAGGAGGaaaugccaug ORF117 Lactobacillus φg1e 25 (70) X98106

SA1799 S. aureus φN315 27 (70) AP003135
ORF111b L. lactis ul36.2 30 (71) AF212847
ORF6 L. lactis r1t 32 (71) U38906

28/Orf67 7.4 26591 26794 gaaacuAAGGgGaugacgugaug
29/Orf163 17.9 26812 27303 ugauagAAAGGAaacuuauuaug gp46 L. monocytogenes 38 (153) AJ312240

PSA
ORF157 S. thermophilus 30 (158) AF158600

φSfi19
ORF157 S. thermophilus φSfi21 29 (158) AF115103
ORF8 S. thermophilus 29 (156) U88974

φO1205
ORF45 L. lactis BK5-T 30 (160) AF176025
ORF169 L. lactis φ31 30 (160) AJ292531

30/Orf69 7.6 26870 27079 uuuAuuaGAacUagcugaagaug
31/Orf240 26.4 27313 28035 ugauuaaguAGGAGGaaaucaug ORF233 S. thermophilus φSfi19 55 (234) AF158601

ORF9 S. thermophilus 54 (234) U88974
φO1205

ORF233 S. thermophilus φSfi21 54 (234) AF115103
ORF233 S. thermophilus φSfi11 54 (234) AF158600
ORF32 S. thermophilus DT1 52 (234) AF085222
ORF46 L. lactis BK5-T 51 (232) AF176025
NTP-binding L. gasseri φadh 40 (214) AJ131519

32/Orf93r 10.2 27965 27684 caaacuuAAaGAGGUccucaaug
33/Orf455 50 27998 29365 uaaguuuGGAGGUgacagugaug helicase L. innocua clip11262 45 (415) AL596173

helicase L. monocytogenes 46 (415) AJ312240
PSA

helicase L. gasseri φadh 44 (450) AJ131519
helicase L. lactis φ31 40 (447) AJ292531
ORF10 S. thermophilus 40 (446) U88974

φO1205
ORF443 S. thermophilus φSfi21 40 (446) AF115103

34/Orf180 19.8 29362 29904 agaaAAcGGAGGaaacaagcaug ORF175 L . gasseri φadh 41 (175) AJ131519
gp49 L. monocytogenes 35 (157) AJ312240

PSA
protein 11 S. thermophilus 27 (153) U88974

φO1205
ORF34 S. thermophilus DT1 28 (153) AF085222
ORF4 L. lactis φ31 30 (173) AJ292531
ORF151 S. thermophilus φSfi19 26 (153) AF115102
ORF151 S. thermophilus φSfi11 26 (153) AF158601
ORF124 S. thermophilus φSfi21 25 (153) AF115103
ORF10 Bacillus φ105 27 (175) AB016282
SSB B. halodurans 57 (19) AP001520

35/Orf770 84.7 29923 32235 aggagcgcgAGGuGGUgaauaug primase L. gasseri φadh 49 (763) AJ131519
primase L. monocytogenes PSA 50 (739) AJ312240
ORF11 Bacillus φ105 37 (773) AB016282
gp9a Streptomyces φC31 39 (349) AJ006589
primase S. thermophilus 22 (330) U88974

φO1205
ORF508 S. thermophilus 22 (330) AF115102

φSfi19
36 12.9 32494 32847 ucccguugaAAAaGAaaggaaug

(continued)
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Table 1 (continued)

orf/previous Molecular Predicted Predicted Putative RBS (capital letters ORF Organisms matched % Accession
name size start stop indicate matches with the 5′-end homology Identity number

(kDa) position position of L. casei 16S rRNA) (42)

37 10.7 32877 33170 acgaaauucAAucAGaaauuaug gp51 L. monocytogenes PSA 48 (94) AJ312240
ORF38 S. thermophilus DT1 51 (89) AF085222
ORF15 S. thermophilus 51 (86) U88974

φO1205
ORF7 L. lactis φ31 47 (90) AJ292531
ORF106 S. thermophilus φSfi19 47 (90) AF115102
ORF90 L. gasseri φadh 49 (53) AJ131519

38 6.5 32978 33157 auugcuGGAccaccgaaaggaug
39 6.8 33161 33349 aagcuAuuGGAGGcuaacaaaug
40 12.4 33405 33740 uggaaagAAGAGGacucgaaaug ORF5 L. lactis bIL286 55 (40) AF323669
41 19 33874 34380 aucaaAcAGGAGGacgaaaaaug gp51 L. innocua A118 27 (84)
42 15.3 34370 34777 gaaAgAaGAGGggacugacgaug
43 10.2 34774 35037 acaggAgAGGuGGUaaagcuaug
44 10.9 35054 35341 gugaaAcuGGAGGcagagaaaug
45 10.7 35338 35625 uggaaAAuaGAGGcggagaaaug ORF29 L. lactis bIL285 29 (41) AF323668
46 10.8 35746 36036 acaauugguGAGuUcugcaaaug
47 19.2 36047 36535 aaaagaauAgAGGcGGagaaaug ORF161 Lactobacillus φg1e 59 (160) X98106

methyltransf L. innocua A118 55 (159) AJ242593
methyltransf S. enterica 45 (160) AL627268

48 20.6 36532 37083 auucagaaAgAGGcGGagaaaug e11 L. lactis bIL170 36 (157) AF009630
endodeoxy B. subtilis φE 29 (172) U04813
ribonuclease
ORF168 L. lactis LL-H 44 (99) L37351
endodeoxy B. subtilis φSP82 26 (185) U04812
ribonuclease
intron ORF B. subtilis φSPO1 30 (166) M37686
ORF6 L. lactis φ31 37 (170) AJ292531

49 10.7 37080 37367 gagcuAcuGGAGGgaaaacaaug
50 11.7 37702 38163 aaacaaauuauaccauaagagug ArpU E. hirae 32 (123) Z50854

ORF24 S. thermophilus 32 (125) U88974
φO1205

gp137 S. thermophilus φSfi11 29 (124) AF158600
ORF147 Lactobacillus φg1e 25 (127) X98106

51 6.3 38251 38430 ccgcguuuuuccuccGAGccaug
52 18.3 38725 39198 gcauugAuaccGGuuaagcaaug
53 8.2 39294 39518 accAAGaAaaaugucccgauaug
54 9.4 39555 39809 auaauuucGGAGGcgauggcaug
55 13.3 39833 40186 aauuuAcGGAGGcgaguagaug
56 23.2 40213 40824 cagaacaauAuGAaucauugaug
57 23.8 40887 41510 uucaacgcguaAAccGAacgaug e11 L. lactis bIL170 39 (171) AF009630

ORF6 L. lactis φ31 35 (172) AJ292531
intron ORF B. subtilis φSPO1 35 (175) M37686
ORF36.1 B. subtilis SPP1 42 (123) X67865
endodeoxy B. subtilis φE 30 (186) U04813
ribonuclease

58 15.2 41514 41936 ucgaguuGGcGGuguaagucaug
59/Orf1 21.4 41949 42530 uaucuuAGGAGGaauuacacaug
60/Orf2 14.4 42511 42882 gGGAccUgaucucuuuaagaaug ORF63 S. aureus PVL 41 (60) AB044554

ORF170 L. gasseri φadh 43 (66) AJ131519
ORF104b S. aureus φSLT 40 (64) AB045978
ORF63 L. lactis BK5-T 41 (62) AF176025
ORF39 L. lactis bIL286 34 (76) AF323669
gp54 L. monocytogenes PSA 39 (56) AJ312240

61/gp3 16.7 42879 43313 ucauauuguuccAAGcGaagaug terminase
ORF1 L. casei PL-1 97 (71) S73384
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Packaging cluster

It may be composed by orf61, orf1, orf2 and possibly orf60 and orf59 (there
might be a transcriptional coupling between orf59, orf60 and orf61). The gene
product of orf61 has been experimentally proven to be the small subunit of the
terminase enzyme [19] while the product encoded by orf2 showed homology
with putative large terminase subunits of other phages (Table 1). In this cluster it
is noticeable that the gene encoding the small terminase subunit (orf61) is located
to the other side of the cos ends with respect to orf1 and orf2, which is uncommon.
Curiously, orf60, orf1 and orf2 share about 35% identity with the corresponding
genes of PVL, a phage that infects Staphylococcus aureus, while no counterpart
is found in that phage for orf61. In PVL, the homologue of orf1 is considered
to encode the small subunit of the phage terminase while in A2 orf61 has been
demonstrated to encode such function. Consequently, it might be interesting to
determine whetherA2 presents two genes, orf61 and orf1 with redundant activities.
The cos sequence consists in a single-stranded extension of 13 nucleotides at the
3′ termini of the linear genome, being bisected by an axis of hyphenated twofold
rotational symmetry [19].

Head morphogenetic cluster

Out of the three orfs included in this cluster, the products of orf3 and orf5 are
present in the A2 virion. The first matches the NH2 terminal sequence of band D
(Fig. 1) from the fifth amino-acid onwards, i.e. it is proteolytically processed
during or after capsid formation to render gp3. This protein may correspond
to the portal protein of phage A2, based on its position in the genome and
its sequence similarity to the portal protein of coliphage HK97 and to several
others, putatively ascribed to that function (Table 1). An internal stretch of the
translation product of orf5, starting at residue 124, corresponded to the amino
terminus rendered by bands B and C (Fig. 1), i.e.: the major head proteins of
the phage, indicating that they suffered proteolytic processing. These proteins
have been named gp5A and gp5B respectively. The 123 residues polypeptide that
might result from the processing presents characteristics typical of scaffolding
proteins. Finally, the product of orf4 presents homology with proteases of different
phages.

The neck region

It includes from orf6 to orf9. They have been ascribed this function because of
their position between the clusters of the head and tail genes. They also present
partial homology (about 30%) with PVL genes postulated to encode the head-tail
joining proteins of that phage and are probably involved in a common function
because orf6 and orf7 have 120 bp in common (although in different frames) while
orf7, orf8 and orf9 overlap their stop and start triplets, suggesting that there exist
a translation coupling of all of them.
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The tail morphogenetic cluster

The first of the genes included in this cluster, orf10, corresponds to the major tail
protein (band A in Fig. 1), which is devoid of just the f-met residue. Besides,
other three virion proteins (bands G, E and F in Fig. 1) are encoded in this
cluster by orf12, orf13 and orf14 respectively. The gp12 product appears to be
the tape measure protein, i.e.: the template over which the other tail proteins
polymerize [29, 30]. The mature form of gp12 is devoid of its 172 N-terminal
amino acid residues, being the size of the processed polypeptide of 154 kDa. The
precise role of gp13 could not be deduced from sequence comparisons (Table 1).
Finally, gp14 may be the protein that recognizes the host receptor both because
it presents 13 collagen like motifs (Gly-X-Y) in its second half, which is typical
of these proteins [52] and because it shares amino acid sequences along its entire
length with gp18 of the DT series of S. thermophilus phages (Table 1), which
has been demonstrated to determine their host specificity [17]. The cluster also
comprises orf11 and orf15, which encode small proteins of about 10 kDa that
do not present good matches with any of the proteins included in the databases.
The respective stop and start triplets of orf12 and orf13 are in immediate vicinity,
suggesting that they might be translationally coupled. Finally, the start codon of
orf13 is GUG. Downstream of orf15 there exist a stem loop followed by a row of
thymidines that may act as a transcription terminator.

The lysis cassette

In this part of the genome three orfs have been identified. Out of them, orf17 and
orf18 may be the phage holin and lysin respectively, based on sequence homology
(Table 1) and on the lethality that they induce on E. coli when cloned behind an
inducible promoter (unpublished data). However, no role could be ascribed to
orf16.

Orf19

This orf is puzzling. It does not present homology to any of the sequences of the
data bases, is not closely related to previous genes, is the last one transcribed
from left to right and the stretch of DNA into which it is located was the only
one of the whole genome that resulted to be unclonable under any circumstances.
Besides, it is 35% G + C, which might indicate a horizontal transfer from another
organism. Its position in the gene map of the phage points towards a gene involved
in lysogenic conversion, but this extreme has not been addressed. It is followed by
a transcription terminator structure that may act as such for the converging genes
encoding the integration of the phage into the host genome as well.

The integration cassette

It includes orf21 and orf20 plus the attP attachment site of the phage into the
genome of its hosts. The functionality of orf20 as the phage integrase plus the role
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of the attP sequence have been already described [2, 3], but the suggested function
of orf21 as the phage excisionase could not be demonstrated (M. A. Alvarez and
J. E. Suarez, unpublished data).

The genetic switch

It is composed by two sets of genes that read in opposite directions. The first set
comprises orf23, which encodes the cI like repressor of the lytic cycle [20, 35] and
orf22, which predicts a protein whose carboxi terminal half presents a substantial
degree of homology (55%) with the second half of the product of gene tcdC from
the pathogenicity island of Clostridium difficile [23].

The second set of genes involved in the genetic switch of the phage comprises
orf24 and probably orf25. The first encodes the functional homologue of lambda
Cro and its role as repressor of the lysogenic PL promoter has been proven [33, 34].
The second gene might encode an antirepressor that would be responsible for
inactivation of CI, based on its sequence similarity to putative antirepressors from
different phages of low G + C Gram positive bacteria (Table 1). However, gp25
might be a defective protein; while its homologues are about 255 residues long, it
only has 160 amino acids, due to a stop codon placed in that position (this particular
stretch has been sequenced several times and even using directly phage DNA as
template). On the other hand, gp25 presents the single stranded DNA binding
motif of the BRO (baculovirus repeated orf) proteins, some of which appear to
participate in DNA replication [58]. Given the position of orf25 immediately
upstream of the phage replication module, its participation in this function can
not be ruled out.

Replication module

It has been already described [39]. In short, it putatively comprises from orf26 to
the ori sequence that is located immediately downstream of orf35. Although most
deduced proteins have counterparts in other bacteriophages (Table 1), only three
can be ascribed to replication functions, namely gp33, which presents helicase
typical motifs, gp34, that might act as single-stranded DNA binding protein while
gp35 might be the phage primase. In the same report the ori sequence was shown
to act as a bona fide origin of replication upon supply of phage encoded replication
factors.

The extreme right region

It comprises about 10 kb characterized by the presence of multiple orfs that
originate mostly small proteins of unknown function (18 would be 15 kDa or less
while the other seven have between this figure and 23 kDa). Many of these proteins
seem to be dispensable under laboratory conditions since deletion mutants lacking
different DNA stretches that go from orf40 to orf49 do not show any special
phenotype (Fig. 3) [35]. However, informed guesses may be formulated with
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respect to some of the orfs. For example, the product of orf47 is quite similar to N-4
cytosine-specific methyltransferases from the Listeria bacteriophage A118 and
Neisseria gonorrheae (M.LmoA118I and M.NgoMXV, respectively) [7, 49]. The
hypothetical gp47 might methylate the newly synthesized viral DNA at specific
residues. Similarly, orf48 and orf57 seem to encode endodeoxyribonucleases fre-
quently associated to self-splicing group I introns [22] since their deduced products
present endonuclease motifs. When compared, these two hypothetical enzymes
show 36% identity and 53% similarity, which are in the same range than the
values obtained when each of them is compared with related proteins from other
bacteriophages, thus excluding a recent duplication event in A2. Finally, orf50
encodes a protein that presents a relatively high degree of homology with ArpU,
which has been proposed to control the export of muramidase-2, a peptidoglycan
hydrolase found in the wall of Enterococcus hirae [12]. Although similar genes
have been found in the genomes of other bacteriophages (Table 1), the meaning
of this protein in their biology is beyond our present understanding.

Transcription analyses of the morphogenetic region of bacteriophage A2

Total RNA was isolated from L. casei at various times post A2 infection. Northern
blotting using probes internal to orf5, orf10, orf12 and orf14, rendered production
of a single transcript in excess of 20 kb, already reported as specific for orf61 [19],
from 60 min post-infection onwards. However, a probe internal to orf17 rendered
a much shorter transcript (unpublished data) indicating that the transcriptional
terminator located between orf15 and orf16 is probably functional. This implies
that the transcript covers a total of at least 16 orfs in a stretch of about 19 kb (from
orf61 to orf15) and possibly more towards its 5′ end, due to the overlapping of
orf61 with orf60 and of this with orf59. It is additionally deduced that the mor-
phogenetic transcript crosses through the sealed cohesive ends of the intracellular
phage.

Discussion

The bacteriophage A2 presents a long tail of 280 nm. In lambda it has been found
that the product of gene H acts as a template in determining the length of the tail.
During this process gpH suffers a proteolytic cleavage that reduces its size from
92,292 Da to about 80,000 Da (a reduction of about 13.4%) [30]. Six monomers
of this processed form assemble in a rod-like fashion, so that the total length of
gpH∗ determines the length of the tail [29]. In A2, only the product of orf12 would
be long enough to act as the tape measure protein of the tail and is processed (from
173,050 to 154,236 Da, a 10.9% reduction in size), being the longest virion protein.
Finally, it is related to the characterized tape measure protein of phage TP901-
1 [46]. If we assume that, as established for lambda, six monomers assemble in
each particle, we can calculate the abundance of other virion proteins simply
by comparing the densitometry scans of the bands visualized in SDS-PAGE
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Table 2. Number of copies per virion of analogous proteins from A2 and lambdaa

A2/λ Function Copies/particle A2 Copies/particle λ

gp12/gpH Tape measure 6 6
gp14/gpJ Tail fiber 9 3
gp13/? 15 –
gp3/gpB Portal 12 12
gp5B/- Major head 112 –
gp5A/gpE Major head 380 405
gp10/gpV Major tail 650 192

aData from [9]
A2 proteins, separated as indicated in Fig. 1, were scanned and their densities compared

to that of gp12, correcting for their respective sizes and assuming that 6 copies of gp12 were
present per phage particle. The data shown are the mean of the values obtained from three
independent gels. The actual values never differed by more than 15% from the figures shown

gels and correcting the values by the sizes of the corresponding polypeptides
(Table 2).

The major tail protein is the most abundant of those identified in phage A2,
with about 650 copies per particle. The tail of A2 is made out of about 72 rings,
indicating that each might be constituted by 9 monomers of gp10. This value
conforms to the three fold symmetry found for the tails of phage lambda, in
which about 32 rings and 6 monomers per ring have been reported [9] and of
phage �CbK, whose tail presents about 78 rings with three monomers in each of
them [43].

Of interest are also the two major head proteins, which share their amino
termini indicating that both are derived from orf5. It appears that the A2 virion
contains about 380 monomers of the smallest form (gp5A) and 112 of the biggest
(gp5B). Since the size of gp5A, as deduced from SDS-PAGE, conforms to the
expected value of the orf5 translation product after processing, it was deduced
that gp5B results from translation of a longer message as a consequence of a
reading through the stop codon of orf5. Consistently with this, 3′ of orf5 there is
quite a long intergenic segment whose translation in a particular frame presents a
38% identity to the translation product of a region that lies behind gene 10 of phage
T3, which encodes its coat protein. In this case, during translation the ribosomes
undertake a − 1 frameshift close to the stop codon in about 10% of the transcripts,
which results in a polypeptide (10B) 86 amino-acids longer than the “canonical”
one (10A) [10]. Preliminary evidence indicates that this is the case as well for
A2, resulting in a gp5B product that is 85 residues longer than gp5A, being this
difference consistent with their respective sizes as observed by SDS-PAGE.

Furthermore, gp5A and B are devoid of their amino terminal 123 residues
polypeptide. This hypothetical peptide presents characteristics typical of scaf-
folding proteins such as a N-terminal end rich in charged residues and an α-helix
structure which includes a leucine zipper that allows the formation of a coiled–coil
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superstructure, that is essential for stabilization of the pro-head components, as it
occurs with the scaffolding protein of P22 [44].

The other three (minor) virion proteins identified after SDS-PAGE corre-
sponded to gp3, gp13 and gp14. The first was postulated to be the portal protein
due to the location of orf3 in the phage genome and to its partial homology with the
portal protein of phage HK97. In addition, it appears that each particle contains
12 copies of gp3, which coincides with the number found in the portals of all
phages in which this detail is known [8, 31]. Furthermore, gp3 is proteolytically
processed as it happens with the portal protein (gpB) of lambda [55].

The A2 virions contain about 9 copies of gp14. The presence of several
collagen-like motifs links this protein to the host recognition protein of phage
DT1 [17]. This points towards a location of gp14 in the tail tip as it happens for
gpJ of lambda although, there the number of monomers per particle is reduced to
three [9].

Analysis of the cleavage regions of the portal, major-head and tape measure
proteins revealed that all have in common the sequence Pho-Pho-Arg↓ (where Pho
stands for hydrophobic amino-acids). This is reminiscent of the case of T4, where
a phage encoded protease recognizes the sequence Pho-Pho-Glu↓ [4], i.e.: two
hydrophobic amino-acids followed by a charged residue (although of an opposite
polarity). On the other hand, the protease that fulfils processing of the major
head protein of several phages was found to be encoded by a determinant located
immediately upstream of the corresponding gene [16, 36]. Since orf4 occupies
such a position in the A2 genome and its hypothetical product presents clear
sequence similarities to proteases of different phages, we propose that gp4 would
be the processing enzyme of the morphogenetic proteins in this phage.

To the centre of the A2 genome lie orf19 and orf22 that might be involved
in lysogen conversion. The first one, orf19, is located between the lysin gene
and the attP sequence. This position is occupied by virulence related genes in
phages that infect pathogenic Gram positive bacteria, such as the temperate PVL
bacteriophage of Staphylococcus aureus, which harbours two genes that encode
the Panton–Valentine leukocidin activity [28]. Although the putative product of
orf19 does not have matches in the data bases, its low G + C content and the
lethality it induces upon multicopy cloning might suggest a horizontal trans-
fer of the gene to A2 and the acquisition by the phage of a potentially toxic
activity.

The second half of gp22 is related to the carboxi terminal end of the tcdC
product, which is encoded in the pathogenicity island of virulent C. difficile
strains [23] and has been postulated to regulate expression of the adjacent en-
terotoxin A and citolysin B genes [26]. However, it has been suggested [37] that
gp22 might be involved in superinfection exclusion of hetero-immune phages,
based on the location of its determinant in the A2 genome and in the presence of
two transmembrane helices in its amino terminus. This suggests that orf22 might
be a chimaeric gene of unknown function. However, orf22 is expressed during
the lysogenic cycle [33], thus fulfilling one of the requisites needed for a lysogen
conversion gene. Furthermore, most of gp22 is predicted to lie to the outside of
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the plasma membrane which, coupled to its low pI value (4.3), might be taken
as indications of its proposed role as a DNA injection blockage protein. Another
interesting feature of the A2 genome is the presence of a DNA stretch, from
orf40 to orf49, which is dispensable, at least under laboratory conditions. This is
amazing, given the high gene density in the genome as a whole. A possible role
for this stretch of DNA might be related to the limits in the amount of DNA that
can be packaged in the phage head. If this were the case, this segment would allow
the genome to reach the lower packaging limit of the phage and, upon acquisition
of a useful gene, a deletion mutant having lost part of this zone would have a
selective advantage over its siblings due to the strong negative selection that is
usually observed when the packaging upper limit is approached [18, 53].

Transcription analysis of the morphogenetic region revealed that all genes are
included into a single operon. This is a common situation; it has been reported for
lambda and P22 [40, 56] and even for the unrelated phage �29 [38]. This might be
a simple way of getting coordinated expression. However, not all proteins arising
from the translation of a single polycistronic transcript will be needed in equivalent
amounts. This may be solved by controlling the efficiency of recognition of the
Shine-Dalgarno sequences by the ribosomes. In A2 all genes that originate virion
proteins present SD sequences matching quite well the 5′-end of the L. casei 16S
rRNA (Table 1) [42] while others, presumed to be needed in smaller amounts,
such as the terminase subunits, are only scarcely similar to it. Complementarily,
translational coupling, which is frequent in A2, may help to maintain constant the
relative amounts of two proteins [21].

Comparison of the A2 genome to those of other phages reveals that: i) no
extensive homology is observed with the Lactobacillus phages sequenced to date
with the possible exception of the replication module of �adh, ii) it is most related
to the S. aureus phage PVL (although this similarity is restricted to the morpho-
genetic cluster) and iii) it is a new member of the Sfi21 group of phages (based on
its general organization and sequence similarity of their respective morphogenetic,
integration and part of the replication clusters [6, 48]. However, PVL has been
recently classified as belonging to the TP901-like monophyletic cluster, while
Sfi21 is located in a separate, polyphyletic cluster [50]. It might be thus deduced
that A2 represents a bridge between these two phage groups, being a further
example of the mosaic organization that results from the frequent interexchange
of genetic information observed among dsDNA phages [26]. This mechanism of
variability constitutes a huge evolutionary alternative to the mutational versatility
of RNA viruses and the sexual processes of cellular organisms, by which new
variants of dsDNA bacteriophages might arise, justifying in part their parasitism
to virtually all kinds of prokaryotic organisms, including Archea [47].
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