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Two new temperate bacteriophages exhibiting a Myoviridae (�B6) and a Siphoviridae (�HER) morphology
have been isolated from Streptococcus mitis strains B6 and HER 1055, respectively, and partially characterized.
The lytic phage genes were overexpressed in Escherichia coli, and their encoded proteins were purified. The
lytAHER and lytAB6 genes are very similar (87% identity) and appeared to belong to the group of the so-called
typical LytA amidases (atypical LytA displays a characteristic two-amino-acid deletion signature). although
they exhibited several differential biochemical properties with respect to the pneumococcal LytA, e.g., they were
inhibited in vitro by sodium deoxycholate and showed a more acidic pH for optimal activity. However, and in
sharp contrast with the pneumococcal LytA, a short dialysis of LytAHER or LytAB6 resulted in reversible
deconversion to the low-activity state (E-form) of the fully active phage amidases (C-form). Comparison of the
amino acid sequences of LytAHER and LytAB6 with that of the pneumococcal amidase suggested that Val317
might be responsible for at least some of the peculiar properties of S. mitis phage enzymes. Site-directed
mutagenesis that changed Val317 in the pneumococcal LytA amidase to a Thr residue (characteristic of LytAB6
and LytAHER) produced a fully active pneumococcal enzyme that differs from the parental one only in that the
mutant amidase can reversibly recover the low-activity E-form upon dialysis. This is the first report showing
that a single amino acid residue is involved in the conversion process of the major S. pneumoniae autolysin. Our
results also showed that some lysogenic S. mitis strains possess a lytA-like gene, something that was previously
thought to be exclusive to Streptococcus pneumoniae. Moreover, the newly discovered phage lysins constitute a
missing link between the typical and atypical pneumococcal amidases known previously.

Bacterial murein hydrolases are enzymes that specifically
cleave covalent bonds of the cell wall peptidoglycan. Some
murein hydrolases can eventually cause cell lysis and are also
designated autolysins. The wide distribution of murein hydro-
lases in bacteria, particularly of autolysins, has led to the idea
that these enzymes participate in a variety of fundamental
biological functions, such as synthesis of the cell wall, separa-
tion of the daughter cells at the end of the cell division, and
genetic transformation (64). Moreover, lytic enzymes are re-
sponsible for the irreversible effects caused by �-lactam anti-
biotics (62, 70).

The major autolysin of Streptococcus pneumoniae is an N-
acetylmuramoyl-L-alanine amidase (LytA) that has been well
studied from the enzymatic, genetic, and structural viewpoints
(17, 38) and is considered a main virulence factor (7). The
translation product of the lytA gene is the low-activity form
(E-form) of this amidase that is converted to the fully active
form (C-form) with choline at low temperature (19, 71). The
N-terminal moiety of LytA contains the active center of the
enzyme, whereas the C-terminal part, composed of seven re-
peat units (choline-binding repeats), represents its choline-
binding domain responsible for recognition of and attachment
to the choline residues of the pneumococcal cell wall teichoic
acid. The LytA amidase is also responsible of the characteris-

tic, clinically relevant lysis-prone phenotype exhibited by pneu-
mococcal isolates in the presence of deoxycholate (54, 57).

However, several authors have reported the isolation of
pneumococcal strains that do not lyse with deoxycholate
(Doc� phenotype) but still harbor a lytA gene (12, 15, 48, 76).
These Doc� isolates, which are frequently nontypeable and/or
resistant to optochin, are often designated atypical pneumo-
cocci, as opposed to the typical strains, which are bile (deoxy-
cholate) soluble (Doc�), synthesize a typeable polysaccharide
capsule, and are sensitive to optochin (40). Although the
957-bp lytA alleles (including the termination codon) from
typical S. pneumoniae isolates showed only limited genetic vari-
ation (0.11 to 3.2%) (75), the atypical pneumococci contained
lytA alleles that were very different from those of typical strains
(pairwise evolutionary distances of about 20%) (48). However,
the lytA alleles from atypical isolates were more than 92%
identical to each other. A characteristic signature of atypical
lytA alleles (951 bp) is the presence of a 6-bp deletion
(ACAGGC) located between nucleotide positions 868 and
873, coding for Thr290-Gly291 in choline-binding repeat 6
(ChBR6) of the wild-type LytA amidase (48). It has been
shown that the two-amino-acid deletion was responsible for
the inhibitory effect of deoxycholate on the enzymatic activity
of the lytic amidases from atypical pneumococci (48).

In addition to the bacterial lytA alleles, temperate phages
from S. pneumoniae also harbor lytic genes that are homolo-
gous to that of the host. Thus, typical lytA-like genes have been
reported in phages isolated from lysogenic, typical pneumo-
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cocci, that is, the lysin-coding genes from temperate phages
HB-3 (hbl) (53), MM1 (mml) (47), and VO1 (lytA) (49). These
three genes are very similar to each other (pairwise evolution-
ary distance � 3%) but diverged both from typical (pairwise
evolutionary distance � 14%) and atypical (pairwise evolution-
ary distance � 25%) lytA alleles. Most interestingly, the pneu-
mococcal phage Dp-1 harbors the pal gene that is a natural
chimera, having a 5� moiety completely different from that of
lytA (63). It should be pointed out, however, that the pal gene
also has the 6-bp deletion of atypical lytA alleles and that the
Pal amidase is also inhibited by deoxycholate. Interestingly, the
EJ-1 inducible prophage isolated from an atypical pneumococ-
cal strain harbors a gene (ejl) having the characteristic deletion
of atypical lytA alleles (11).

Very recently, the first identification of a temperate phage
(SM1) infecting the pneumococcal relative Streptococcus mitis
has been reported. SM1 is a siphovirus that also encodes a
putative lysin (gp56) that is 72% identical (85% similar) to Pal
amidase (65). We report here the isolation and preliminary
characterization of two new temperate phages from S. mitis
that harbor lytA-like genes in spite of the extended opinion that
lytA was exclusive to S. pneumoniae (30). The LytA-like ami-
dases from phages �HER and �B6 have been biochemically
characterized and shown to exhibit unexpected properties.

MATERIALS AND METHODS

Bacterial strains, plasmids, phage purification, and growth conditions. S.
mitis strains Hu-o8 (24, 52) and B6 (31) were kindly provided by B. Henrich
(Faculty of Biology, University of Kaiserslautern, Germany). Strain Hu-o8 had
been deposited in the Félix d’Hérelle Reference Center for Bacterial Viruses
under the name S. mitis strain HER 1055 (named HER hereafter). The identity
of strains Hu-o8 and HER was confirmed here by determination of a partial
nucleotide sequence of 16S rrna, galU, sodA, and six housekeeping genes. Also,
these data indicated that strains HER and B6 were indeed different (not shown).
The S. pneumoniae strains used were the laboratory strain R6 (lytA�) (3), the
�lytA mutant M31 (57), and the atypical pneumococcal 101 strain (12, 48). In
addition, pneumococcal strain 3870 was used as a source of the ant gene (see
below) (4).

Escherichia coli DH5� (25) and DH10B (Life Technologies) were the hosts for
recombinant plasmids, and E. coli RB791 (pGL100) was used for the overpro-
duction of the LytAR6 pneumococcal amidase (20). Plasmid pIN-III (lppp-5)-A3
(28) was used as the vector for the overproduction of the phage lytic enzymes.
Plasmid pJCP191 carries the pnl gene encoding the pneumococcal pneumolysin
(68). E. coli was grown in Luria-Bertani (LB) medium (56), and streptococci
were grown in Todd-Hewitt broth supplemented with 0.5% yeast extract (THY)
or in C medium (33) supplemented with 0.08% yeast extract and 0.08% bovine
serum albumin. The procedure for genetic transformation of E. coli has been
described previously (56).

Phage EJ-1 was prepared from atypical pneumococcal strain 101 (12) treated
with mitomycin C (75 ng/ml) in the dark, and after lysis of the culture, the phage
was purified by two cycles of CsCl density gradient centrifugation, and phage
DNA was prepared by treatment of purified phage preparations with sodium
dodecyl sulfate (SDS) and proteinase K (11). An identical procedure was used
for the purification of the new S. mitis phages (�HER and �B6) and their DNAs.

PCR amplification, cloning, Southern blotting, nucleotide sequencing, plas-
mid construction, and site-directed mutagenesis. Routine DNA manipulations
were performed essentially as described (56). DNA fragments were purified with
the Geneclean II kit (Bio 101). The nucleotide sequence was determined by the
dideoxy chain termination method (59) with an automated ABI Prism 3700 DNA
sequencer (Applied Biosystems). An internal fragment of the phage lysin genes
was amplified with oligonucleotide primers Fag1 (219 5�-ggaattCGTTGGGGG
CGGTTGGAATGC-3�) and Fag2 (489/c 5�-cgggatcCTGCTYACGGCTAATG
CCCC-3�) (46). The numbers in parentheses indicate the position of the first nu-
cleotide of the primer in the sequence reported previously (21) (accession no.
M13812) (starting at the first nucleotide of the lytA gene), and c means that the se-
quence corresponds to the complementary strand. Lowercase letters indicate nucle-
otides introduced to construct appropriate restriction sites (shown in italics).

Direct sequencing with whole phage DNA as a template was performed with
primers deduced from the sequence previously determined. Multilocus sequence
typing was carried out as described elsewhere (14). We also used primers 63f/
1387r to amplify and sequence the 16S rRNA gene (41), G-GalUD/G-GalUR for
determination of a partial nucleotide sequence of the informative galU allele of
the S. mitis strains (42), and antUP/antDOWN to amplify the ant gene (4). All
primers for PCR amplification and nucleotide sequencing were synthesized in-
house on a Beckman model Oligo 1000M synthesizer. The lytA probe (pGL100)
was labeled with the DIG luminescent detection kit (Boehringer Mannheim).
Southern blots and hybridizations were carried out according to the manufac-
turer’s instructions.

To clone lytAB6 and lytAHER under the control of the strong lppp-5, lacPO

promoter-operator, we first amplified the corresponding genes with primers
H3-FHU5� (5�-ccaagcttATGGATATTGATACAAGTAGAC-3�) and BA-FHU3�
(5�-cgcggatccYTATTTWGTWGTAATC-3�). Afterwards, the amplified DNA
fragments were digested with HindIII and BamHI and ligated to pIN-III (lppp-
5)-A3 previously treated with the same enzymes, and the ligation mixture was
used to transform E. coli DH5�. Recombinant clones harboring pLytAB6 or
pLytAHER were selected among the ampicillin-resistant transformants, and the
inserts of those plasmids were sequenced.

A Val317-Thr mutation was introduced into the lytAR6 allele by site-directed
mutagenesis. To do that, the lytAR6 gene (from pGL100) was PCR amplified with
oligonucleotides lytA100/X (5�-GTTGTTTTAATTCTAGATAAGGAG-3�) and
lytAr/B (c) (5�-gggatccATTATTATTTTGTTGTAATCAAGCC-3�) (the changed
nucleotides are italic), digested with XbaI and BamHI, and ligated to pIN-III
(lppp-5)-A3 previously treated with the same enzymes, and the ligation mixture was
used to transform E. coli DH10B. A recombinant clone harboring pIN-lytAR6(T)

overexpressing the mutated amidase, LytAR6(T), was selected among the ampicillin-
resistant transformants. The accuracy of the construction was checked by completely
sequencing the insert of the recombinant plasmid.

Overproduction, purification of amidases, conversion of the low-activity cat-
alytic form of LytA, and measurement of the enzymatic activity. E. coli DH5�
cells harboring either pLytAB6 or pLytAHER were grown with vigorous shaking
at 30°C in LB supplemented with ampicillin (100 	g/ml) to an A600 of �0.6.
Isopropyl-�-D-thiogalactopyranoside (IPTG) (50 	M) was added, and the incu-
bation was continued for 4 h. For overproduction of LytAR6(T) we followed the
same procedure except that incubation was carried out at 37°C and, after the
addition of IPTG, the culture was shaken overnight. After centrifugation (10,000

 g, 10 min), the cells were suspended in 20 mM sodium phosphate (NP) buffer
(pH 6.9) and broken in a French pressure cell press, and the insoluble material
obtained after centrifugation at 100,000 
 g for 1 h at 4°C was discarded. The
supernatant was applied to a DEAE-cellulose column equilibrated in NP buffer,
the contaminating proteins were washed out with the same buffer containing 1.5
M NaCl, and the amidases were eluted from the column with NP buffer con-
taining 1.5 M NaCl and 2% choline chloride (58). The pure protein preparations
were stored frozen at �20°C with or without a previous dialysis step against NP
buffer (see below).

Pneumococcal cell walls were radioactively labeled with [methyl-3H]choline as
described (44). Assays for cell wall lytic (amidase) activity were carried out
according to standard conditions described elsewhere with labeled cell walls as
the substrate (27), except that the pH and the reaction buffer were adjusted to
the optimum for each enzyme (see below). Amidase “conversion” was tested by
incubating the enzyme at 0°C for 5 min with either choline-containing pneumo-
coccal cell walls or 2% choline chloride prior to shifting the mixture to 37°C.
Nonconverted amidases were assayed by addition to a suspension of radioac-
tively labeled cell walls previously warmed to 37°C. One unit of amidase activity
was defined as the amount of enzyme that catalyzed the hydrolysis (solubiliza-
tion) of 1 	g of cell wall material in 10 min. Radioactively labeled pneumococcal
cell walls were incubated with the pure enzymes, and the degradation products
were analyzed by gel filtration as previously described (44).

Bioinformatic analysis. DNA and protein sequences were analyzed with the
Genetics Computer Group software package (version 10.0) (11). Pairwise evo-
lutionary distances (estimated number of substitutions per 100 bases) were de-
termined with the Distances program with the correction adequate to each case.
Multiple sequence alignments were created with Pileup or Clustal W (69).
Sequence comparisons used the EMBL/UniProt databases and the FASTA (50)
or BLAST (1) program. Bioinformatic predictions for transmembrane domains
(32) or signal sequence processing (SIGNALP) (5) were carried out at the
Center for Biological Sequence Analysis server (http://www.cbs.dtu.dk/services).
Three-dimensional modeling of the C-terminal choline-binding repeats of phage
amidases was carried out with the GENO3D program (9) run at the Pôle
Bio-Informatique Lyonnais server (http://geno3d-pbil.ibcp.fr) with the crystal
structure of the C-terminal domain of LytA (17) as a model.

8230 ROMERO ET AL. J. BACTERIOL.



Miscellaneous techniques. CsCl-purified phage preparations were negatively
stained with 1% uranyl acetate in carbon-reinforced, Formvar-coated copper
grids (300 mesh). Micrographs were taken on a LEO 910 transmission electron
microscope working at 80 kV. Sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) was carried out with the buffer system described by
Laemmli (34) with 10 or 15% polyacrylamide gels, and protein bands were
visualized by staining with Coomassie brilliant blue R250. N-terminal sequence
analyses were carried out according to a published procedure (66). Sedimenta-
tion equilibrium experiments with amidases were performed in an Optima XL-A
analytical ultracentrifuge (Beckman Instruments) as previously described (73).
Anti-EJ-1 serum was prepared by repeated injections of purified phage prepa-
rations, as previously reported (35). The preparation of an antiserum against
LytAR6 and the technique used in double immunodiffusion studies have been
reported previously (39). Western blot analysis was performed according to a
published procedure (58). Pulsed-field gel electrophoresis was carried out as
described elsewhere (2). The SmaI-digested S. pneumoniae R6 genome (22) was
used as molecular size markers.

Nucleotide sequence accession numbers. The nucleotide sequences deter-
mined in this study have been deposited in the EMBL, GenBank, and DBJ
databases. The 16S rrna, aroE, ddh, ddl, galU, gdh, recP, and spi alleles have been
assigned accession numbers AJ617796 to AJ617814, respectively, and the nucle-
otide sequences of the lytic genes of phages �HER and �B6 have been assigned
accession numbers AJ617815 and AJ617816, respectively.

RESULTS

Characterization of new S. mitis phages and their lysogenic
strains. A range of similarities between different alleles and
those included in the data banks indicated that B6 and HER
belong to the S. mitis species (see Materials and Methods), in
agreement with previous speciation determinations carried out
with standard biochemical techniques (31, 52). Recently, Bal-
salobre and coworkers reported a gene (ant) that was present
in S. mitis and Streptococcus oralis strains but absent in typical
pneumococcal isolates (4). Southern blot analysis revealed that
ant was present in strain B6 but not in HER (not shown). On
the other hand, typical pneumococci (but no other species of
the mitis group of streptococci) harbor the pnl gene encoding
the pneumolysin (hemolysin), a major virulence factor (7).
Southern blot experiments with pJCP191 failed to reveal any
evidence of the presence of a pnl-like gene in either HER or
B6 (not shown).

Strain HER and B6 grown in THY broth did lyse when
induced with mitomycin C and phage particles could be ob-
served in the electron microscope (Fig. 1). However, whereas
Myoviridae virions were seen in mitomycin C-induced purified
preparations from B6 (�B6) (Fig. 1A), siphoviruses (�HER)
could be purified from strain HER (Fig. 1B). SDS-PAGE of
purified virions (Fig. 2A) showed that the structural proteins of
�B6 were similar to those from the EJ-1 phage and completely
different from those from �HER. The gels were slightly over-
loaded to allow the visualization of minor bands. Western blot
analysis with an EJ-1 antiserum failed to reveal any similarity
with the structural proteins of �HER, and only the 36-kDa
protein band of �B6 showed a slight reaction with the anti-
serum (not shown). Proteinase K-treated DNA prepared from
�B6 and �HER virions and subjected to pulsed-field gel elec-
trophoresis (Fig. 2B) showed that �HER DNA has the small-
est genome (ca. 32 kb) whereas �B6 DNA has an intermediate
size (ca. 40 kb), between that of EJ-1 (42.9 kb) and �HER.
Moreover, HindIII digestion of phage DNAs fully confirmed
that EJ-1, �B6, and �HER were different phages (Fig. 2C). In
addition, a predicted size of 33 kb was obtained for �HER
DNA, which agrees with the size calculated by pulsed-field

gel electrophoresis. Note that the largest band seen in the
HindIII digest from �HER DNA corresponds to a double
fragment.

S. mitis phages harbor a lytAR6-like gene. Hakenbeck and
coworkers recently observed that the lytA gene reacted at a low
but significant level in two out of five S. mitis strains tested by
hybridization with S. pneumoniae oligonucleotide microarrays
(24). One of the strains giving positive results was HER. To
confirm and extend this result, Southern blot hybridization of
chromosomal DNAs from S. mitis strains B6 and HER was
carried out with the lytAR6 allele as the probe. The results
shown in Fig. 3 (left panel) revealed that both strains harbor a
lytA-like gene. HindIII-digested DNAs prepared from three
pneumococcal strains (two typical and one atypical) were used
as controls. A 1.2-kb fragment (strain R6) and two fragments
(1.7 and 9.4 kb) (strain 101) were found to hybridize with
the probe. This hybridization bands correspond to the lytAR6,
lytA101, and the ejl genes, respectively (11, 12). As expected, no
hybridization band was found with M31 DNA, a strain com-
pletely deleted of the lytA gene (57). Additional experiments
with HindIII-digested phage DNA confirmed that �B6 and
�HER harbor a gene that hybridized with lytA (Fig. 3, right
panel). Whether the largest positive band observed when strain
HER DNA was hybridized with the probe corresponds to a

FIG. 1. Electron micrographs of phage particles purified from mi-
tomycin C-induced cultures of S. mitis strains B6 (A) and HER (B).
The bar represents 100 nm.
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different gene or represents a partial digestion product is not
known.

Cloning and sequencing of �B6 and �HER lytA-like genes.
PCR amplification reactions were carried out with a variety of
oligonucleotide primers designed on the basis of bacterial and
phage lytA-like alleles included in the EMBL database (20
October 2003, last date accessed). Seventeen typical and 17
atypical bacterial alleles and four phage gene sequences of
�900 bp were taken into consideration in this analysis (not
shown). A pair of primers (Fag1 and Fag2) were finally used to
amplify an internal fragment (about 270-bp long) of both
genes. The determination of the nucleotide sequence of the
amplification products allowed us to design new primers for
obtaining the complete nucleotide sequence of lytAB6, lytAHER,
and their flanking regions with the corresponding mature
phage DNA as template (Fig. 4A).

The lytAHER and lytAB6 genes were very similar (87% nu-
cleotide identity), have an identical size (957 bp, including the
termination codon), and the putatively encoded proteins (318
amino acids) have predicted molecular masses of 36,782 and
36,919 Da, respectively. Immediately upstream of lytAB6, a
gene (hol) putatively encoding a 111-amino-acid protein was
found. This gene was 85% identical to the holin 2 gene (orf51)
from the pneumococcal phage MM1 (47). In �HER, however,
the putative holin gene showed an internal 169-bp deletion
(Fig. 4A). Holins have been grouped into two classes, accord-
ing to the number of potential transmembrane domains. Class
I members have the potential to form three transmembrane
domains whereas class II members can form only two trans-
membrane domains (74). In contrast, HolB6 is predicted to
form only one transmembrane domain (from Phe7 to Val24).
This region might also correspond to a cleavable signal se-
quence with a potential signal processing site located between
Ala26 and Val27, as predicted by bioinformatic analysis (not
shown). Similar features have recently been described for the
RI protein, the bacteriophage T4 antiholin (51). Consequently,
the hol gene product is most probably an antiholin. An incom-

plete open reading frame (orf1) potentially encoding a protein
of unknown function was located upstream of the putative
holin genes. A putative integrase gene (int) was found down-
stream of lytAHER whereas an open reading frame (orf2) en-
coding a putative transposase DDE domain (Pfam01609) was
located at an equivalent position in the �B6 genome.

Evolutionary considerations. As already mentioned, the lytA
genes of the S. mitis phages described here do not have the
6-bp deletion characteristic of atypical alleles. Consequently,
they can be considered typical lytA alleles. However, a number
of additional data could be obtained on the basis of multiple
alignments and evolutionary tree reconstruction techniques.
The current databases contain 40 different lytA-like allele se-

FIG. 3. Southern blot hybridization analyses of DNAs from S. mitis
strains B6 and HER and their phages. Chromosomal DNAs (left panel)
prepared from the indicated strains were digested with HindIII and
hybridized with a digoxigenin-labeled lytA gene. DNAs prepared from
either M31 (�lytA) or the lysogenic strain 101 were used as controls. In
the right panel, phage DNAs were digested with HindIII, blotted, and
hybridized as above. The sizes (in kilobases) of the restriction frag-
ments of HindIII-digested, biotinylated � DNA (S) are indicated.

FIG. 2. Characterization of phages �B6 and �HER and their DNAs. (A) SDS-PAGE (15% gels) showing the structural virion proteins. The
proteins of EJ-1 are shown for comparison. The molecular mass (in kilodaltons) of the standards (lane S) is indicated at the left. (B) Pulsed-field
gel electrophoresis of proteinase K-treated phage DNAs. Two different amounts of DNA were loaded in the same gel. In the well labeled S2�EJ-1,
EJ-1 DNA (open arrow) was mixed with a size standard mixture (S2) consisting of � DNA digested with either HindIII (white stars) or BstEII.
The size (in kilobases) of several DNA bands is indicated at the right. S1, SmaI-digested S. pneumoniae R6 DNA. (C) Agarose (0.7%) gel
electrophoresis of phage DNAs digested with HindIII. S, BstEII-digested � DNA.
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quences of at least 900 bp in length (2 December 2003, last
date accessed), 34 from bacteria (17 typical alleles) and six
from phages (including four pneumococcal phages and �B6
and �HER reported here). Analysis of a full alignment of the
alleles revealed three additional features of the lytA alleles.
The phage alleles diverged from the bacterial alleles mainly at
their 5� ends (not shown). Nearly 50% of the nucleotides from
positions 1 to 66 of the phage genes differed from those of the
bacterial alleles. This characteristic had been reported previ-
ously for the hbl gene from phage HB-3 (53). Interestingly, the
lytAHER and lytAB6 alleles showed identical sequences in this
region.

Whatmore and Dowson (75) first pointed out that sev-
eral typical bacterial lytA alleles appeared to have a limited
mosaic distribution, suggesting a localized recombination
event with similar phage genes, namely hbl and/or ejl. Our
results confirmed and extended this proposal because we
found that, between positions 441 and 465, the nucleotide
sequence of lytAHER is identical to that of six typical bacte-
rial alleles (accession nos. M13812, AE007483, AF45844,
AJ243401, AJ243403, and AJ243405) (unpublished observa-
tions). In addition to the 6-bp deletion already mentioned, all
the atypical lytA alleles showed characteristic nucleotide sub-
stitutions (111 positions) that differed from those found, con-
served, in typical alleles. In these positions, most of the nucleo-
tides of the amidase genes from phages HB-3, VO1, and MM1
(up to 85 positions) correspond to those of typical bacterial
alleles, whereas in lytAHER and lytAB6 only about 53% of the
111 positions coincide with those characteristic of typical al-
leles (not shown).

Pairwise evolutionary distances were calculated for all (bac-
terial and phage) lytA alleles. Since phage genes evolve faster
than their bacterial counterparts, it was not surprising to find
that the phage alleles were the most divergent compared with
either typical (pairwise evolutionary distance � 14%) or atyp-
ical (pairwise evolutionary distance � 21%) bacterial alleles
(not shown). In particular, lytAB6 and lytAHER diverged more
than 15% even when comparisons where done among phage
genes. On the contrary, the lysin genes from phages HB-3,
VO1, and MM1 were quite similar to each other (pairwise
evolutionary distance � 3%). Phage lysin genes appeared to
form three independent clades (HB-3/VO1/MM1, B6/HER,
and EJ-1) when a neighbor-joining tree was calculated (Fig. 5).
Interestingly, typical and atypical bacterial lytA alleles form two
independent and consistent clades. From the phylogenetic
tree, it could also be predicted that the event that produced the
6-bp deletion characteristic of atypical alleles took place before
the separation of lineages leading to ejl and bacterial atypical
alleles and that the phage lysin gene largely diverged subse-
quently.

Biochemical characterization of the LytAB6 and LytAHER

amidases. To biochemically characterize the lytA gene prod-
ucts from both phages, proteins were overexpressed in E. coli
transformants harboring either pLytAB6 or pLytAHER and pu-
rified to electrophoretic homogeneity (Fig. 4B). N-terminal
amino acid sequencing of both proteins (MDIDTSRLRT) con-
firmed that deduced from the nucleotide sequences. As re-
ported for the pneumococcal amidase, the translation products
of lytAB6 and lytAHER are low-activity forms (E-forms) of these
proteins that are converted to their fully active forms (C-

FIG. 4. Schematic representation of the lysin genes from phages �HER and �B6 and their flanking regions, and analysis of the purified S. mitis
phage lysins. (A) Arrows show the genes and their direction of transcription. The nucleotide identity between different regions of both sequences
is indicated. Broken arrows correspond to incomplete open reading frames. The putative deleted holin gene from �HER is shown as a narrow,
solid arrow. The nucleotide positions are also indicated. (B) The purified LytA amidases from S. pneumoniae R6, �B6, and �HER were analyzed
in SDS–10% polyacrylamide gels alone or in combination. The molecular mass (in kilodaltons) of the standards (S) is indicated at the left.
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forms) by incubation with choline at low temperature (not
shown). Analyses of the degradation products generated by
both proteins were consistent with an N-acetylmuramoyl-L-
alanine amidase activity (not shown).

Although both proteins could be differentiated from the
LytAR6 amidase (Mr 36,544) by SDS-PAGE analysis (Fig. 4B),

a double immunodiffusion test revealed an identical precipitin
band between LytAR6 and the phage lysins (not shown). Nev-
ertheless, the optimum pH for activity of both phage lysins was
more acidic (ca. 5.5) than that of LytAR6 (ca. 6.5) (Table 1).
When tested at their optimal pHs, the phage amidases showed
only a slightly reduced specific activity compared to that of

FIG. 5. Phylogenetic tree of the bacterial and phage lytA alleles. The neighbor-joining phylogenetic tree (phylogram) shows the evolutionary
relationships between lytA alleles. Open and gray boxes indicate the positions of typical and atypical bacterial alleles, respectively. They are
identified by their accession numbers. The arrow indicates the event causing the 6-bp deletion characteristic of atypical lytA alleles, including ejl.
The scale represents the number of nucleotide substitutions per site.

TABLE 1. Comparison of the biochemical properties of the pneumococcal and S. mitis phage amidases

Enzyme Sp act, U 10�5/mg
of protein (%)a

Optimum pH
for activity

Activity after
dialysis (%)b

Activity (%) after
treatmentc with:

Choline 50% inhibitory
concn (mM)d

1% deoxycholate 1% Triton X-100 Deconverted Converted

LytAR6 13.0 (100) 6.5 100 100 120 5 20
LytAB6 4.4 (33.8) 5.5 10 2 32 2 20
LytAHER 4.6 (35.4) 5.5 10 3 33 0.4 10
LytAR6(T)

e 12.7 (100) 6.5 10 30 90 3 20

a Activity values are the averages of at least three independent determinations with pneumococcal cell walls as the substrate. Each enzyme was assayed at its optimal
pH (6.5 in 20 mM sodium phosphate buffer for LytAR6 and 5.5 in 0.1 M sodium acetate for LytAB6 and LytAHER). The percentage of LytAK6 activity is shown in
parentheses.

b Enzymes were dialyzed in the cold against the appropriate buffer for at least 3 h and assayed without any conversion step. Percentages were calculated with respect
to the activity of the corresponding nondialyzed enzyme.

c Percentages were calculated with respect to that of untreated LytAR6.
d For LytAR6, unconverted and converted mean crude E-form and purified C-form amidase, respectively, whereas for phage proteins those terms refer to dialyzed

and dialyzed and then converted enzymes, respectively. Deconverted data for LytAR6 are from a previous publication (8).
e LytAR6(T) is LytAR6 in which Val317 has been replaced by Thr.
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LytAR6 (Table 1). It should be noted that, although the cell
walls of S. mitis have a choline-containing C-polysaccharide
identical to that of S. pneumoniae, they also contain a unique
teichoic acid-like polymer (6), which might account for this
slight difference in activity. Interestingly, 1 h after induction
with mitomycin C, the addition of 1% deoxycholate immedi-
ately caused the lysis of the cells, although uninduced cultures
of S. mitis B6 and HER strains do not lyse with 1% deoxy-
cholate (data not shown), indicating that LytAB6 and LytAHER

were active against the peptidoglycan of their own host and not
only against heterologous S. pneumoniae cell walls.

As already mentioned, deoxycholate was capable of inhibit-
ing in vitro the enzymatic activity of atypical amidases (either
bacterial or phage EJ-1 enzymes), and this effect was attributed
to the two-amino-acid deletion characteristic of this type of
enzyme (48). However, LytAB6 and LytAHER, which do not
have any deletion, were also inhibited in vitro by 1% deoxy-
cholate but not when 1% Triton X-100 was used instead of
deoxycholate (Table 1).

Additional biochemical differences between the phage and
R6 amidases were revealed when the relationship between the
enzymes and their ligand (the choline) were investigated. It
should be noted that the primary translation product of the
lytA gene shows reduced amidase activity and is commonly
referred to as the E-form amidase (19, 71). The transformation
of the E-form enzyme to the fully active amidase (the so-called
C-form) is named conversion (see Materials and Methods) and
takes place in vivo once the enzyme interacts with choline
residues of the cell wall teichoic acids. Conversion can also be
carried out in vitro upon incubation of the E-amidase in the
cold with choline-containing cell walls (71) or 2% choline chlo-
ride (8). In the latter case, and before incubation at 37°C to
evaluate catalytic activity, the assay mixture has to be diluted
because choline concentrations higher than 0.03% also inhibit
the enzyme activity by preventing the attachment of the en-
zyme to the cell wall (23).

It has also been observed that LytA is converted to the active
C-form during purification in DEAE-cellulose (60) or equiva-
lent chromatographic supports (8, 20) because elution of the
amidase is carried out with 2% choline chloride. It is important
to underline that the conversion process of the pneumococcal
amidases (either typical or atypical) cannot be reversed by
dialysis except in the case of the Ejl amidase (11). Dialyzed Ejl
appears to be mostly monomeric (55), whereas analytical ul-
tracentrifugation (73) and crystallization studies (16) revealed
that the enzymatically active, C-form LytAR6 is a dimer formed
by hydrophobic interactions among residues located at the
most C-terminal choline-binding repeats of LytA (ChBR6
and ChBR7). Full activity was found when purified LytAB6

and LytAHER were assayed under the standard conditions
discussed above without any previous dialysis, but, remarkably,
both enzymes lost between 70 and 90% of this activity after a
short (3-h) dialysis against NP buffer. Nevertheless, the loss of
activity was completely reversible, as found when the dialyzed
enzyme preparations were preincubated with choline-contain-
ing cell walls (or 2% choline chloride) before a shift to 37°C
(Table 1). Sedimentation equilibrium ultracentrifugation (not
shown) demonstrated that the deconverted phage enzymes
were in a monomeric state, whereas mostly dimers were
formed upon incubation with 2% choline.

In a different set of experiments, dialyzed LytAB6 and
LytAHER were first reconverted by incubation with pneumo-
coccal cell walls and then received increasing amounts of cho-
line chloride and were immediately shifted to 37°C. As shown
in Table 1 the choline 50% inhibitory concentration varied
from about 10 mM for LytAHER to 20 mM for the other
amidases, well within the values previously reported for the
active C-form of LytAR6 (8, 12, 23). However, about 20%
activity remained in the case of phage amidases, even at 2%
choline (data not shown). Besides, when the dialyzed enzymes
were incubated at 0°C with cell walls together with choline
prior to being shifted to 37°C, LytAHER was more strongly
inhibited that the other amidases (Table 1), suggesting less
efficient anchoring of this enzyme to the heterologous pneu-
mococcal cell walls. A similar property has been described for
Ejl (11). Whether this behavior represents an intrinsic property
of these phage lysins or reflects the existence of chemical
and/or steric differences between the cell wall peptidoglycan of
S. pneumoniae and that of S. mitis remains to be investigated.

Fundamental role of Val317 in LytAR6 conversion. Interest-
ingly, many of the amino acid differences between LytAR6 and
the phage amidases described here are located in the last two
choline-binding repeats (ChBR6 and ChBR7), which are those
involved in dimerization (see above) (Fig. 6A). Of particular
interest was the finding that one of the key residues implicated
in the hydrophobic interactions of ChBR7 in both monomers is
Val317 (16). When the three-dimensional structure of ChBR7
of the S. mitis phage amidases was modeled, taking the crystal
structure of the choline-binding domain of LytAR6 (C-LytA)
(16, 17) as the template, a different spatial orientation of the C
terminus of the molecule could be predicted (Fig. 6B).

It is conceivable that the Val317 to Thr change might alter
the three-dimensional folding at the region that participates in
the dimer conformation of the active form of the enzyme, in
some way altering the stability of the active dimer. Neverthe-
less, the existence of other neighboring amino acid differences
among the enzymes precluded a direct acceptance of that sug-
gestion. As a direct test of our proposal, site-directed mutagen-
esis was performed to change Val317 to Thr in LytAR6. As
predicted, LytAR6(T) was rapidly converted to the low-activity
E-form of the pneumococcal amidase upon a brief period of
dialysis in a way similar to that reported here for the S. mitis
phage amidases (Table 1). A preliminary analytical ultracen-
trifugation analysis confirmed that mostly monomers or dimers
were present in deconverted and reconverted preparations of
LytAR6(T). Quite unexpectedly, LytAR6(T) was partly inhibited
by deoxycholate, although about 30% of initial enzyme activity
remained after treatment with 1% deoxycholate (Table 1). No
other biochemical differences among the wild-type and mutant
LytA amidases could be found.

DISCUSSION

Genetic transformation is envisaged as the main mechanism
of horizontal gene transfer among the mitis group streptococci,
leading to rapid spread of �-lactam (13) and fluoroquinolone
(18) resistance, whereas the contribution of phages, either lytic
or temperate, to the dissemination of clinically relevant genes
has not been so well established. Although some clues on the
recombination between the S. pneumoniae lytA gene and those
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from some pneumococcal phages have been reported (53, 75),
the S. mitis phages described here expand all previous data on
the role of phages in dissemination of the pneumococcal lytA
genes among alpha-hemolytic streptococci in the same habitat.
In sharp contrast to previous results reporting the presence of
atypical lytA genes in some S. mitis isolates (76), strains HER
and B6 harbor temperate prophages encoding full-size pneu-
mococcal LytA amidases.

Nevertheless, the phage lysins described here showed sev-

eral biochemical characteristics that differ from those of typical
and atypical amidases previously described. Their optimal pH
for activity (5.5) was significantly lower than that of a typical
pneumococcal amidase (Table 1). This might represent an
adaptation to a more acidic environment, since it is recognized
that S. mitis is more acid tolerant than S. pneumoniae (67).
Besides, LytAB6 and LytAHER were strongly inhibited in vitro
by deoxycholate (Table 1), a property previously thought to be
exclusive to amidases lacking Thr290 and Gly291 (48). Conse-

FIG. 6. Amino acid sequence conservation at the choline-binding domain of typical and atypical amidases. (A) The sequences of the
choline-binding domains of LytAB6 (B6) and LytAHER (HER) were compared to that of LytAR6 (R6). The last two choline-binding repeats from
Ejl and a consensus sequence from an atypical enzyme (48) were also aligned. Amino acid residues that coincide with those of LytAR6 are shown
in black boxes, and conserved substitutions are indicated in a gray background. Red circles and green arrows indicate choline binding residues and
the portions of the sequence that form the first and second strands of the hairpins, respectively. (B) Predicted three-dimensional folding of the
C-terminal part of LytAB6 (white line). For simplicity, only the �-carbon chains are shown. The Thr317 residue characteristic of LytAB6, LytAHER,
and Ejl is highlighted in blue and boxed (T). The corresponding Val residue (V) in LytAR6 is also boxed. The folding of LytAR6 has been
experimentally determined (17), and the residues are labeled as follows: acid, black; basic, yellow; polar, blue; nonpolar, red. Three different
rotations of the model are shown.
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quently, it is clear that point mutations, not only deletions, can
result in an in vitro deoxycholate-sensitive amidase. In fact, a
single mutation, Val317 to Thr, also caused a deoxycholate-
sensitive enzyme (Table 1).

It has been reported previously that some pneumococcal
transformants synthesizing an in vitro deoxycholate-sensitive
LytA were susceptible to deoxycholate-induced lysis in vivo
(48). This also appears to be the case for the S. mitis strains
studied here, as illustrated by the observation that cultures of
S. mitis B6 and HER strains lysed by the addition of 1%
deoxycholate 1 h after induction with mitomycin C. This result
also showed that, under noninducing conditions, the prophage
lytA genes were repressed. In addition to mitomycin C, pro-
phage induction can be promoted by a variety of physical and
chemical agents, including antibiotics such as fluoroquinolones
(78). Since the high inflammatory potential of cell wall frag-
ments, particularly the stem peptides of the peptidoglycan
that are released by LytA, is widely recognized (43, 72),
phage-induced lysis of S. mitis strains B6 and HER, either
spontaneous or provoked by antibiotic treatment, might confer
increased virulence on these strains.

A prominent peculiarity of the pneumococcal LytA ami-
dases, the need for conversion to get full enzymatic activity,
was shared by the S. mitis phage enzymes described here.
However, and in sharp contrast to the irreversibility of the
conversion process exhibited by the pneumococcal LytA ami-
dases, LytAB6 and LytAHER behaved as reversible enzymes.
Site-directed mutagenesis of Val317 of LytAR6 to Thr demon-
strated in a direct experimental way that Val317 is a key amino
acid in the dimerization/conversion process (Table 1). Wheth-
er the Val137 to Thr substitution in LytAR6 might be relevant
for the biology of S. pneumoniae is currently under study.

The pneumococcal genome has the potential to encode up
to 15 choline-binding proteins and some additional choline-
binding proteins have been shown to be encoded by pneumo-
coccal phages (37). However, the three-dimensional structure
of only two choline-binding proteins is currently known: the
choline-binding domain of LytAR6 (C-LytA) (16, 17) and the
Cpl-1 lysozyme encoded by phage Cp-1 (26). Cpl-1, which is
synthesized in vivo in an enzymatically active form, only crys-
tallized in the absence of choline, that is, after a dialysis step
following its purification on DEAE-cellulose (26). In contrast,
C-LytA only gave crystals when choline was present, and this
domain and the complete LytAR6 enzyme were completely
denatured after extensive dialysis to remove choline.

The availability of the new S. mitis phage amidases together
with the mutant LytAR6(T) pneumococcal amidase that can be
easily deconverted may allow new crystallization trials to de-
termine the three-dimensional structure of this important
S. pneumoniae virulence factor. In addition, the successful
use of phage lytic enzymes, as an alternative to antibiotics,
to combat drug-resistant bacteria has recently been docu-
mented in the case of S. pneumoniae (29, 37), Streptococcus
pyogenes (45), Bacillus anthracis (61), and enterococci (77).
The availability of the purified lytic enzymes coded by S. mitis
phages reported here opens the possibility of exploring this
new therapeutic approach in the case of S. mitis, a major cause
of endocarditis.
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Identification of atypical strains of Streptococcus pneumoniae by a specific
DNA probe. Eur. J. Clin. Microbiol. Infect. Dis. 9:396–401.

16. Fernández-Tornero, C., E. Garcı́a, R. López, G. Giménez-Gallego, and A.
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Streptococcus pneumoniae. Ph.D. thesis. Universidad Complutense de Ma-
drid, Madrid, Spain.

47. Obregón, V., J. L. Garcı́a, E. Garcı́a, R. López, and P. Garcı́a. 2003. Genome
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67. Svensäter, G., M. Borgström, G. H. W. Bowden, and S. Edwardsson. 2003.
The acid-tolerant microbiota associated with plaque from initial caries and
healthy tooth surfaces. Caries Res. 37:395–403.

68. Taira, S., E. Jalonen, J. C. Paton, M. Sarvas, and K. Runeberg-Nyman. 1989.
Production of pneumolysin, a pneumococcal toxin, in Bacillus subtilis. Gene
77:211–218.

69. Thompson, J. D., D. G. Higgins, and T. J. Ginson. 1994. CLUSTAL W:
improving the sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight matrix choice.
Nucleic Acids Res. 22:4673–4680.

70. Tomasz, A., and W. Fischer. 2000. The cell wall of Streptococcus pneumoniae,
p. 191–200. In V. A. Fischetti, R. P. Novick, J. J. Ferretti, D. A. Portnoy, and
J. I. Rood (ed.), Gram-positive pathogens. ASM Press, Washington, D.C.

71. Tomasz, A., and M. Westphal. 1971. Abnormal autolytic enzyme in a pneu-
mococcus with altered teichoic acid composition. Proc. Natl. Acad. Sci. USA
68:2627–2630.

72. Tuomanen, E. I. 2000. Pathogenesis of pneumococcal inflammation: otitis
media. Vaccine 19(Suppl. 1):S38–S40.

73. Usobiaga, P., F. J. Medrano, M. Gasset, J. L. Garcia, J. L. Saiz, G. Rivas, J.
Laynez, and M. Menendez. 1996. Structural organization of the major au-
tolysin from Streptococcus pneumoniae. J. Biol. Chem. 271:6832–6838.

74. Wang, I.-N., D. L. Smith, and R. Young. 2000. Holins: the protein clocks of
bacteriophage infection. Annu. Rev. Microbiol. 54:799–825.

75. Whatmore, A. M., and C. G. Dowson. 1999. The autolysin-encoding gene
(lytA) of Streptococcus pneumoniae displays restricted allelic variation despite

8238 ROMERO ET AL. J. BACTERIOL.



localized recombination events with genes of pneumococcal bacteriophage
encoding cell wall lytic enzymes. Infect. Immun. 67:4551–4556.

76. Whatmore, A. M., A. Efstratiou, A. P. Pickerill, K. Broughton, G. Woodard,
D. Sturgeon, R. George, and C. G. Dowson. 2000. Genetic relationships
between clinical isolates of Streptococcus pneumoniae, Streptococcus oralis,
and Streptococcus mitis: characterization of “atypical” pneumococci and or-
ganisms allied to S. mitis harboring S. pneumoniae virulence factor-encoding
genes. Infect. Immun. 68:1374–1382.

77. Yoong, P., R. Schuch, D. Nelson, and V. A. Fuschetti. 2004. Identification of
a broadly active lytic enzyme with lethal activity against antibiotic-resistant
Enterococcus faecalis and Enterococcus faecium. J. Bacteriol. 186:4808–
4812.

78. Zhang, X., A. D. McDaniel, L. E. Wolf, G. T. Keusch, M. K. Waldor, and
D. W. K. Acheson. 2000. Quinolone production induces Shiga toxin-encoding
bacteriophages, toxin production, and death of mice. J. Infect. Dis. 181:
664–670.

VOL. 186, 2004 PHAGE-MEDIATED TRANSFER OF PNEUMOCOCCAL LYSIS GENE 8239


