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Characterization of Maltocin P28, a Novel Phage Tail-Like Bacteriocin
from Stenotrophomonas maltophilia
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Stenotrophomonas maltophilia is an important global opportunistic pathogen for which limited therapeutics are available be-
cause of the emergence of multidrug-resistant strains. A novel bacteriocin, maltocin P28, which is produced by S. maltophilia
strain P28, may be the first identified phage tail-like bacteriocin from S. maltophilia. Maltocin P28 resembles a contractile but
nonflexible phage tail structure based on electron microscopy, and it is sensitive to trypsin, proteinase K, and heat. SDS-PAGE
analysis of maltocin P28 revealed two major protein bands of approximately 43 and 20 kDa. The N-terminal amino acid residues
of these two major subunits were sequenced, and the maltocin P28 gene cluster was located on the S. maltophilia P28 chromo-
some. Our sequence analysis results indicate that this maltocin gene cluster consists of 23 open reading frames (ORFs), and that
its gene organization is similar to that of the P2 phage genome and R2 pyocin gene cluster. ORF17 and ORF18 encode the two
major structural proteins, which correspond to gpFI (tail sheath) and gpFII (tail tube) of P2 phage, respectively. We found that
maltocin P28 had bactericidal activity against 38 of 81 tested S. maltophilia strains. Therefore, maltocin P28 is a promising ther-

apeutic substitute for antibiotics for S. maltophilia infections.

tenotrophomonas maltophilia is an aerobic, nonfermentative,

Gram-negative bacillus found in a variety of aquatic, soil, and
plant rhizosphere environments (1). Over the last 2 decades, it has
emerged as a global opportunistic pathogen that causes consider-
able morbidity and mortality in immunosuppressed patients (2,
3). S. maltophilia can cause serious infections, including pneumo-
nia, bloodstream infections, wound/soft-tissue infections, and
urinary tract infections (2, 4, 5). Recently, fatal infections in hu-
mans have been documented (6). S. maltophilia is also associated
with equine, canine, and feline respiratory infections and bovine
mastitis (7-9). Furthermore, S. maltophilia is an environmental
multidrug-resistant organism that exhibits high-level intrinsic re-
sistance to most currently available broad-spectrum antibiotic
agents (10, 11). Similar to other pathogenic strains, S. maltophilia
can acquire antibiotic resistance during therapy (12, 13). Thus,
managing S. maltophilia infections is difficult because of the lack
of effective antimicrobials, and novel treatment strategies are re-
quired (2, 3).

Bacteriocins are a promising alternative to antibiotics for treat-
ing bacterial infections. They are ribosomally synthesized protein-
aceous compounds that only have bactericidal activity against
bacteria that are closely related to the producing strain (14-16).
Based on their molecular weight, these bacteriocins can be divided
into two distinct groups: high-molecular-weight (HMW) and
low-molecular-weight bacteriocins. HMW bacteriocins are easily
isolated and visible using electron microscopy (17, 18). The most
intensively studied HMW bacteriocins are the colicins produced
by Escherichia coli (19), as well as the pyocins from Pseudomonas
aeruginosa (20). Although colicins are plasmid encoded, pyocin
gene clusters are exclusively located on the chromosome (20).
There are three types of pyocins: S-, R-, and F-type. S-type pyocins
are colicin-like proteins, whereas R- and F-type pyocins are phage
tail-like particles. R-type pyocin resembles a nonflexible but con-
tractile phage tail structure, while F-type pyocin is similar to the
flexible but noncontractile tails (20). R- and F-type pyocins are
related to P2 phage and lambda phage of E. coli, respectively (21).

Bacteriocins have been described in many species of Gram-
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negative and Gram-positive bacteria. It is believed that the major-
ity of bacteria can produce at least one bacteriocin (18, 22, 23), but
some bacteria simultaneously produce various types of bacterio-
cins. For example, P. aeruginosa strain PAO1 can synthesize all
three types of pyocins (20). However, no bacteriocin from S.
maltophilia has previously been identified. By evaluating several S.
maltophilia isolates, we found that strain P28 produces a novel
phage tail-like bacteriocin, which was designated maltocin P28
according to the typical bacteriocin nomenclature (17). In this
context, maltocin P28 was purified and characterized, and the
maltocin P28 gene cluster location was determined.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains and plasmids used
in this work are listed in Table 1, and the oligonucleotides used are pro-
vided in Table 2. ALl S. maltophilia strains were isolated from either soil (36
strains) or clinical (44 strains) samples. S. maltophilia P28, the producer of
maltocin P28, is an environmental isolate. The clinical S. maltophilia
strain ¢6 was used as the sensitive indicator strain for most experiments.
Other strains (besides S. maltophilia) used to determine the inhibitory
activities of maltocin are the following: Aeromonas media AB208100, Ba-
cillus subtilis AB93017, Enterobacter aerogenes AB91102, Escherichia coli
ATCC 47076, Proteus vulgaris AB91103, Pseudomonas aeruginosa ATCC
15692, DSM19882, Pseudomonas fluorescens AB92001, Pseudomonas
putida ATCC 12633, Staphylococcus aureus AB91053, and Xanthomonas
campestris AB96030. Strain names beginning with “AB” were obtained
from the China Center for Type Culture Collection (CCTCC). All strains
were cultured in Luria-Bertani (LB) medium at 30°C, except for E. coli,
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristic(s)

Source or reference

Strains
E. coli S17-1\pir
S. maltophilia P28

hsdR pro recA; RP4-2 in chromosome; Km::Tn7 (Tc:Mu) 32
Maltocin P28 producer, Amp"

Laboratory collection

S. maltophilia P28 Aorfl7 S. maltophilia P28 orfl7 deletion mutant This study
S. maltophilia P28 Aorfl7/pBBRIMCS S. maltophilia P28 Aorfl7 complemented with pPBBRIMCS This study
S. maltophilia P28 Aorfl7/pBBRIMCS-orf17 S. maltophilia P28 Aorf17 complemented with pBBRIMCS-orf17 This study
S. maltophilia P28 Aorf17/pBBRIMCSPlac-orf17 S. maltophilia P28 Aorf17 complemented with pBBRIMCSPlac-orf17 This study
Plasmids

pBBRIMCS Mobilizable broad-host-range cloning vector, Cm" 33

pBBRIMCS-orfl7 pBBRIMCS with a complete orfl7 gene This study
pBBRIMCSPlac-orf17 pBBRIMCS-orfl17 with an rrn terminator and lacZ promoter This study

pDM4
pDM4-17

pir dependent with sacAB genes; oriR6K; Cm" 32
pDM4 containing orfI7 fragment for construction of P28 Aorf17 strain

This study

which was cultured at 37°C. The medium was supplemented with ampi-
cillin (100 pg/ml) and chloramphenicol (34 pg/ml) when required.

Production and purification of maltocin P28. S. maltophilia strain
P28 was grown in 200 ml of LB medium with shaking (200 rpm) at 30°C.
The culture was harvested during early exponential growth (A4,, = 0.5)
and divided in two. Half was treated with mitomycin C (0.5 pug/ml). After
incubation overnight at 30°C, both the induced and noninduced cultures
were centrifuged at 10,000 X g for 10 min at 4°C. The supernatants were
precipitated with 4% (wt/vol) polyethylene glycol (PEG) 8000 and 3%
(wt/vol) NaCl at 4°C for 24 h. Pellets were collected by centrifugation at
14,000 X gfor 30 min at4°C and resuspended in 1 ml of TE buffer (10 mM
Tris-Cl and 1.0 mM EDTA, pH 8.0). After storage at 4°C overnight, the
suspensions were centrifuged at 10,000 X g for 10 min at 4°C to remove
impurities. Afterwards, the resulting supernatants were passed through a
0.45-pm filter.

For maltocin purification, the partial preparation was chromato-
graphed on a DEAE-cellulose (DEAE) column (10 by 175 mm) with a
nonlinear gradient of NaCl (0, 0.3, 0.4, and 0.7 M) in 0.01 M phosphate

TABLE 2 Primers used in this study

buffer (pH 6.8). All fractions absorbing at 280 nm were tested for the
presence of maltocin P28 or phage $SHP2 based on bactericidal activity
against the sensitive strain, followed by PCR analysis using the primer pair
(Table 2) designed according to the sequence of $SHP2 genomic DNA.

Transmission electron microscopy. Samples were dropped onto a
300- by 300-mesh copper grid. After 3 min, particles were stained with 2%
phosphotungstic acid for 2 min and then examined using a Tecnai G*
transmission electron microscope (FEI Co., Hillsboro, OR) at an operat-
ing voltage of 200 kV.

Quantification of antimicrobial activity. Maltocin antimicrobial ac-
tivity was determined by following a protocol described for other bacte-
riocins (24, 25). A total of 200 pl of each exponentially growing indicator
strain was added to 5 ml of LB soft agar (0.7% agar) at 50°C, mixed, and
overlaid on LB plates. Serial (2-fold) dilutions of the maltocin prepara-
tions were made in TE buffer, and 5 pl of each dilution was spotted onto
a lawn of each indicator strain. The plates were incubated at 30°C over-
night. The reciprocal of the highest dilution that formed a clear zone was
defined as the relative activity (in activity units [AU]) of maltocin.

Primer Sequence” (5'—3") Use

RepF GGGTCTTGAACTGGATGAAACGG Detection of $SHP2
RepR TTCCTTGCGATTGGAGTTGCG Detection of bSHP2
1038R AAGAAGGAGAACTGGTCGTTCGGCAA Smlt1039-1044 amplicon
1045F GGACTTCGACTTCACTCCGACCTACCC Smlt1039-1044 amplicon
1045R CGCACCACGCACAGGAACTGCCACTT Smlt1046-1053 amplicon
1054F CAGAAGGAGCACGCACTGGAAACACT Smlt1046-1053 amplicon
1054R TCGGAATGTCGGTGCCTTCGGATAC Smlt1055-1063 amplicon
1064F CTCCCATCACATCCTGACCACACTGC Smlt1055-1063 amplicon
1055F CAGATCGCCCAGCAGAG Smlt1054 amplicon
1053R TCGATGTCCCGTTGCAG Smlt1054 amplicon
1046F GTCCGCCAGCTACGAAT Smlt1044-1045 amplicon
1043R GGTGTCGGTGGGGGT Smlt1044-1045 amplicon
Sheath LA-F AAACTCGAGTCTCGATCCTGATGTATG P28Aorf17

Sheath LA-R AAATCTAGATCGGGGTTCTTCCTCGG P28Aorf17

Sheath RA-F AAATCTAGAGCATGACGCGCAAGATCCG P28Aorf17

Sheath RA-R AAAGAGCTCGGGCGATCATGTTGAC P28Aorf17

Knock verify-F AGGGCTACTCGGCAAGCAAT P28Aorf17

Knock verify-R CATCGCTGCCCTTGTCGT P28Aorf17

Sheath-F AAACTCGAGCGGCACACACCCACAC
Sheath-R AAAGAGCTCTTGCGCGTCATGCTTAGA
Plac-F AAACTCGAGACCGCGGAAGCTTAGC
Plac-R AAAGGGCCCATTATTGCATGCTGCC

Complementation of strain P28Aorf17
Complementation of strain P28Aorf17
Complementation of strain P28Aorf17
Complementation of strain P28Aorf17

“ Added restriction enzyme recognition sites in primers are underlined.
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Inhibitory action of maltocin P28. To analyze the killing action of
maltocin P28, CFU counts of S. maltophilia c6 were determined upon
addition of various concentrations of maltocin as follows. A culture of 50
ml was grown at 30°C to an optical density at 600 nm (ODg,) 0of 0.50 and
divided into 10-ml aliquots. Maltocin was added to final concentrations of
2.6 X10% 2.6 X 10%,2.6 X 10?,and0 AUml !, and portions of the treated
cultures were removed after 2, 5, 10, 15, 30, 60, and 120 min. The bacteria
were immediately washed once with 0.9% (wt/vol) NaCl, and CFU were
determined on LB plates.

Sensitivity of maltocin to heat and enzyme treatment. For thermo-
stability testing of maltocin P28, purified maltocin was heated for 10 min
at 30, 40, 45, 50, 55, and 60°C. Bacteriocin enzymatic stability was inves-
tigated following treatment with trypsin (Gibco, Carlsbad, CA) (0.5 mg/
ml) and proteinase K (Merck, Darmstadt, Germany) (0.2 mg/ml) in TE
buffer at 37°C for 1 h. Residual bacteriocin activity following each treat-
ment was determined as described above.

Protein analysis. SDS-PAGE analysis of purified maltocin and an
N-terminal sequence analysis of its major structural subunits were per-
formed as described previously (26). Two major protein bands (approx-
imately 43 and 20 kDa) from maltocin P28 particles separated by SDS-
PAGE were electroblotted onto a polyvinylidene difluoride membrane
and stained with Coomassie brilliant blue. Membrane strips contain-
ing the major protein bands were excised and subjected to Edman
degradation to determine the N-terminal sequences using an ABI
ProciseTM492cLC (GC320078) protein sequencer.

Location and analysis of the maltocin P28 locus. The primers used to
locate the maltocin P28 locus are listed in Table 2. To identify the gene
cluster encoding maltocin proteins, the sequences of five N-terminal
amino acid residues of both major subunits (approximately 43 and 20
kDa) were searched against known protein databases of sequenced S.
maltophilia strains (27, 28). The two amino acid sequences were separately
located in two putative phage-related proteins encoded by conjoined
genes (Smlt1045 and Smlt1044) on the S. maltophilia K279a chromosome.
A sequence analysis showed that the genes between Smlt1064 and
Smlt1038 in strain K279a may be associated with phage genes. To clone the
maltocin genes, primers 1046F and 1043R were designed according to
sequences of the flanking genes Smlt1046 and Smlt1043 in S. maltophilia
K279a. Chromosomal DNA from strain P28 was used as the template. The
amplified DNA fragment showed 99% sequence identity to that of the
K279a genome. Four primer pairs (1038R and 1045F, 1045R and 1054F,
1054R and 1064F, and 1053R and 1055F) were synthesized according to
the genomic sequence of K279a to amplify the complete locus. Using
genomic DNA from S. maltophilia P28 as the template, four fragments
(5.3, 7.6, 5.5, and 0.8 kb) were amplified and sequenced. The obtained
sequences were assembled using DNAMAN software (Lynnon Biosoft,
Quebec, Canada) and compared to the genomic sequences of S. malto-
philia K279a and R551-3.

In our analyses, open reading frames (ORFs) were defined as those
containing either AUG (methionine), GUG (valine), or UUG (leucine) as
a start codon and were composed of at least 50 amino acids based on
OREF-Finder and BLAST from NCBI (29) (http://www.ncbi.nlm.nih.gov
/gorf/gorf.html).

Identifying similarities between predicted maltocin proteins and
known proteins in the databases was performed using the internet ver-
sions of PSI-BLAST and PHI-BLAST (http://www.ncbi.nlm.nih.gov
/BLASTY/) (30). Putative transmembrane helices in the proteins were pre-
dicted using the ExPASy server (31).

Construction of the ORF17 deletion strain. The primers used to con-
struct the ORF17 deletion strain are also listed in Table 2. ORF17 was
predicted to encode the major tail sheath protein of S. maltophilia P28.
The amplified 609- and 529-bp fragments were located upstream and
downstream, respectively, of ORF17. Both were subcloned into the sui-
cide vector pDM4 (32). Subsequently, the recombinant plasmid
pDM4-17 was transformed into E. coli S17-1 (Apir) and transferred to S.
maltophilia P28 by conjugation. S. maltophilia exconjugants containing
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the first allelic exchange were screened on LB agar supplemented with
ampicillin-chloramphenicol. Colonies were added to 5 ml of liquid LB
medium. After growth for 12 h, 100 pl of 10>-fold-diluted culture was
plated on sucrose LB agar (5% sucrose) and incubated at 30°C for 2 days.
The ORF17 deletion mutant P28Aorf17 was then screened by PCR.

Complementation of strain P28Aorfl17. A 1,266-bp fragment con-
taining ORF17 and its upstream 30 bp was amplified by PCR and cloned
into pBBRIMCS (33) using Xhol and Sacl. The resulting plasmid,
pBBRIMCS-orfl7, was transferred to strain P28Aorf17 by conjugation.
Unfortunately, maltocin P28 production could not be restored by the
recombinant strains carrying pBBRIMCS-orf17. We then cloned a frag-
ment (including an rrn terminator and lacZ promoter) directly upstream
of ORF17 in pBBRIMCS-orf17 using Xhol and Apal. The recombinant
plasmid, pBBRIMCSPlac-orf17, was transferred to strain P28AorfI17, and
exconjugants were selected as described above.

Nucleotide sequence accession numbers. The nucleotide sequences
of maltocin P28 and phage $SHP2 have been registered in GenBank un-
der accession numbers KC787694 and NC_015586, respectively.

RESULTS

Purification and morphology of maltocin P28 particles. The
complete nucleotide sequence of the high-copy-number plasmid
pSH2 from S. maltophilia P28 was determined. Informatics anal-
ysis showed that both the gene organization and protein identities
of five ORFs were similar to those of pSHP1 and $SMA9 (26, 34).
The putative products of ORF1, ORF2, ORF7, ORF8, and ORF9
contained the Rep_trans superfamily, Phage_ DNA_bind super-
family, Zot superfamily, DUF3653 superfamily, and HTH_XRE
superfamily, respectively. The potential replication initiation fac-
tor (Rep) encoded by ORF1 shared 76.9% identity with Rep of
GSHP1 and 24.4% identity with RstA of $SMA9. Similar to Rep
protein, the putative single-stranded DNA binding protein (SSB)
encoded by ORF2 shared high identity (77.3%) with SSB of
$SHP1 and low identity (25.0%) with the ORF5 product of
$GSMA9. The identity of the ORF7 product to the predicted Zot
of $SHP1 and $SMA9 is 27.6 and 20.8%, respectively. The prod-
uct of ORF8 had the same identity (57.5%) to both the ORF9
product of $SHP1 and the ORF2 product of b$SMA9. However,
the ORF9 protein had slightly lower identity to the related pro-
teins, the ORF10 product of $SHP1 (19.0%) and ORF1 protein of
$GSMA9 (22.8%). Thus, we propose that plasmid pSH2 is the rep-
lication form of a novel filamentous phage, named ¢bSHP2 (see
Fig. S1 and Table S1 in the supplemental material). The prepared
samples contained single-stranded DNA, and its sequence coin-
cided with that of plasmid $SH2, which was deposited in Gen-
Bank under accession number NC_015586.

Electron micrographs of the partial preparation revealed a
mixture of phage tails and filamentous phages (Fig. 1A). The sam-
ple suspension was separated using DEAE-cellulose column chro-
matography, which generated a major eluted fraction at 0.3 M
NaCl and a minor fraction at 0.7 M NaCl (Fig. 2). Electron micro-
graphs taken from the peak fractions contained phage tail-like
particles (120 by 20 nm) in the major eluted fraction (Fig. 1B) and
filamentous particles (800 by 10 nm) in the minor eluted fraction
(Fig. 1C). These two fractions were also analyzed for the presence
of DNA and bactericidal activity against S. maltophilia c6. We
found that the minor eluted fraction had no antimicrobial activity
and contained single-stranded DNA, corresponding to ¢bSHP2
genomic DNA based on both enzymatic digestion and primer ex-
tension (data not shown). However, the major eluted fraction had
antimicrobial activity but contained no genetic material. Taken
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FIG 1 Electron micrographs of the partially purified sample (A), the major
DEAE-eluted fraction at 0.3 M NaCl (B), and the minor DEAE-eluted fraction at
0.7 M NaCl (C). The maltocin P28 particles with different structural elements,
namely, empty sheath, complete form, and complete contracted form, are marked
ES, CF, and CCF, respectively. The filamentous phage is marked FP.

together, these results indicate that a novel filamentous phage,
GSHP2, and a novel phage tail-like bacteriocin, designated malto-
cin P28, were simultaneously produced by S. maltophilia strain
P28. In this study, only maltocin P28 was characterized.
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FIG 2 DEAE chromatography of the partially purified maltocin P28. The
partial preparation was chromatographed on a DEAE-cellulose (DEAE) col-
umn (10 by 175 mm) with a nonlinear gradient of NaCl (0, 0.3, 0.4, and 0.7 M)
(thick line) in 0.01 M phosphate buffer (pH 6.8). The elution profile of the
maltocin preparation was measured at an absorbance of 280 nm (thin line).
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FIG 3 Killing of S. maltophilia c6 after addition of maltocin P28 at final con-
centrations of 2.6 X 10* (O), 2.6 X 10? (A), 2.6 X 10* (V),and 0 ((0) AUmI .
CFU were determined in triplicate, and the mean value at each time point was

used to make the curve. The experiment was repeated twice with similar re-
sults.

Antimicrobial activity spectrum of maltocin. Purified malto-
cin P28 was tested against various strains collected in our labora-
tory. Among the 92 strains examined, no other bacteria, excluding
38 S. maltophilia strains (19 environmental strains and 19 clinical
strains), showed growth sensitivity to maltocin P28. The most
sensitive strain was c6; it was selected as the indicator strain. In a
culture of strain P28, maximum spontaneous maltocin produc-
tion (above 2.5 X 10* AU/ml) occurred after 20 h at 30°C with
heavy shaking, and the yield could be increased to 4 X 10° AU/ml
upon induction with mitomycin C (0.5 wg/ml).

Inhibitory action of maltocin P28. The lysis of the susceptible
strain S. maltophilia c6 was determined by viable cell count upon
addition of various concentrations of maltocin to an early expo-
nential culture. As shown in Fig. 3, after treatment with a final
maltocin concentration of 2.6 X 10* AU ml ™! for 120 min, the
viable cell numbers could be reduced by about 98.9%. The other
two lower concentrations (2.6 X 10° and 2.6 X 10> AU ml™!)
showed weaker bactericidal activity and could delay the growth of
the cultures for 60 and 30 min, respectively.

Sensitivity of maltocin P28 to heat and enzyme treatment.
Purified maltocin P28 could be stored at 4°C for several months
without loss of activity (data not shown). We also analyzed the
sensitivity of the maltocin preparation to enzyme hydrolysis and
heat treatment (Table 3). When maltocin P28 preparations were
incubated for 10 min at different temperatures, no loss of bacte-
ricidal activity was detected up to 40°C, but more than 99% of the
activity was lost at 45°C, and no activity was retained after incu-
bation at 50°C. Incubation in the presence of trypsin for 1 h re-

TABLE 3 Sensitivity of maltocin to heat and enzyme treatment

Sensitivity to”:

Heat (°C) Enzyme

Trypsin Proteinase K
30 40 45 50 55 60 (0.5 mg/ml) (0.2 mg/ml)
21 2! 24 0 0 0 27 0

“ Residual antimicrobial activity (X200 AU/ml) was determined following each
treatment. Heat treatment was for 10 min. Enzyme treatment was for 1 h at 37°C.
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FIG 4 SDS-PAGE of the DEAE-purified maltocin P28 particles.

duced maltocin activity to less than 10%; however, proteinase K
treatment completely abrogated bactericidal activity.

SDS-PAGE and N-terminal amino acid sequence of the
maltocin P28 major subunits. An analysis of maltocin P28 by
SDS-PAGE displayed two major protein bands of about 43 and 20
kDa, as well as several minor bands (Fig. 4). The sequences of five
N-terminal amino acid residues of the 43- and 20-kDa subunits
were TEFLH and TRKIR, respectively. Homology searches of

TABLE 4 List of ORFs of genes in the maltocin P28 cluster

Novel S. maltophilia Bacteriocin

these two amino acid sequences using known protein databases of
S. maltophilia revealed that they are identical to the N-terminal
sequences of the Smlt1044 and Smlt1045 products, respectively, of
S. maltophilia K279a.

Genetic organization of the maltocin P28 gene locus. A
19.9-kb fragment was cloned from the S. maltophilia P28 genome.
The %G+ C was 66.2%, in agreement with the sequenced S. malto-
philia chromosomes. A total of 25 ORFs were predicted after com-
parison to the nonredundant peptide sequence database using the
BLAST program (BLAST algorithm) and ORF Finder software.
Twenty-three ORFs were proposed to be maltocin P28-related
genes (Table 4), all of which were transcribed in the same direction
(opposite the directions of the 1st and 25th ORFs in the set). The
genetic organization of maltocin P28 was similar to that of the R2
pyocin gene cluster and P2 phage genome (Fig. 5).

The predicted proteins encoded by ORF11 to ORF23 were re-
lated to phage tail proteins, nine of which contained conserved
domains and showed significant homology to the tail proteins of
P2 phage and R2 pyocin (Table 4). The arrangement of these genes
was the same as that of R2 pyocin. ORF11 to ORF14 were homol-
ogous to V, W, ], and [, respectively, of P2 phage. Although ORF15
and ORF16 showed no homology to P2 family phages and R2
pyocin genes, their locations and product sizes were consistent
with those of the P2 H (tail fiber) gene and G (tail fiber assembly)
gene, respectively.

In addition, the predicted molecular masses were 41.7 and 18.2
kDa for ORF17 and ORF18, respectively, which coincided with
the two most abundant structural components (43 and 20 kDa) of
maltocin P28 as determined using SDS-PAGE analysis. The se-
quences of five N-terminal amino acid residues of the 43- and

Identity (%) throughout the

Length of whole length to:

ORF Position (5'-3") protein (aa) P2 Pyocin R2 Conserved domain(s) Predicted function

1 712-3048 778 TOPRIM_primases superfamily, virulence- Unknown
associated protein E superfamily

2 3049-3324 91 Unknown

3 3399-3626 75 CE4-SF superfamily Unknown

4 3668-4306 212 1 superfamily (deoxynucleotide Unknown
monophosphate kinase)

5 4459-4842 127 Unknown

6 5177-5626 149 HTH superfamily, Mor superfamily Transcriptional regulator

7 5623-5973 116 Unknown

8 5970-6455 161 gpK (48.8) lysozyme_like superfamily Endolysin

9 6452-6829 125 Holin

10 7182-7736 184 Unknown

11 7733-8323 196 gpV (32.7) Vi, (29.5) Phage_base_V superfamily Tail spike

12 8376-8714 112 gpW (33.6) Wy, (41.1) GPW_gp25 superfamily Baseplate-assembly

13 8717-9613 298 gpJ (45.3) Jrz (50.5) Baseplate_] superfamily Baseplate-assembly

14 9606-10385 259 gpl (22.3) Iy, (20.5) Tail formation

15 10393-12360 655 Tail fiber

16 12362-13021 219 Unknown

17 13128-14330 400 gpFI (34.1) Flg, (43.5) Phage_sheath_1 superfamily Major tail sheath

18 14333-14836 167 gpFII (29.1) Fllg, (37.5) Phage_tube superfamily Major tail tube

19 14917-15207 96 PRF19 (24.4) FluMu_gp41 superfamily Unknown

20 15328-17775 815 Tape_meas_TP901 family Tail tape measure

21 17778-18245 155 gpU (24.3) Ug, (16.9) Phage_P2_GpU superfamily Tail formation

22 18229-18444 71 gpX (39.4) Xg, (39.4) Phage_tail_X superfamily Tail formation

23 18501-19508 335 gpD (24.2) Dy, (26.9) Phage_GPD superfamily Tail formation
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FIG 5 Comparison of genetic organization among the gene locus for the maltocin P28, pyocin R2, and P2 phage. Genes (indicated as large arrows) are not drawn
to scale for simplicity. Homologous genes are connected by lines. Open reading frames encoding phage proteins involved in the tail phage synthesis are indicated
by gray arrows. Open reading frames encoding phage regulators and lytic proteins are indicated by diagonal and gridding arrows separately. Open reading frames

encoding proteins with unknown functions are indicated in white.

20-kDa subunits were consistent with the predicted amino acid
sequences of ORF17 and ORF18, excluding removal of the N-ter-
minal methionine. The protein product of ORF17 was in the
phage_sheath_1 superfamily and was similar to the phage tail
sheath protein gpFI from P2 phage. The protein product of
ORF18 was in the phage_tube superfamily and corresponded to
the phage tail tube protein gpFII of P2 phage.

The products of ORF19 and ORF20 were in the FluMu_gp41
superfamily and Tape_meas_TP901 family, respectively. Neither
protein showed homology to P2 phage proteins, while the ORF19
product showed significant homology to the predicted protein
PRF19 in R2 pyocin (24.4% identity throughout the length),
which is thought to correspond to the P2 E (essential tail protein)
gene. As a corresponding ortholog of gpT of P2 phage, the ORF20
product was proposed to be the tail length determinator protein.
Similar to the X, gene of R2 pyocin, ORF22 (a homolog of X from
P2) was also located at the U-D intergenic region in P2 phage.

The termination and initiation codons overlapped between
ORF10 and ORF11. PRF10 of R2 pyocin is thought to replace the
P2 R or S genes responsible for tail completion. No homology of
P2 R or S genes was found in the maltocin gene cluster. Similar to
PRF10 of R2 pyocin, ORF10 was located upstream of structural
genes. This suggests that the ORF10 product is involved in malto-
cin tail assembly, like PRF10 of R2 pyocin.

ORF6 to ORF9 should be included in one transcription unit,
since the termination and initiation codons overlapped between
the former ORF and the next ORF. The protein encoded by ORF6
had two conserved domains; namely, the helix-turn-helix super-
family and Mor superfamily, suggesting that ORF6 encodes a reg-
ulator. A sequence analysis indicated that ORF8 and ORF9 are
related to lysis. The ORF8 protein contained a lysozyme_like su-
perfamily conserved domain and exhibited significant homology
to P2 gpK (48.8% identity throughout the length), which is an
endolysin for disrupting the host cell wall. The protein encoded by
OREF9 possessed the distinctive features of holins (N-terminal hy-
drophobic transmembrane and C-terminal hydrophilic do-
mains), which could play a role in endolysin translocation (35).
However, ORF7 did not have a homolog in P2 phage or other
phages. Thus, determining whether ORF7 belongs to the lytic sys-
tem or functions as a regulator requires further analysis.
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The remaining ORFs (ORF1 to ORF5) on the maltocin P28
gene locus encoded five unknown proteins. The product of ORF1
had TOPRIM_primases superfamily and VirE superfamily do-
mains on its N and C termini, respectively. ORF3 and ORF4 also
had conserved domains. The ORF2 protein showed significant
homology to a hypothetical protein of Escherichia phage vB_
EcoM_ECO1230-10.

To confirm that the cloned gene cluster was responsible for
maltocin P28 production, we constructed a mutant strain in
which ORF17, coding for the tail sheath protein, was deleted. Bac-
tericidal activity and the two major structural subunits of malto-
cin were not detected in the ORF17 deletion mutant preparation
(Fig. 6). Furthermore, in trans complementation with ORF17
cloned into pBBRIMCS could restore bactericidal activity (Fig. 6).
Thus, the maltocin P28 gene locus was identified.

A 1 2 3 4 5 M kDa

45.0
sheath

35.0

25.0

tube

18.4

B

FIG 6 SDS-PAGE (A) and bactericidal activity (B) of partially purified malto-
cin sample from S. maltophilia P28 (lane 2), S. maltophilia P28 Aorf17 (lane 3),
S. maltophilia P28 Aorf17/pBBRIMCSPlac-orf17 (lane 4), and S. maltophilia
P28 Aorf17/pBBRIMCS (lane 5). The partially purified maltocin sample from
MMC-induced S. maltophilia P28 (lane 1) is used as a maker. The tail sheath
and tail tube proteins are indicated with arrows.
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DISCUSSION

As for many phage tail-like bacteriocins (20, 24, 25, 36), maltocin
P28 was mitomycin C inducible, thermolabile, and sensitive to
proteinase K. Electron microscopy revealed that the structure of
maltocin P28 was the same as that of R-type pyocins and resem-
bled the inflexible and contractile tails of P2-related phages. Most
predicted maltocin genes have homologs in the P2 phage genome
and R2 pyocin gene cluster. Moreover, the arrangement of malto-
cin P28 genes was similar to that of the R2 pyocin cluster. To the
best of our knowledge, maltocin P28 is the first identified bacteri-
ocin produced by S. maltophilia. These results show that maltocin
P28 is a novel phage tail-like bacteriocin.

In the P2 phage family, the C-terminal regions of the tail fiber
proteins are responsible for binding to host receptors (37, 38).
However, no similarity was detected in the C-terminal region of
putative fiber proteins encoded by ORF15, corresponding to the
P2 H (tail fiber) gene. These results implied that the bactericidal
activity spectrum of maltocin differs from that of other reported
phage tail-like bacteriocins. Until now, maltocin P28 was only
known to have antimicrobial activity against S. maltophilia strains.

Alytic system composed of a lytic enzyme (endolysin), a holin,
and their modulators is required to break down bacterial pepti-
doglycan at the terminal stage of the phage or phage tail-like bac-
teriocin (21, 35). Phage lytic system genes are commonly orga-
nized on a gene cassette (35), while the lytic genes of P. aeruginosa
strain PAOLI are distributed on both sides of the R2 pyocin locus
(20, 21). Two homologous lysis genes (ORF8 and ORF9), coding
for an endolysin and holin, were adjacent and located upstream of
structural genes in the maltocin P28 gene locus. Otherwise, we
could not identify any modulatory genes in the lytic system.

The predicted ORF6 protein contained conserved HTH super-
family and Mor superfamily domains. This suggests that the ORF6
product is a regulator of maltocin gene expression. Indeed, malto-
cin P28 could be induced by mitomycin C, as shown for many
bacteriocins. The pyocin gene cluster has two regulatory genes
(prtN and prtR), which are transcribed in a direction opposite that
of all other ORFs (39). The only predicted regulatory gene (ORF6)
in the maltocin locus was transcribed as being in the same direc-
tion as the remaining ORFs, and it showed no homology with
other known regulatory proteins. Other regulators (excluding
ORF6) were not identified. Thus, the regulation of maltocin likely
differs from that of R2 pyocin or P2 phage.

More than 90% of P. aeruginosa strains can produce R- and
F-type pyocins (20). However, the maltocin P28 gene-like
clusters are also present in four out of the five chromosomes of
S. maltophilia strains whose full genomic sequences are avail-
able (NC_010943, NC_011071, NC_017671, NC_015947, and
NZ_ACDV00000000). This implies that phage tail-like bacterio-
cins are widely distributed in S. maltophilia strains, similar to pyo-
cins in P. aeruginosa. To examine the bacteriocins in S. malto-
philia, a total of 20 S. maltophilia strains (10 clinical and 10
environmental strains) were selected at random. Ten preparations
of S. maltophilia strains displayed maltocin P28-like protein bands
by SDS-PAGE. Six of these samples were further examined using
electron microscopy to visualize the phage tail-like particles (data
not shown).

S. maltophilia is the only species of Stenotrophomonas known to
cause human disease (40). S. maltophilia has significant resistance
to broad-spectrum antibiotics, resulting in limited treatment op-
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tions (2, 3, 6). Currently, the bacteriostatic compound trim-
ethoprim-sulfamethoxazole (TMP-SMX) is the preferred treat-
ment for S. maltophilia infections. However, resistance is
increasing due to the spread of acquired mobile resistance deter-
minants, and in many patients TMP-SMX therapy is contraindi-
cated (41). In our analysis, maltocin P28 exhibited antimicrobial
activity against 19 out of 44 clinical S. maltophilia strains. This
indicates that maltocin P28 is a novel therapeutic agent against
some S. maltophilia infections.
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