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Clostridium difficile infection is increasing in both frequency and severity, with the emergence of new highly
virulent strains highlighting the need for more rapid and effective methods of control. Here, we show that
bacteriophage endolysin can be used to inhibit and kill C. difficile. The genome sequence of a novel bacterio-
phage that is active against C. difficile was determined, and the bacteriophage endolysin gene was subcloned
and expressed in Escherichia coli. The partially purified endolysin was active against 30 diverse strains of C.
difficile, and importantly, this group included strains of the major epidemic ribotype 027 (B1/NAP1). In
contrast, a range of commensal species that inhabit the gastrointestinal tract, including several representatives
of the clostridium-like Firmicutes, were insensitive to the endolysin. This endolysin provides a platform for the
generation of both therapeutic and detection systems to combat the C. difficile problem. To investigate a method
for the protected delivery and production of the lysin in the gastrointestinal tract, we demonstrated the
expression of active CD27L endolysin in the lactic acid bacterium Lactococcus lactis MG1363.

Clostridium difficile is rapidly gaining notoriety as a cause of
nosocomial diarrhea and colitis, with both the incidence and
severity of infections increasing in the last few years (4, 10, 28).
The pathogen is an obligately anaerobic gram-positive bacte-
rium that has the capacity to form spores that resist heating,
drying, and exposure to disinfectants, thus contributing to the
persistence of the pathogen in the hospital environment (28).
The pathogenic potential of virulent C. difficile strains is real-
ized when the gastrointestinal (GI) tract microbiota becomes
impaired or unbalanced, a common consequence of antibiotic
therapy, leading to C. difficile-associated disease (CDAD) (4).
Pathogenesis occurs as a result of the production of toxins,
including the two major exotoxins A and B, with severe infec-
tions leading to pseudomembranous colitis (10). CDAD is
currently treated with antibiotics, but posttreatment relapse is
frequent (28). The increased incidence of CDAD and the
emergence of more-virulent strains highlight the need for new
approaches to the control of C. difficile. The association of
CDAD with the disruption of the normal microbiota empha-
sizes the desirability of treatments which better target the
pathogen without collateral damage to the protective commen-
sal species. In this regard, bacteriophage therapy (21, 33, 34)
has potential, and this approach has been investigated previ-
ously in the hamster disease model (35). Several temperate
bacteriophages that are active against C. difficile have been
identified and described in detail (12, 17-19, 27, 29, 42, 43).
Also, a recent study (17) confirmed the ability of the prophages
in the sequenced genome of the C. difficile strain 630 (42) to
release active bacteriophage particles.

While bacteriophage therapy has potential, there are some
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limitations. All of the studied C. difficile bacteriophages appear
to have narrow host ranges (12, 27, 29), which may be prob-
lematic for application in CDAD therapy. The selection of
resistant mutants is likely to occur, and in the case of temper-
ate bacteriophages, there is the potential for lysogenization to
generate an immune subpopulation. We and others have pre-
viously investigated the potentials of bacteriophage endolysins
as antimicrobial agents (11, 14-16, 26). This phenomenon of
“lysis from without,” utilizing bacteriophage endolysins to at-
tack pathogens, is well-established. Several authors have dem-
onstrated impressive therapeutic results using bacteriophage
endolysins both to treat infection and to prevent colonization
with, for example, Streptococcus pneumoniae (23, 25); group A,
C, and E streptococci (30); Staphylococcus aureus (36); and
Bacillus anthracis (40), and endolysins have also been shown
previously to act on biofilms (39). Endolysins specifically bind
to and hydrolyze bacterial cell walls, and in the case of bacte-
riophage release, access is facilitated by the disruption of the
cell membrane by an associated holin (11, 26). Endolysins
consist of two domains—a peptidoglycan hydrolase activity is
commonly located at the N terminus and can consist of one or
more of a variety of glycosidases, amidases, or peptidases,
while the endolysin’s specificity is achieved by a cell wall bind-
ing domain that recognizes cell surface features that are spe-
cific to the bacteria that it targets (26). This targeting ability of
the C-terminal region can provide an ideal combination of
broad-spectrum activity against a range of strains from a given
species and limited activity against organisms outside of that
taxonomic group. Thus, an endolysin that is active against C.
difficile but inactive against the commensal microbiota would
provide a potential tool for therapy and a framework for ge-
netic engineering to improve and/or extend activity (8), as well
as for the basis of a method for C. difficile detection (24).

In this study, we discovered and sequenced the genome of a
novel temperate bacteriophage from C. difficile and identified
the endolysin gene, which we designated cd27l, by homology
searches. We describe the expression of the endolysin as a
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histidine-tagged protein and show that this enzyme has activity
against diverse C. difficile strains in vitro but no activity against
clostridium-like members of the GI tract microbiota.

MATERIALS AND METHODS

Bacterial strains and growth conditions. C. difficile strains were obtained from
the National Collection of Type Cultures, Central Public Health Laboratory,
London, United Kingdom (NCTC 11204, NCTC 11205, NCTC 11206, NCTC
11207, NCTC 11208, NCTC 11209, NCTC 11223, NCTC 12726, NCTC 12727,
NCTC 12728, NCTC 12731, NCTC 11382, NCTC 13287, NCTC 13307, and
NCTC 13366), and Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ), Braunschweig, Germany (DSMZ 12056 and DSMZ 12057), or were
kindly donated by Jonathan Brazier, Anaerobe Reference Unit, Department of
Medical Microbiology and Public Health Laboratory Service, University Hospital
of Wales, Cardiff (R23 521, R23 524, R23 613, R23 614, R23 621, R23 635, R23
639, R23 642, R23 720, R23 727, R23 732, R23 737, and G83/03). Strains were
grown anaerobically at 37°C in BHI+C (brain heart infusion [BHI] supple-
mented with vitamin K [10 pl; 50 mg/liter], hemin [5 mg/liter], resazurin [1
mg/liter], and L-cysteine [0.5 g/liter]) and were maintained in Robertson’s cooked
meat medium (SGL Ltd.) at room temperature. Escherichia coli strains were
grown in Luria broth with shaking (200 rpm) at 37°C. Lactococcus lactis UKLc10
(46) was grown at 30°C in M17 (Difco) supplemented with 0.5% (wt/vol) glucose.
Commensal, environmental, and clostridial strains were obtained from the cul-
ture collection of the Institute of Food Research (IFR), Norwich, United King-
dom, or DSMZ and were grown as recommended by DSMZ or in BHI+C. The
following strains were used: Anaerococcus hydrogenalis (cluster XIII) DSMZ
7454, Bifidobacterium adolescentis DSMZ 20083, Bifidobacterium angulatum
DSMZ 20098, Bifidobacterium bifidum DSMZ 20082, Bifidobacterium longum
DSMZ 20219, Bifidobacterium pseudocatenulatum DSMZ 20438, Clostridium
cellobioparum (cluster 1II) DSMZ 1351, Clostridium coccoides (cluster XIVa)
NCTC 11035, Clostridium colinum (cluster XIVb) DSMZ 6011, Clostridium
innocuum (cluster XIVb) DSMZ 1286, Clostridium leptum (cluster IV) DSMZ
753, Clostridium nexile (cluster XIVa) DSMZ 1787, Clostridium perfringens (clus-
ter I) NCTC 3110, Clostridium ramosum (cluster XVIII) DSMZ 1402, Entero-
coccus faecalis FI10734, Enterococcus faecium FI10735, Enterococcus hirae
F110477, E. coli K-12, Eubacterium barkeri (cluster XV) DSMZ 1223, Lactoba-
cillus bulgaricus FI110643, Lactobacillus casei FI10736, Lactobacillus gasseri
NCIMBI1171, Lactobacillus johnsonii F19785, Lactobacillus plantarum FI108595,
Lactobacillus rhamnosus F110737, Lactobacillus sakei F110645, L. lactis MG1363,
Lactococcus garvieae F108174, Listeria innocua NCTC 11288, Listeria monocyto-
genes NCTC 5412, Micrococcus luteus F110640, Pediococcus pentosaceus FI110642,
Pediococcus acidilactici F110738, Salmonella enterica serovar Typhimurium
F110739, Salmonella enterica serovar Enteritidis FI10113, Staphylococcus aureus
F110139, Streptococcus anginosus F110740, and Veillonella atypica F110741.

Bacteriophage propagation and sequencing. Bacteriophage particles were in-
duced with mitomycin C (Sigma), harvested, and assayed as described by Sell et
al. (43). Plaques were picked with a sterile Pasteur pipette into 250 wl of BHI+C
and stored at 4°C. Supernatants were concentrated by polyethylene glycol pre-
cipitation (38), negatively stained in saturated uranyl acetate, and examined by
electron microscopy (19). The novel bacteriophage referred to hereinafter as
dCD27 was propagated by the infection of C. difficile type strain NCTC 11204 to
increase the titer, and bacteriophage genomic DNA was extracted from cleared
filtered lysate by using a N midikit (Qiagen), giving a yield of ca. 160 wg. The
presence of cohesive ends was tested by the heating of restricted DNA as
described by Govind et al. (19).

The sequencing of the bacteriophage #CD27 genome and the assembly of
the genome sequence were performed at the DNA sequencing facility of the
Department of Biochemistry, University of Cambridge. The DNA sequences
were assembled with the Phred-Phrap program. Open reading frames (ORFs)
were identified by Artemis (37) with BlastP searches (1) using the UniPro-
tKB/TrEMBL database (http://www.ebi.ac.uk/trembl/). Start sites were se-
lected on the basis of the best match to the consensus ribosome binding site
sequence AGGAGG or by comparison to homologous sequences. Genome
comparisons were performed with ACT (6), and domain and family assign-
ment searches were performed using InterProScan (49). Amino acid and
nucleotide alignments were performed using the Clustal W algorithm in
Vector NTI (Invitrogen).

Genomic Southern blot analysis. A partial holin gene sequence was amplified
by PCR from ®CD27 genomic DNA by using Phusion DNA polymerase
(Finnzymes) and primers CD27-HOL1 (5'-ATG GAT AAT TTA ATA AG) and
CD27-HOL2 (5'-TCC TTC AAY TGT TTG TAA G), giving a product of 245
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bp. C. difficile genomic DNA was extracted as described previously (41) and was
digested with either HindIII or Dral, electrophoresed, and transferred onto a
Hybond N* membrane (Amersham) by conventional techniques (38). The holin
probe was labeled, hybridized, and detected using the ECL kit (Amersham) with
high-stringency washes.

Subcloning of bacteriophage endolysin genes into E. coli and L. lactis. The
PCD27 endolysin gene cd27! was amplified from genomic DNA by using primers
designed to create an Ndel site at the 5" end (5'-TTA CAT ATG AAA ATA
TGT ATA ACA GTA GG, where underlining indicates the bases corresponding
to the restriction endonuclease site) and a Xhol site downstream of the coding
sequence (5'-CAA CCA CCT CGA GTT GAT AAC). Ndel- and Xhol-re-
stricted PCR products were ligated into the expression vector pET15b (Novagen)
by using Fast-Link DNA ligase (Epicentre), and the resulting construct, pET15b-
cd27l, was introduced into chemically competent E. coli TOP10 (Invitrogen).
Positive transformants were selected with ampicillin (100 pg/ml), gene identity
was confirmed by sequencing, and chemically competent E. coli BL21(DE3)
(Invitrogen) was transformed with the plasmid constructs or the original vector
pET15b for protein expression.

For expression in L. lactis, the cd27I coding sequence was subcloned into the
vector pUK200 (46), which had been modified to include a sequence encoding a
six-histidine tag, yielding pUK200His (N. Horn, unpublished data). Electrocom-
petent E. coli MC1022 was transformed with the construct pUK200His-cd27l,
and transformants were selected on chloramphenicol (15 wg/ml). After the con-
firmation of the plasmid sequence, electrocompetent L. lactis UKLc10 was trans-
formed with pUK200His-cd27] or the empty vector, and transformants were
selected with 5 pg of chloramphenicol/ml (46). Electroporation was performed
as described previously for Lactobacillus johnsonii (22) by using a pulse of 2.5 kV,
200 €, and 25 pF.

Protein expression, analysis, and partial purification. Endolysin expression
in E. coli BL21(DE3) was induced with 0.5 mM IPTG (isopropyl-B-p-thio-
galactopyranoside) for 3 to 4 h. Crude protein lysates from induced and
uninduced cultures containing pET15b-cd27] or pET15b were produced by
cell disruption with 0.1-mm acid-washed glass beads (Sigma) in TN buffer (20
mM Tris-HCI, pH 8, 50 mM NaCl) by using a FastPrep FP120 cell disrupter
(Savant) with four 30-s bursts on speed setting 10, with incubation on ice for
5 min between bursts. Cell debris was pelleted by centrifugation at 13,000 X
g for 20 min at 4°C, and the supernatants were stored at —20°C. Protein
expression of the recombinant L. lactis strains containing pUK200His-cd27!
or pUK200His was induced for 5 h with 1 ng of nisin/ml (46), and crude
proteins were extracted as described above for E. coli. His-tagged endolysins
from E. coli were partially purified under native conditions by using the
nickel-nitrilotriacetic acid (Ni-NTA) Fast Start kit (Qiagen), which eluted the
protein in a final buffer of 50 mM Na phosphate, 300 mM NaCl, and 250 mM
imidazole, pH 8.0 (referred to hereinafter as EB).

Proteins were quantified using Bradford reagent (Bio-Rad) and visualized on
10% NuPage Novex bis-Tris gels in MOPS (morpholinepropanesulfonic acid)
buffer stained with Simply Blue Safestain (Invitrogen). For Western blot analysis,
the electrophoresed proteins were transferred onto a polyvinylidene difluoride
membrane by using NuPage buffer (Invitrogen). His-tagged endolysins were
detected as described in the Ni-NTA Fast Start kit handbook (Qiagen) by using
an anti-His tag monoclonal antibody (Novagen) with alkaline phosphatase-
linked anti-mouse immunoglobulin G (Sigma) as the secondary antibody and
colorimetric detection with Sigma Fast BCIP (5-bromo-4-chloro-3-indolylphos-
phate)-nitroblue tetrazolium as the substrate.

Lysis assays. The lysis of C. difficile cells was assessed based on the method
described by Yoong et al. (47). Cells of C. difficile strain NCTC 11204 were grown
to mid-log phase, 1.8-ml aliquots were harvested by centrifugation (13,000 X g
for 2 min) into screw-cap tubes, and pellets were either used immediately or
flash-frozen in liquid nitrogen and stored at —20°C. Pellets were resuspended in
1.3 ml of phosphate-buffered saline (PBS), pH 7.3, on ice, and 270-pl aliquots
were added to 30 pl of either endolysin or a buffer. For crude protein lysate, the
buffer control was TN, and for Ni-NTA-purified protein (protein E1), the buffer
control was EB. The drop in the optical density at 600 nm (ODy) at 37°C was
measured in duplicate in multiwell plates by using the Bioscreen C system
(Labsystems), with shaking and measurement every 2 min. The activity profiles
under different pH conditions were examined by adjusting the PBS to pHs
between 4.5 and 8.3 (47). To assess activities against different bacterial species,
7 ng of partially purified protein (E1) was used with an incubation time of 1 h.
For viable-cell counts, replicate assays under anaerobic conditions were set up by
using 100 pg of partially purified endolysin with prereduced PBS and continuous
gentle shaking. Assays were carried out in duplicate, with cell counts determined
at time zero to allow the estimation of the number of cells in each assay mixture.
Cells were assayed in 10-fold dilutions from ca. 10® cells to ca. 103 cells. At 2 h,
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FIG. 1. Electron micrograph of bacteriophage ®CD27. The bar
represents 100 nm.

30-pl samples were taken for 10-fold serial dilutions in PBS; 10-pl aliquots of
these dilutions were spotted onto BHI agar, and the remaining 270-pl assay
mixture from one of each duplicate pair was plated to allow cell enumeration.

RESULTS

®CD27 genome analysis. Mitomycin C induction of C. dif-
ficile strain NCTC 12727 yielded a bacteriophage, designated
$CD27, which produced plaques on 4 of the 27 strains tested,
including the type strain NCTC 11204 and strains NCTC
11205, NCTC 11207, and NCTC 11209. Electron microscopy
analysis of ®CD27 (Fig. 1) revealed a bacteriophage with an
icosahedral head of ca. 60 nm and a tail with a width of ca. 17
nm and a length of between 158 and 210 nm. This bacterio-
phage shows a clear resemblance to other C. difficile bacterio-
phages ®CD119 (19) and ®C2 (17); this similarity and the
presence of a tail sheath suggest that it belongs to the family
Mpyoviridae of the order Caudovirales. The induction and cross

J. BACTERIOL.

testing of an additional 26 C. difficile strains failed to identify
any new bacteriophage particles.

The ®CD27 genome comprises double-stranded DNA with
an average GC content of 29.4%. DNA sequencing of the
50,930-bp genome revealed no distinct termini, and the restric-
tion and electrophoresis of heated and unheated samples of
genomic DNA failed to identify potential cohesive ends. Ar-
temis analysis of the genomic sequence identified 75 proposed
OREFs (Fig. 2; also see the supplemental material). Many of
these ORFs showed significant homology to identified bacte-
riophage ORFs, including those from C. difficile bacterio-
phages ®CD119 (orfI to orf79) (19) and ®C2 (pl to p8&4) (17)
and the two prophages in the sequenced C. difficile strain 630
genome (prophage 1 [CD0904 to CD0979] and prophage 2
[CD2889 to CD2952]) (42). Matches were also found in se-
quences from bacterial genomes of members of the Clostridi-
aceae, which may be further prophage sequences, and in the
sequences of various ORFs in the C. difficile strain 630 chro-
mosome outside of the determined prophage areas; these se-
quences may represent evolutionary leftovers or bacterial
genes with similar functions. Putative functions were assigned
on the basis of BLAST results where present and/or the results
of domain searches (see the supplemental material).

ACT analysis of both nucleotide and translated sequences
indicated large areas of homology to the published bacterio-
phage sequences (17, 19, 42). The sequences of ®C2 (17)
showed the highest degrees of similarity, particularly in the
area of the DNA replication and modification module and the
region encompassing orf27 to orf42, which includes the cell
lysis module. However, unlike those in ®C2, the genes for
holin and endolysin in ®CD27 are immediately adjacent to
each other. The proposed area of DNA replication and mod-
ification retains roughly the same order of genes as that in ®C2
from p62 (orf51) to p80 (orf70), with the apparent loss of both
p74 and p75 and the addition of three short putative ORFs
(orf65, orf66, and orf67) in ®CD27; this module and the pro-
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FIG. 3. (A) Gel analysis of crude protein lysates from E. coli and L. lactis expressing ®CD27 endolysin and empty vector controls. Lanes: 1,
SeeBlue marker (Invitrogen); 2 to 5, lysates from L. lactis containing pUK200His-cd27/ (2 and 3) or pUK200His (4 and 5) with (2 and 4) or without
(3 and 5) nisin induction; and 6 and 7, lysates from E. coli containing pET15b-cd27! (6) or pET15b (7), both with IPTG induction. Arrows indicate
the His-tagged endolysin—when it is expressed from pET15b-cd27] with the His tag MGSSHHHHHHSSGLVPRGSH, the size is ca. 32 kDa, and
when it is expressed from pUK200His-cd27/ with the His tag MSHHHHHHA, the size is ca. 31 kDa. (B) Western analysis of the gel in panel A
with a six-His tag antibody. (C) Gel analysis of Ni-NTA column-purified His-tagged endolysin from E. coli expressing pET15b-cd27l. Lanes: 1,
SeeBlue marker; 2 to 5, E. coli(pET15b-cd27l) total protein extracts after 5 h of induction with IPTG; 2, crude lysate; 3, column flowthrough; 4,
primary wash effluent; 5, secondary wash effluent; 6, primary eluate (E1); and 7, secondary eluate (E2). Crude protein lysates were loaded at 10
wg of total protein per lane, while lanes loaded with samples from Ni-NTA column fractionation contained 6.5 pl per lane.

posed lysogeny control module showed the highest levels of
homology to sequences from ®C2 or C. difficile strain 630
prophage 2 (42). In contrast, in the region encoding tail struc-
tural components, the highest degrees of similarity were those
to sequences, presumably of prophage regions, from genomes
of other members of the Clostridiales, particularly Clostridium
beijerinckii, Clostridium botulinum, and “Alkaliphilus metallire-
digens.”

The sequence of the proposed ®CD27 endolysin gene
(cd271, or orf34) is 813 bp, coding for a predicted protein of 270
amino acid residues. The nucleotide and amino acid sequences
aligned with N-acetylmuramoyl-L-alanine amidase gene and
protein sequences from C. difficile phages, with the greatest
levels of homology being those to the endolysin protein se-
quence from ®C2 (95.9% amino acid identity) and to the
sequence of a hypothetical protein (ZP_01803398) corre-
sponding to the chromosome of C. difficile QCD-32g58 (ca.
94.4% amino acid identity). Goh et al. (17) also found some
bacteriophage-related sequences in this strain, but a complete
prophage genome was not identified. A holin probe covering
the first 245 bp of orf33 showed 86 to 89% nucleotide homol-
ogy to holin genes from published C. difficile phage genome
sequences. This probe hybridized to sequences from 16 other
strains of C. difficile, supporting previous observations that the
carriage of prophage sequences in C. difficile is widespread (17,
29) (data not shown).

Cloning and expression of a ®CD27 gene for biologically
active endolysin in E. coli. The ®CD27 endolysin gene cd27!
was expressed with a sequence encoding a six-histidine tag in
E. coli, and the tagged protein was visible in electrophoresed
crude extracts (Fig. 3A), with a size of ca. 32 kDa. The identity
of the tagged protein was confirmed by Western analysis using
a His tag antibody, and the results showed that the endolysin
was present in both induced and uninduced samples (Fig. 3B).
Nickel-NTA columns were used to partially purify the His-
tagged endolysin, designated CD27L, from E. coli extracts

(Fig. 3C), and this protein was subsequently used in lysis assays
with the sensitive C. difficile strain 11204.

Partially purified CD27L rapidly lysed C. difficile cells that
had been flash-frozen in liquid nitrogen. In these assays, 7 ug
of protein reduced the ODy, by half within 6 min. However,
the frozen cells also showed gradual lysis in buffer-only con-
trols (Fig. 4A). The use of unfrozen cells gave more stable
controls, although the endolysin-induced lysis was slower, with
a lag of 5 to 15 min compared to frozen cells before the lysis
was observed. As little as 350 ng of protein produced a drop in
the OD compared to that of controls, and progressively more
efficient lysis was achieved with increasing endolysin concen-
trations (Fig. 4B). CD27L was shown to maintain similar levels
of activity over a fairly wide range of pHs, between 4.5 and 8.3
(Fig. 4C). Crude protein extracted in TN buffer also produced
an effective drop in cell density (Fig. 4D). The extraction and
assay of crude protein in alternative buffers (20 mM sodium
phosphate, pH 8, or 50 mM Tris, pH 7.5) gave no significant
effect on the enzyme activity, nor did increasing the NaCl
concentration to 100 mM affect the activity (data not shown).

Replicate assays under anaerobic conditions were per-
formed to examine the effect on cell viability. With the addition
of 100 pg of partially purified CD27L, assay mixtures contain-
ing ca. 108 cells at time zero showed a drop of 1 log after 2 h
of incubation, while assay mixtures to which 107 or 10° cells
had been added showed a drop of 2 log compared to buffer
controls. In assays with lower initial cell numbers, the lysin was
more effective, with only four viable colonies being recovered
from an assay mixture inoculated with 10° cells and no live cells
remaining in assay mixtures inoculated with 10* cells or fewer.

Specificity of the ®CD27 endolysin. Of the 30 different C.
difficile strains tested, all were sensitive to the partially purified
CD27L endolysin, and importantly, this group included two
strains of the hypervirulent ribotype 027. CD27L failed to
decrease the ODs of cultures of a range of other Clostridium
spp. or examples of the major clostridial clusters commonly
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FIG. 4. Lysis assays with cells of C. difficile strain 11204. Cells were grown to mid-exponential phase, harvested by centrifugation, and then either
flash-frozen in liquid nitrogen and stored at —20°C before being assayed (A) or used immediately (B to D). Cells were incubated with Ni-NTA
column-purified endolysin (E1) from E. coli expressing CD27L from pET15b-cd27! (A to C) or with crude protein extracts (D). (A) Effect of
CD27L (7 g, black squares, or 0.7 pg, gray squares) on frozen cells compared to that of the buffer control (EB; x’s). (B) Effects of different
amounts of CD27L (10.5 pg, black rectangles; 3.5 g, gray rectangles; 0.7 pg, white rectangles; 0.35 pg, black squares; and 0.07 g, gray squares)
on fresh cells compared to that of the buffer control (EB; x’s). (C) Activity profile of CD27L (black symbols) compared to that of the buffer control
(EB; white symbols) tested at pH 4.5 (black squares), 5.8 (gray squares), 6.5 (black diamonds), 7.0 (gray diamonds), 7.6 (black triangles), and 8.3
(gray triangles). (D) Lysis of cells incubated with 50 pg of crude protein extracts from E. coli expressing pET15b-cd27! (black triangles) or pET15b
(white triangles) or from L. lactis expressing pUK200His-cd27! (black diamonds) or pUK200His (white diamonds) or with the TN buffer control
(plus signs). Values are the means of results from duplicate assays * standard deviations.

represented in the GI tract (clusters III, IV, XIVa, XIVb, XV,
and XVI [9]), as well as a selection of other gut commensals
and bacteria from different environments (the strains tested
are listed in Materials and Methods).

Expression of endolysin CD27L in L. lactis. The delivery of
bacteriophage endolysin to the GI tract represents a distinct
challenge, and one approach is to use a genetically modified
lactic acid bacterium. The potential of L. lactis MG1363 for GI
tract delivery of vaccines (20, 31) and immunomodulatory cy-
tokines (5, 44, 48) has already been established. Thus, we
cloned the gene encoding histidine-tagged bacteriophage en-
dolysin CD27L into L. lactis under the control of the well-
established nisin-inducible promoter P, ,. The production of
a protein of the appropriate size was demonstrated with crude
extracts (Fig. 3A). Western analysis with a His tag antibody
confirmed the presence of the histidine-tagged protein, and

elevated production following induction with nisin was dem-
onstrated (Fig. 3B). Crude protein extracts from L. lactis ex-
pressing CD27L lysed fresh cells (Fig. 4C) to a degree similar
to that observed with E. coli as the host for gene expression.

DISCUSSION

The cross screening of mitomycin C-induced supernatants
from 27 strains of C. difficile identified only one bacteriophage.
The rarity of the detection of bacteriophages in C. difficile
following mitomycin C induction has been noted in previous
publications (12, 18, 27), and it has been suggested that this
rarity is due to the limited host range of temperate phages,
possibly due to high-frequency carriage of prophages (17, 29).
Our observation that more than half of the strains examined
contained sequences which hybridized to the ®CD27 holin
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sequence supports this premise. The ®CD27 genome sequence
shows large areas of homology to published C. difficile bacte-
riophage sequences, notably those of ®C2 and prophage 2 of
C. difficile strain 630. The similarity among prophages has been
cited previously as an evolutionary benefit, allowing the ex-
change of modules (7). The analysis of the ®CD27 genome
lends weight to this idea, with certain modules showing closer
homology to sequences (presumably prophage sequences)
from environmental Clostridiales than to those from the C.
difficile bacteriophages.

In this work, we identified the bacteriophage ®CD27 gene
that encodes an endolysin, expressed the endolysin gene in
both E. coli and L. lactis, and demonstrated that the endolysin
enzyme was biologically active, lysing cells of C. difficile. The
®CD27 bacteriophage had a narrow host range, infecting only
four of the tested strains. The host range of the endolysin
was significantly broader, as the enzyme affected all 30 strains
tested—this phenomenon has been noted before (14-16) and
emphasizes the improved therapeutic potential of endolysins
compared to those of their parent bacteriophages. From the
viewpoint of potential exploitation as a novel antimicrobial
agent, the significant observation is that an endolysin derived
from a C. difficile bacteriophage can have a broad spectrum of
Iytic activity against strains of C. difficile but little activity
against a range of clostridium-like commensal species that are
a significant part of the GI tract microbiota. These properties
offer the potential to develop a targeted antimicrobial that
destroys C. difficile without causing collateral damage to the
protective GI tract microbiota. Although therapeutic results
for endolysin activity in vivo have been impressive (23, 30, 36,
40), the use of an endolysin in the chemically complex and
microbially diverse GI tract is demanding. Delivery to the
lower GI tract represents a particular challenge, and we have
demonstrated that biologically active C. difficile endolysin can
be expressed in an L. lactis strain that has an established
capacity for the delivery of therapeutically effective vaccines
(20, 31) and cytokines (5, 44, 48) to the GI tract. It is encour-
aging that the C. difficile ®CD27 endolysin was biologically
active over a relatively wide pH range, suggesting that it would
remain functional in the GI tract environment.

We have demonstrated that CD27L is effective against C.
difficile both in a cell lysis assay and in an analysis of cell
viability, where complete killing of 10* cells was achieved.
However, this activity is not as rapid or devastating as those of
some other bacteriophage endolysins that are active against
other host bacterial species (25, 40). This result may reflect the
properties of this endolysin, but it is also possible that the
heterologous expression of a correctly folded protein is sub-
optimal. Other workers have noted problems with heterolo-
gous expression and the formation of inclusion bodies or a
requirement for rare codons (32, 50). Our characterization of
CD27L provides a start point from which to investigate the
improvement of activity by genetic engineering or by the co-
expression of other enzyme activities from the same C-terminal
binding domain. Gaeng et al. (13) found an unexpected in-
crease in lytic activity from the truncation of a Listeria mono-
cytogenes endolysin, while Donovan et al. (8) produced an
effective antimicrobial by fusing endolysin sequences to lyso-
staphin. We plan to investigate these approaches, including the

NOVEL BACTERIOPHAGE ENDOLYSIN AGAINST C. DIFFICILE 6739

definition and separate characterization of a cell wall binding
domain and the exploitation of hybrid endolysins.

One potential problem with the use of an endolysin to de-
stroy cells of C. difficile is that bacterial lysis in the gut may
cause a short-term increase in the symptoms of CDAD due to
the release of internalized toxins (45). This issue could be
addressed by combining the endolysin treatment with develop-
ing therapies that aim to neutralize the toxins, including the
use of antibodies (2) and toxin-absorbing agents such as tol-
evamer (3, 28). These approaches in isolation have the poten-
tial for symptom relief by neutralizing the toxin, but they do
not eliminate the pathogen. In contrast to conventional anti-
biotic treatments, treatment with the CD27L C. difficile endo-
lysin, with its exquisite specificity, offers a novel approach to
the destruction of the pathogen with the maintenance of an
effective GI tract microbiota.
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