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Abstract Listeria monocytogenes is an emerging food-
borne pathogen that is responsible for about 28% of the
food-related deaths in the United States. It causes men-
ingitis, septicaemia and in pregnant women, abortions
and stillbirths. It secretes the toxin listeriolysin O (LLO)
that allows the bacteria to enter the cytoplasm of host
cells, where they can replicate and cause further infection.
The rapid and sensitive detection of LLO in food samples
is a key to monitoring and prevention of listeriosis. To
facilitate the development of an assay for the specific
detection of LLO, a source of LLO is essential.We outline
a method of producing a large amount of functional LLO
by expressing the hlyA gene (encoding LLO) in Escheri-
chia coli and purifying the recombinant LLO using a one-
step purificationmethod. Purification of the protein takes
only about 4 h. We compared three different expression
constructs for the production of the toxin, which tends to
interact strongly with a number of column surfaces. The
first construct, using an intein fusion system, could not be
purified from the column. The second LLO construct
contained an N-terminus His tag; it gave a yield of 3.5–
8 mg l�1. The third contained a C-terminus His tag; it
gave a yield of 2.5 mg l�1 LLO. The purified LLO from
the latter two constructs retained its activity at 4�C for
over a year as determined by bovine red blood cell
hemolysis assay. This paper provides a much-needed,
high-yield, one-step purification method of recombinant
LLO, and is the first to provide evidence of long-term
stability of the toxin for further applications.
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Introduction

Listeria monocytogenes is a foodborne pathogen found
ubiquitously in the environment. It has been isolated
from soil, plants, decaying vegetation [18], silage, water,
and sewage, as well as the intestinal tracts of many birds
and animals [2, 24]. L. monocytogenes is also commonly
carried in the intestinal tracts of humans, cattle, sheep,
pigs, and goats. L. monocytogenes has been found in raw
or processed food samples including dairy products,
meat, vegetables and seafood [12, 26]. Between 1979 and
1999 in the United States and Canada, there have been
six major outbreaks of listeriosis. These were associated
with eating such diverse foods as lettuce, carrots, com-
mercially prepared coleslaw, pasteurized 2% milk (con-
taminated after pasteurization), chocolate milk, pâté,
pork tongue in jelly, hotdogs, and soft cheeses made
from raw milk [3, 5].

L. monocytogenes tends to affect people with lowered
cell-mediated immunity, including neonates, the elderly
and pregnant women. Human listeriosis is characterized
by septicaemia, meningitis, and abortion in pregnant
women. Although relatively few people become ill with
Listeria infections, there is a 20% mortality rate for
those that do [6].

Listeriolysin O (LLO), produced by L. monocytoge-
nes, is a member of the cholesterol-dependent cytolysin
(CDC) family of toxins. It is one of the main virulence
factors in the pathogenesis of listeriosis, allowing the
bacteria to escape from host-cell phagosomes to repli-
cate in the cytoplasm. Mutants of L. monocytogenes
lacking the hlyA gene (encoding LLO) or with mutated
versions of the gene are generally non-virulent [3].

LLO is composed of 529 amino acids with a predicted
MW of 58 kDa [15]. The hlyA gene is found within a
cluster of virulence genes and its expression is regulated
by PrfA, a global virulence transcriptional activator
protein [15]. Within the host-cell phagolysosome, LLO
binds as a monomer to the phagolysosome membrane,
with subsequent oligomerization into large arc-or
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ring-shaped structures that puncture the membrane [1],
forming pores of about 20 nm in diameter [15]. This
results in the escape of the L. monocytogenes into the
cytoplasm of the host cell during infection [3].

It is desirable to have a large amount of purified LLO
for use in the development of new immunoassays that
can be used for the specific monitoring and detection of
L. monocytogenes in foods. Several papers have
described the purification of LLO from L. monocytoge-
nes [7, 8, 19, 22, 30]. However, these methods are time
consuming, requiring days for purification, and result in
very low yields of LLO, taking as much as 10 l culture to
purify 132 lg LLO [29], or at best, 3 l culture for 4.8 mg
protein [4]. More recently, some researchers have puri-
fied truncated recombinant LLO, lacking the secretion
signal, from Escherichia coli [9, 10]. Although the au-
thors were able to produce 4.5 mg l�1 LLO, their
methods were labour intensive and time consuming,
requiring adsorption to hydroxyapatite, ammonium
sulfate precipitation, and cation exchange chromatog-
raphy [9].

The present study was undertaken to optimize the
expression of LLO in E. coli by examining several
expression systems and constructs, and focusing on the
use of one-step purification methods in order to shorten
purification time. We report here a 4 h purification
method that allowed production of 3.5–8 mg l�1 LLO
lacking the secretion signal or 2.5 mg l�1 LLO retaining
the secretion signal. The purified recombinant LLO re-
tained their red blood cell hemolytic activity when stored
at 4�C for more than 12 months. To our knowledge, no
other purified LLO construct has demonstrated stability
for such a long period of time.

Materials and methods

Cloning and expression of LLO in pTWIN1

The hlyA gene encoding LLO was amplified from the
pELis plasmid, kindly provided by Yvan Chapdelaine
(National Research Council Canada, Ottawa, ON,
Canada) using the Advantage-HF PCR kit (BD Bio-
sciences, San José, CA, USA). For insertion into the
pTWIN1 vector (New England Biolabs, Beverly, MA,
USA), the following two oligonucleotide primers were
used in the PCR: LLO-int-rev, 5¢-ggtggtcatATGAAAA
AAATAATGCTAG-3¢ and the LLO-int-for, 5¢-ggtggtt
gctcttccgcaTTCGATTGGATTATC-3¢. The oligonucle-
otides included NdeI and SapI restriction sites at their
respective 5¢-ends to facilitate directional cloning into
the vector. Non-coding regions of the oligonucleotides
are in lower case while the restriction sites are in italics.
All oligonucleotides were made at the Guelph Molecular
Supercentre (Guelph, ON, Canada). PCR was per-
formed by denaturing the pELis template DNA for
4 min at 94�C, then amplifying for 30 rounds of dena-
turation at 94�C, 30 s, annealing at 55�C, 30 s, and

extension at 72�C, 1 min. This was followed by a final
extension step of 72�C for 10 min. The resulting PCR
product was run on a 1% agarose gel and purified by
excision and DNA purification using the QIAquick Gel
Extraction kit (QIAgen, Venlo, The Netherlands). The
PCR product was digested with the restriction endo-
nucleases mentioned above, and ligated into the
pTWIN1 vector. This resulted in a fusion of the hlyA
gene with the gene encoding a mini-intein and chitin-
binding domain (CBD) that can be expressed as a single
product. The constructs were electroporated into E. coli
ER2566 cells. Positive clones were selected by colony
PCR, sequenced and confirmed by western blot with an
anti-CBD antibody. The construct was designated LLO-
intein. Glycerol stocks of positive cultures were stored at
�80�C.

Expression optimization was first performed in a
small scale using 25-ml cultures with LB media (BD
Biosciences) containing 75 lg ml�1 carbenicillin in 125-
ml Erlenmeyer flasks. Single colonies were inoculated
into 5 ml LB containing 75 lg ml�1 carbenicillin and
shaken at 200 rpm overnight at 37�C in 50-ml Falcon
tubes. The 25-ml optimization culture was inoculated
with 1 ml of this inoculum culture. The culture was
grown in 125-ml Erlenmeyer flasks at 37�C, 200 rpm to
an A600 of 0.7 and induced for 2, 4, 6, 8, and 16 h with
0.5 or 1 mmol l�1 IPTG at 22 or 37�C. Optimal
expression was found by growing the culture to an A600

of 0.7, then inducing the culture with 0.5 mmol l�1

IPTG, followed by expression at 37�C for 2 h. Cells were
then pelletted by centrifugation at 5,000 g and frozen at
�20�C until used for LLO purification.

For large scale LLO purification, 1-l cultures were
grown in 4-l flasks with shaking at 200 rpm, 37�C, in-
duced, and pelletted as described above. The cell pellet
was resuspended in 30 ml Buffer B2 (20 mmol l�1 Na-
HEPES, pH 7.0; 500 mmol l�1 NaCl; 1 mmol l�1

EDTA; 0.1% Tween-20) with 3.5 g alumina (Sigma, St.
Louis, MO, USA). The cells were sonicated for three
min in 15 s bursts. After sonication, the resulting slurry
was centrifuged at 10,000 g for 30 min at 4�C to remove
cell debris. The supernatant was passed over a 5-ml bed
volume (1 cm diameter by 5 cm) of chitin column (New
England Biolabs) that was previously equilibrated with
the same buffer. The step was done at a rate of
0.5 ml min�1 to ensure binding of the LLO-CBD fusion
protein to the column. The column was washed with 20
column volumes of buffer B3 (20 mmol l�1 HEPES, pH
8.5; 500 mmol l�1 NaCl; 1 mmol l�1 EDTA). Cleavage
of the LLO from the intein fusion protein was initiated
by washing with three column volumes of Buffer B3 plus
40 or 100 mmol l�1 dithiothreitol (DTT). The column
was plugged and incubated with the DTT-containing
buffer for 24 or 72 h at 4�C or for 24 h at 22–24�C. The
protein was then eluted with Buffer B3 containing the
same amount of DTT and 0.1% Tween-20. Elution was
also performed with DTT containing Buffer B3 having
an increased NaCl concentration of 500 mmol l�1 to
ensure the LLO cleavage product would remain soluble.
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The column was finally stripped for reuse with Stripping
buffer 1 (SB1; 20 mmol l�1 Na-HEPES, pH 8.0;
500 mmol l�1 NaCl; 1% SDS) or SB2 (0.3 mol l�1

NaOH).

Cloning and expression of LLO in pQE31

Insertion of the hlyA gene into the pQE31 expression
vector (QIAgen) was performed based on the work of
Ito et al. [13]. The primers used were His-LLO back:
5¢-cgatggatcctGATGCATCTGCATTCAATAAAG-3¢
and His-LLO for: 5¢-acgcctgcAGTTCGATTGGATT-
ATCTACACTATTAC-3¢. PCR was performed as de-
scribed above. After digestion of the pQE31 vector and
PCR products with PstI and BamHI (italicized in the
above primers), the products were ligated and electropo-
rated into E. coli strain TG1 for screening purposes. Po-
sitive clones were selected by colony PCR using the above
primers and confirmed by sequencing. One clone with the
proper sequence for the hlyA gene, inserted in frame with
theHis tag at theN-terminus,was selected and transferred
toE. coli strain SG13009 (QIAgen) for expression studies.
The construct was designated His-LLO.

Optimization of LLO expression was performed as
described above except that 0.3 mmol l�1 IPTG was
also tested, and 25 lg ml�1 kanamycin was added to all
cultures. Western blotting was conducted using the
penta-His tag antibody (QIAgen) for detection to
determine the optimal expression conditions. The opti-
mal production of His-LLO from SG13009 cells con-
taining the pQE31:His-LLO involved shaking the
cultures at 200 rpm at 37�C until the A600 was 0.6.
Induction was performed using 0.3 mmol l�1 IPTG,
and shaking at 200 rpm at room temperature (22–24�C)
for 4 h. For large-scale cultures, 1 l media was used with
5 ml inoculum from a small-scale culture. The cells were
pelletted at 5,000 g and the pellets stored at �20�C until
processed for LLO purification.

Cloning and expression of LLO in pQE70

The hlyA gene was inserted into the pQE70 vector
(QIAgen) to have the protein with the His tag at the C-
terminus. The two primers used to amplify the gene for
insertion into the vector were LLO-SphI: 5¢-
ggtggtgcATGCAAAAAATAATGCTAGTTTTTATTA
CAC-3¢, and LLO-BglII: 5¢-ggtggtAGATCTTTCG-
ATTGGATTATCTACTTTATTAC-3¢. PCR was per-
formed as described above. After insertion of the gene
into the vector, the ligated product was transformed into
E. coli strain SG13009. Colony PCR with hlyA-specific
primers was used to check for the presence of the insert
in several clones. One clone was randomly selected and
the sequence of its insert determined to confirm suc-
cessful insertion of the hlyA gene. Expression was con-
firmed using western blotting with the penta-His tag
antibody (QIAgen). The construct was designated

LLO-His. Initial assessment of protein expression fol-
lowed the protocol described above for His-LLO.

Purification of the LLO expressed from pQE31
and pQE70

The two LLO constructs were purified by immobilized
metal affinity chromatography (IMAC). Frozen pellets
from 1-l induced cultures were resuspended in 30 ml
IMAC A buffer (500 mmol l�1 NaCl; 10 mmol l�1

HEPES, pH 7.0) and sonicated for 3 min with 15 s
bursts. The resulting cell fragments were centrifuged at
12,000 g in a Sorvall SS34 rotor at 4�C for 30 min. The
volume of the clarified extract was measured and IMAC
B buffer (500 mmol l�1 NaCl; 10 mmol l�1 HEPES,
pH 7.0; 500 mmol l�1 imidazole) was added to a final
imidazole concentration of 10 mmol l�1.

The prepared sample was loaded onto a commercial
5-ml HiTrap Nickel Chelating column (Amersham
Biosciences, Uppsala, Sweden) and washed with IMAC
A buffer containing 50 then 75 mmol l�1 imidazole to
remove any non-specifically bound proteins. The His-
tagged LLO was eluted from the column with
250 mmol l�1 imidazole. Any aggregated protein was
removed from the column by washing with 500 mmol
l�1 imidazole. Fifty-two 1-ml fractions were collected
during the elution procedure.

After elution with 250 mmol l�1 imidazole, fractions
corresponding to those in the elution chromatogram
with the highest A280 were subjected to SDS-PAGE
analysis to determine which fractions contained pure
His-LLO or LLO-His. Those five to seven fractions
containing the highest concentrations of pure protein
were combined and dialyzed against 2 l storage buffer
(500 mmol l�1 NaCl; 10 mmol l�1 NaPO4, pH 7.0;
0.5 mmol l�1 EDTA, 0.02% NaN3) for 16 h at 4�C.
Protein concentration was measured at 280 nm on an
Ultraspec 3100 pro spectrophotometer (Amersham
Biosciences), and the concentration of LLO was esti-
mated using the molar extinction coefficient for LLO of
71,830 cm�1 (based on the primary sequence of LLO).
The purified protein was stored at 4�C.

Red blood cell hemolysis assay

The hemolysis assays were done according to the method
of McKeller [25] and Leimeister-Wächter and Chakra-
barty [20] with a few modifications. Bovine blood was
obtained from Better Beef (Guelph, ON, Canada) and
stored at 4�C for a maximum of 3 days until use. The
blood was centrifuged in a swinging bucket centrifuge at
2,200 g for 10 min at 4�C to pellet the red blood cells.
The cells were washed twice with PBS, pH 7.0 to remove
traces of serum and were centrifuged as described above.
The red blood cells were then diluted in PBS so that if
100 ll of the blood cell suspension was lysed completely
in 1 ml H2O, the A541 would be 0.8.
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The hemolysis assay was performed by adding 8 lg
His-LLO or LLO-His and serially diluting the LLO
twofold to 24 qg of the protein in 1 ml total volumes. To
each tube was added 20 mmol l�1 Cys as a reducing
agent and 0.1% BSA. Each sample was mixed by
inversion and 100 ll of the diluted blood was added. A
positive lysis control in 1 ml H2O and a negative lysis
control in PBS treated as described above, but lacking
any LLO, were also included. The samples were mixed
by inverting again and incubated at 37�C for 1 h. At the
end of the incubation period, the tubes were centrifuged
for 2 min at 10,000 g in a bench top centrifuge and the
supernatant was transferred to disposable cuvettes. The
absorbance of the supernatant containing hemoglobin
released from lysed red blood cells was measured at
541 nm. Each assay was performed at least three times
and the results were plotted to determine the hemolytic
units (HU) present. One HU is the amount of LLO
required to lyse 50% of the RBCs in a sample.

Results and discussion

LLO acts as a secreted indicator of the presence of live
L. monocytogenes in foods. As such it would be useful to
have large amounts of the protein for the development
of novel immunoassays to detect the pathogen. Several
papers have described the purification of LLO from
L. monocytogenes [7, 8, 19, 22, 30]. However, these
methods are time consuming, requiring days for purifi-
cation, and many had relatively low yields of LLO. The
present study was undertaken to optimize the expression
of LLO in E. coli by examining several expression sys-
tems and constructs, and focusing on the use of one-step
purification methods to shorten purification time. In
order to show that the recombinant LLO expressed in
our system was equivalent to the native LLO, we con-
firmed the gene sequence, and compared the physical
parameters generally used to characterize LLO - acti-
vation by thiol-reducing agents, pH dependence, and
abrogation of activity by cholesterol.

Analysis of the construct sequences

The nucleotide sequences of the LLO expression con-
structs matched the sequence of LLO in GenBank listed
under accession number M24199, and published by
Mengaud et al. [27] Changes in the predicted protein
sequences due to the cloning procedure are highlighted
in Fig. 1. Expression using the IMPACT 1 system re-
sulted in LLO fused to an intein tag and chitin-binding
domain. On contact with a reducing agent such as DTT,
the intein tag was cleaved to release the recombinant
LLO without any extra amino acids.

The LLO-His construct incorporated two changes in
the primary sequence. The changes included a point
mutation near the N-terminus where Gln replaces Lys2,
and the addition of two amino acids (RS) at the

C-terminus, both derived from the multiple cloning sites
in the vector. The His-LLO construct contained a few
more changes in its sequence. In order to retain as much
protein in the cells as possible, the secretion sequence at
the N-terminus of the protein [27] was deleted. In
addition, three amino acids (TDP) were incidentally
inserted between the His-tag and the N-terminus and
seven amino acids (LQPSLIS) were inserted at the
C-terminus of the protein because of vector nucleotides
incorporated during the insertion of the gene into the
expression vector. The MRGS sequence before the His
tag in His-LLO originated from the vector. These extra
amino acids were not anticipated to have any effect on
the activity of His-LLO. Furthermore, Giammarini et al.
[9] showed that the removal of the secretion sequence
does not affect the activity of LLO.

Expression and purification of LLO via the pTWIN1
vector

Once we confirmed that the sequences were correct and
in frame, we proceeded to express and purify the re-
combinant LLO proteins from the clones. The LLO-
intein-chitin-binding domain fusion product was well
expressed after 2 and 4 h of induction with 0.5 mmol
l�1 IPTG at 37�C. After 8 h of induction at 22, 30 or
37�C, the cells became difficult to pellet, with the pellets
having a jelly-like consistency. Furthermore, the LLO
toxin was not readily visible on a gel (data not shown).
Goebel et al. [11] observed spontaneous hemolysis of the
cells when trying to express recombinant listeriolysin in
E. coli cells. This may explain why we (1) often had very
slow growing cultures when expressing our recombinant
listeriolysin, and (2) could not induce the cells for more
than 4 h at 37�C without losing all the listeriolysin.

The recombinant full-length LLO-intein-chitin bind-
ing domain fusion product appeared to be hydrophobic
and bound tightly to the chitin column. When elution
buffer was passed over the column, nothing would elute.
Altering the cleavage and elution conditions as described
in the Materials and methods did not change this result.
Only when the column was stripped with 0.3 mol l�1

NaOH was there any protein eluted, with about half in
the fusion protein form (MW of 78 kDa) and half in the
free LLO form (MW of 58 kDa) (data not shown). It
has been our experience that all of the LLO constructs
are relatively ‘‘sticky’’. There were problems with the full
length LLO not eluting from Sephadex 75 and 200 col-
umns, making purification difficult (unpublished obser-
vations). Many of the early purification procedures for
LLO resulted in low yields [17, 28], likely because the
protein was retained on the purification columns.

Expression and purification of LLO via the pQE vectors

Because of the lack of success in purifying the full length
LLO using the IMPACT 1 system, we turned to a
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different system that used a different type of column for
purification. The pQE vectors (QIAgen) provide a His-
tag that can be added on either end of the protein with
only a few additional amino acids being included.

Figure 2 illustrates the time course of expression of
His-LLO at 25 and 37�C. The main band produced on
induction with IPTG was found near 60 kDa, close to
the expected 58 kDa of LLO. The predicted MW based
on the amino acid sequence is also close, 58.9 kDa.
Induction with 0.3 mmol l�1 IPTG resulted in the
greatest amounts of soluble protein. While there was
good expression of His-LLO at 37�C, the product
seemed to be susceptible to degradation as seen by the
increasing number of bands recognized by the penta-His
antibody below the main His-LLO band in the Western
blot. By reducing the induction temperature to 22�C, the
degradation of His-LLO was reduced. We saw the same
trends with LLO-His. Leimeister-Wächter and Chakr-
aborty [20] observed the same trend in their expression;
they used pUC18:LLO and E. coli DH5a as the
expression vector and strain, respectively. These authors
observed greater hemolytic activity when the LLO was
expressed at 30�C than at 37�C, although the actual
expression levels, based on SDS-PAGE, were higher at
37�C.

After purification by IMAC (Fig. 3), we routinely
recovered 3.5–8 mg l�1 of culture for the His-LLO and
around 2.5 mg l�1 culture for the LLO-His. The entire
purification procedure took about 4 h, and required no
concentration steps. Final volumes of the purified pro-
tein were 5–7 ml. Compared to the procedures reported
in other LLO purification papers (see Table 1), this
represents one that saves time amounting to days and
delivers significantly more protein per preparation than
previously described [4, 7, 29, 30].

The first authors describing purification of secreted
hemolytic fractions reported that the fractions resem-

bled streptolysin O (SLO), having hemolytic properties,
reactivity with anti-SLO antibodies, activation by thiol-
reducing agents, and reduction of activity in the presence
of cholesterol [16, 28], but the papers varied in the re-
ported MW of the protein, ranging from <10 kDa [28]
to 171 kDa [17]. Geoffrey et al. [7] were the first to purify
and accurately determine the MW of the LLO from L.
monocytogenes (Table 1). These researchers purified the
protein using thiol-disulfide exchange affinity chroma-
tography and multiple gel filtration and concentration
steps. Like the other purified hemolysins, this protein
expressed greater activity in the presence of reducing
agents, was inhibited by the presence of cholesterol, and
showed cross-reactivity with anti-streptolysin O anti-
bodies. It also showed the now accepted optimal
hemolytic activity peak at pH 5.5 [7]. Their purification
method resulted in yields of only 0.6 mg protein from
27 l of activated carbon-pretreated growth media, using
five different chromatographic columns and a number of
ultracentrifugation steps for purification. The yield of
LLO by their method was very low considering the
volume of the starting material and the extensive labor
and time involved [7]. Subsequent papers reported the
use of various methods to purify the full-length native
toxin from L. monocytogenes. These included the use of
sulfopropyl-cation exchange chromatography and high
performance liquid chromatography [22], batch
adsorption to Q-Sepharose and column chromatogra-
phy on a Mono-S HR5/5 column [4], ultrafiltration,
multiple concentration steps, hydroxyapatite adsorption
chromatography, and ion exchange chromatography
[29], or DEAE-sephadex column chromatography [30].
These methods required between 3 [4] to 10 l [29] of
culture and only 50 lg [22] to 4.8 mg [4] protein were
purified; these methods required several days to com-
plete.

Giammarini et al. [9, 10] increased the expression of a
truncated LLO that lacked the secretion sequence by
using an E. coli expression system, then purified the LLO
on a hydroxyapatite column, concentrated it by
ammonium sulfate precipitation, and further purified it
using SP Sepharose cation-exchange chromatography.
The authors were able to increase the recovery of LLO
to 4.5 mg l�1 [9], but the columns used and requirement
for SDS-PAGE gels after each chromatography step and
hemolysis assays to confirm the presence of the protein
added time and complexity to the procedure. Our

Fig. 1 Comparison of the partial sequences of the recombinant
LLO constructs. The sequences of the recombinant LLO constructs
were aligned and compared to the sequence of LLO from GenBank
accession number M24199. Changes from the original sequence
incorporated when the gene was inserted in the expression vector
are bolded and underlined; the secretion signal of LLO is boxed.
LLO-I, LLO produced from the IMPACT 1 intein system; LLO-
His, LLO with a hexa-histindine tag on the C terminus; His-LLO,
LLO with a hexa-histindine tag on the N-terminus; M24199, LLO
sequence from GenBank Accession number M24199

359



procedure required the SDS-PAGE step only after
purification, and only the protein peak at 250 mmol l�1

imidazole contained the LLO constructs.
Our procedure offers the advantages that the purifi-

cation of LLO occurs in one step, and the recovered
protein required no further concentration. Our attempts
at concentrating the protein with Amicon or Centricon
filters resulted in a loss of 50–90% of the protein
(unpublished observations). Our purification method
requires no ammonium sulphate precipitation, and only
one dialysis step to remove the imidazole that was used
in the LLO elution step. The largest volume dealt with

during the entire procedure was a 600 ml culture and the
pellet was immediately resuspended in 30 ml sonication
buffer. All of the protein was eluted in 5–7 ml from the
IMAC column. An added advantage is that the 5-ml bed
volume of the column was sufficient to adsorb all of the
His-tagged protein and the small column was convenient
to handle. The entire purification procedure took about
4 h.

The placement of the His tag at the C-terminus of
LLO led to reduced levels of expression. The reason for
this is not known. This is likely not due to the retention
of the secretion signal on the LLO-His because we

Fig. 2 Expression of His-LLO
under several conditions as
detected in cell extracts of E.
coli carrying pQE31:His-LLO.
a Left panel SDS-PAGE profile
of proteins expressed at 37�C
and right panel a Western blot
probed with penta-His antibody
(QIAgen). Lane 1 MW
markers, lane 2 0 h induction
control, lane 3 induced 2 h, lane
4 uninduced 2 h, lane 5
uninduced 4 h, lane 6 induced
4 h, lane 7 induced 8 h, lane 8
uninduced 8 h, lane 9 induced
16 h, lane 10 uninduced 16 h. b
SDS-PAGE profile of proteins
expressed at 22�C. Lanes and
conditions as in (a) except that
lanes 5 and 6 are reversed

Fig. 3 a SDS-PAGE profile of
the purification of His-LLO on
a HiTrap Nickel Chelating
column (Amersham
Biosciences) using fast protein
liquid chromatography. Lane
1 MW markers, lane 2 wash at
50 mM imidazole, lane 3–4
wash at 75 mM imidazole, lanes
5–8 elution with 250 mM
imidazole. b Purification of
LLO-His. Lane 1 MW markers,
lane 2 wash at 75 mM
imidazole, lanes 3–7 elution
with 250 mM imidazole
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confirmed that there was no secretion of the LLO into
the media in either the LLO-His or His-LLO construct
(data not shown). Furthermore, reduced expression is
not likely due to size since the size difference contributed
by the secretion signal is marginal.

Our findings on the lack of secretion of the LLO-His
construct, which has the secretion signal sequence, agree
with reports in the literature. For example, Leimeister-
Wächter and Chakraborty [20] inserted full length LLO
constructs into E. coli K12 strains. They noted the
inability of the recombinant bacteria to express a
hemolytic phenotype on blood agar plates, suggesting
that the LLO was not being secreted or it was expressed
extracellularly in non-functional form. They also dem-
onstrated that the recombinant protein was being pro-
duced because there was hemolytic activity in the cell
extracts of strains harbouring the expression plasmid
[20]. Lety et al. [21] recently reported that modification
of the signal sequence on LLO does not affect its
secretion from L. monocytogenes. Although Giammarini
et al. [9] removed the secretion signal on the LLO pro-
tein to maximize the retention of the LLO, they did not
test the difference in expression if the sequence was
present. The secretion signal may be specific to Gram
positive bacteria, and is not recognized by E. coli
expression systems.

Characterization and stability of recombinant LLO
constructs

A red blood cell hemolysis assay was used to measure
LLO activity. We first assessed the effect of pH since
LLO is unique among the CDCs in having an optimum
pH of 5.5 [7, 14]. Both His-LLO and LLO-His con-
structs were most active at pH 5.5 and 6.0, and less
active at pH 7.0 and 8.0 (Table 2). At pH 7, activities of
His-LLO and LLO-His decreased to 18 and 19%,
respectively, of the activities at pH 5.5.

The response of LLO to pH seems to be dependent
on the authors performing the study. Looking at only

those papers that performed the assay in PBS, most
researchers showed that the highest hemolytic activity
occurs at pH 5.5 [7, 9, 30]. Walton et al. [30] included
DTT as a reducing agent and reported a 92% decrease in
hemolytic activity of LLO when pH was increased from
5.5 to 7 in the hemolysis assay. Geoffrey et al. [7] re-
ported no hemolysis by LLO at pH 7.0, and Giammarini
et al. [9] reported a reduction of RBC hemolysis by the
LLO to 30% of pH 5.5 levels with little activity at pH
values above 8 [9] . This latter result is similar to our
results presented here.

Lety et al. [21] suggested that the removal of the
secretion sequence from the LLO reduces the virulence
of L. monocytogenes, while increasing the cytotoxicity.
They postulated that the LLO produced is less sensitive
to higher pH values, and is thus more active in the
cytoplasm of the host cell (neutral pH) resulting in the
LLO being more prone to injuring the host cell while in
the cytoplasm. However, according to our results
(Table 2), the presence of the secretion signal does not
affect the pH dependence of LLO. The LLO-His con-
struct, which contained the secretion signal, was no
more sensitive to pH than His-LLO, which lacked the
signal.

On review of the literature, the requirement for a
reducing agent in the hemolysis assay is also somewhat
variable. Some authors reported that the removal of the
reducing agent, Cys [17] or DTT [30], from the hemolysis
assay medium can result in the loss of LLO activity [17,
30]. In our study, the removal of Cys had little effect. In
fact, less protein was required for 1 HU than if the assay
was done at the same pH with Cys being present. Gia-
mmarini et al. [9] also showed that Cys was not required
for activity of the hemolysin; none of their assays in-
cluded the reducing agent. We are unsure why some
constructs are less susceptible to the absence of the
reducing agent. It may be related to the fact that the
LLO constructs expressed in this paper and by Gia-
mmarini et al. [9] are recombinant proteins purified from
E. coli rather than those purified L. monocytogenes
secretions.

Table 1 Comparison of methods to purify LLO

Source Culture volume Steps to purificationa Yield (mg l�1) [Total yield (mg)] Type of constructb Reference

Media 27 l 1, 2, 1, 3, 1, 3, 2, 3 2.22 · 10�2 [6.0 · 10�1] N, F [7]
Media 80 ml (approx) 4, 5, 6, 7 6.25 · 10�1 [5.0 · 10�2] N, F [22]
Media 3 l 1, 8, 4, 7, 1.6 [4.8] R (L. innocua), F [4]
Media 10 l 4, 1, 6, 9, 1, 7, 1 1.32 · 10�2 [1.32 · 10�1] N, F [29]
Media 6 l 1, 1, 7, 6, 10, 6 2.5 · 10�1 [1.5] N, F [30]
Cell extract 1 l 9, 11, 5, 7, 1 4.5 [4.5] R (E. coli), T [9]
Cell extract 600 ml 12 His-LLO: 3.5 – 8 [2.1 – 4.8] His-LLO: R (E. coli), T This paper

LLO-His: 2.5 [1.5] LLO-His: R, F

a 1 ultrafiltration for concentration, 2 thiol-disulfide exchange
affinity chromatography, 3 gel filtration, 4 filtration, 5 dialysis, 6
lyophilization, 7 Ion-exchange chromatography, 8 batch adsorp-
tion to Q-Sepharose 9 hydroxyapatite adsorption chromatography,
10 desalting 11 ammonium sulfate precipitation 12 immobilized
metal affinity chromatography

b N Native, R Recombinant, F Full-length, T Truncated
Each of the former methods used to purify LLO involved multiple
purification steps; most have required large volumes of culture; and
most have low yields. The table highlights the ease of purification
of LLO using our method and the high levels of LLO recovered
from a small culture
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Unlike the variability in other factors affecting the
hemolysis assay, the presence of exogenous cholesterol
in the assay always abrogates the activity of the LLO [7–
9, 17, 29, 30]. In the host, LLO initially binds to cho-
lesterol in the membrane before oligomerizing to form a
pore. If cholesterol is present in the hemolysis assay,
then this binding site is full, and the LLO cannot bind to
the RBC, thus preventing lysis. In our study, addition of
cholesterol readily reduced LLO activity. In the presence
of 10 lg cholesterol, it took 15-fold more His-LLO to
form 1 HU than in the equivalent assay in the absence of
cholesterol (Table 2). With LLO-His, the amount of
protein required to form 1 HU in the presence of cho-
lesterol could not be determined under the assay con-
ditions used because the amount would have been higher
than 8 lg LLO-His. At 50 lg cholesterol, the amount of
LLO required to form 1 HU could not be determined
for either construct. In fact, no lysis was seen in any of
the tubes, even with the highest amounts of LLO. These
results agree with those reported in the literature using
either native LLO or recombinant LLO [7–9, 17, 29, 30].

In terms of specific activity, the results of our LLO
constructs seem to match the results found by other
researchers. His-LLO and LLO-His had specific activi-
ties of 1.8 and 2.16 · 106 HU mg�1 respectively at pH
5.5; they had 1.0 and 1.13 · 105 HU mg�1 respectively
at pH 7.0 (Table 2). These are similar to values reported
for other LLO preparations which ranged from 2.6 ·
105 HU mg�1 [30] to 106 HU mg�1 for both native
LLO [4] and recombinant His-LLO [9].

The stability of the purified LLO constructs was
tested over the course of storage for 1 year at 4�C using
the hemolysis assays. When the protein was kept in PBS
containing 150 mmol l�1 NaCl, it tended to precipitate.
This problem was eliminated by increasing the NaCl
concentration to 500 mmol l�1. The hemolytic activity
of the His-LLO remained unchanged after 1 year of

storage at 4�C (Table 3), indicating that the protein is
highly stable in solution given the correct storage con-
ditions. The LLO-His construct showed similar stability
over a 6 month period. To the best of our knowledge,
the only other assessments of LLO stability are by Traub
and Bauer [29], who showed that their purified native
LLO was stable at �65�C for 6 months, and by Matar et
al. [23], who showed that their LLO was stable at �20�C
for 6 weeks, and at 4�C for 8 h.

In conclusion, our purification procedure offers the
advantages of being a one-step process, while the
recovered protein requires no concentration. Purifica-
tion takes only 4 h plus desalting time. The constructs
are stable since there is no loss of activity when stored
for a year at 4�C. To our knowledge, this is the longest
for which any purified LLO construct has been shown to
be stable.
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