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Abstract. Pseudomonas aeruginosa bacteriophage
fKMV is a T7-like lytic phage. Liquid chromatography-
mass spectrometry of the structural proteins revealed
gene product 36 (gp36) as part of the fKMV phage par-
ticle. The presence of a lysozyme domain in the C termi-
nal of this protein (gp36C) was verified by turbidimetric
assays on chloroform-treated P. aeruginosa PAO1 and Es-
cherichia coli WK6 cells. The molecular mass (20,884
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Da) and pI (6.4) of recombinant gp36C were determined,
as were the optimal enzymatic conditions (pH 6.0 in 16.7
mM phosphate buffer) and activity (4800 U/mg). Recom-
binant gp36C is a highly thermostable lysozyme, retain-
ing 26% of its activity after 2 h at 100°C and 21% after
autoclaving. This thermostability could prove an interest-
ing characteristic for food conservation technology.
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The availability of novel lysozymes or other lytic en-
zymes (lysins) is of great interest for numerous applica-
tions in biotechnology, conservation processes and dairy
processing [1–3]. Many of these applications have fo-
cused on the use of hen egg-white lysozyme (HEWL) to
achieve bacterial decay, while only a few lysins are com-
mercially available [4–6]. Specific properties as e.g. host
range and activity have driven the search for HEWL de-
rivatives and new lysins.  Lysins are very diverse in their
biochemical activity, ranging from glycosylase (murami-
dase; E.C. 3.2.1.17), transglycosylase and amidase to en-
dopeptidase in the process of peptidoglycan disruption. 
Bacteriophages provide a source of such proteins and
were first used for preparing lysates containing intracel-
lular enzymes, e.g. L-lysine decarboxylase and L-argi-
nine decarboxylase from T2-infected Escherichia coli
cells [7]. Lysins are classified based on evolutionary re-
lationships into chicken-type (C), goose-type (G), virus-
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type (V), chalaropsis-type (CH) and the recently estab-
lished invertebrate-type (I) [8, 9]. Most phage lysins be-
long to the V-type (e.g. gp e of T4), while some corre-
spond to the G- or CH-type (e.g. gp16 of T7 and CPL1
lysozyme of phage CP-1, respectively). Phage lysozymes
with transglycosylase activity, like the phage l lysin, are
placed under a sixth category, the l-type lysins. In this
atypical transglycosylase activity, the energy released
during hydrolysis of the b-1,4 glycosidic bond is con-
served by the formation of 1,6 anhydrous muramic acid
allowing only local degradation of the peptidoglycan
layer during infection [10]. 
In view of potential applications of phage lysins, a num-
ber of lysins were isolated as a native product or from a
recombinant source, and purified by chromatography
[11, 12]. With the completion of over 200 genome se-
quences of phages infecting different bacterial hosts, a
great number of new lytic proteins were identified. Bac-
teriophage fKMV is a strongly lytic, T7-like bacterio-
phage infecting Pseudomonas aeruginosa. Its genome



sequence revealed a gene organization similar to E. coli
phage T7, totalling 48 predicted open reading frames
(ORFs), 11 of which show sequence homology to T7 pro-
teins [13]. The complete genome sequence of Podoviri-
dae member SP6 (infecting Salmonella typhimurium)
showed that SP6 is the closest relative of fKMV to date
in terms of phylogenetic analysis and genome organiza-
tion [14, 15]. In this report we analyse the C-terminal end
of gp36, a putative internal virion protein of fKMV,
which shows similarity to T4 lysozyme gp e (fig. 1). The
presence of this C-terminal lysozyme domain in gp36
strongly suggests that it is part of the injection needle, in-
volved in phage infection. This is a specific feature of
fKMV and SP6, compared to other T7-like phages that
have a transglycosylase domain at the N terminal of an in-
ternal virion protein such as gp16 of phage T7 [16, 17].

Materials and methods

Mass spectrometry identification
Bacteriophage particles from fKMV were purified by two
consecutive CsCl gradient centrifugations, disrupted by
three freeze-thawing cycles and loaded on a 12% acry-
lamide (BioRad, Hercules, Calif., USA) SDS-PAGE gel
for one-dimensional separation [18]. Protein bands were
visualized by either silver staining [19] or Coomassie
(Simply Blue Safestain; Invitrogen, Groningen, The
Netherlands), excised and digested with trypsin prior to
LC-MS/MS analysis on an LCQ Classic (ThermoFinni-
gan, San Jose, Calif.) equipped with a nano-LC column
switching system as described in Dumont et al. [20]. All
MS/MS data were searched against the GenBank non-re-
dundant protein database, using SEQUEST (ThermoFinni-
gan), identifying the significant peptides [cross correlation
(xC) > 2.5 for ion charge (Z) = 2; xC > 3.5 for Z = 3], and
MASCOT (Matrix Sciences, London, UK).

Cloning, protein expression and purification
Purified DNA from fKMV [13] was used as template to
amplify the coding sequence of gp36C (M737–E898) in a
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standard PCR reaction (Pfu polymerase, Stratagene, La
Jolla, Calif., USA) using primers KMVgp36B-F and
KMVgp36-R (table 1). Subsequently, the PCR product
(504 bp) was digested with BglII and cloned into the
BamHI site of E. coli expression vector pQE-EC. This vec-
tor was derived from pQE-16 (Qiagen, Hilden, Germany),
in a procedure similar to the construction of pQE-EN [21],
replacing the dihydrofolate reductase coding sequence by
a synthetic cassette. The cassette was assembled from
ETAG oligonucleotides (table 1). Consequently, pQE-EC
contains BamHI and BglII insertion sites upstream of cod-
ing sequence of the E-tag (Amersham Biosciences, Upp-
sala, Sweden) and the His6-tag sequence. Verification of
the vector sequence and identification of a pQE-EC clone
containing the 36C ORF was done by automated DNA se-
quencing on an ABI 377 Sequencer using BigDye chem-
istry (Applied Biosystems, Foster City, Calif., USA) and
primers pQEf and pQEr (table 1).
The fusion protein gp36C-E-His6 (named gp36C) was
overexpressed in E. coli (XL1 Blue MRF¢; Stratagene) af-
ter induction for 4 h with 1 mM isopropyl-beta-D-thio-
galactopyranoside (IPTG) of exponentially growing cells
at 37°C. Lysate preparation (Qiagen) and protein purifi-
cation (Ni-NTA agarose beads; Qiagen) were performed
as suggested by the manufacturer, while protein solubil-
ity was tested by loading equal amounts of total cell
lysate and soluble and insoluble protein fractions of the
lysate on SDS-PAGE. The addition of HEWL for cell ly-
sis was replaced by an extra cycle of freeze-thawing
(–80°C, 25°C) and sonication. An LMW marker (Amer-
sham Biosciences) was used to compare protein band

Figure 1. Alignment of fKMV gp36C and gp e of bacteriophage T4. Comparison of gp36C and gp e shows conserved (*) and positive (:/.)
AA matches. The ClustalW alignment indicates conservation in both essential catalytic residues E753 and D762 for the glycosylase reaction
(black). Two regions of quite extended sequence identity in the two enzymes are boxed. Based on the three-dimensional structure of the T4
enzyme [KUROKI], these regions are close to the active site of the enzyme, strongly suggesting the structural relationship of the gp36 C
terminal and T4 lysozyme. R848 and E851 (and corresponding residues Rxxx and Exxx in T4 gp e) are shown in bold, in view of their es-
sential nature and potential peptidoglycan peptide binding [26]. 

Table 1. Oligonucleotides used in this study.

KMVgp36B-F 5¢-GTGAGATCTATGCTGAAGCAGG ACGTGT
KMVgp36-R 5¢-TATAGATCTCTCCGCTGTTGCGG
ETAGf3 5¢-GATCCAGATCTGGTGCGCCGGTG 
ETAGf4 5¢-CCTTATCCAGACCCGCTGGAACCGCGTG
ETAGr3 5¢-GATCCACGCGGTTCCAGCGGTGC
ETAGr4 5¢-TGGATAAGGCACCGGCGCACCAGATCTG
pQEf 5¢-GCGGATAACAATTTCAC
pQEr 5¢-CTGGATCTATCAACAG



sizes and yields, after electrophoresis and Coomassie
blue staining. Protein amounts were determined digitally
using Un-Scan-it gel v5.1 software (Silk Scientific Cor-
poration, Orem, Utah, USA).
Isoelectric focusing was performed exactly as described
in Gebruers et al. [22] by comparison with a commercial
standard [IFL; Pharmacia Biotech (Uppsala, Sweden)
calibration kit, pI 3.5–9.3]. Accurate determination of
protein molecular mass was performed by SELDI-TOF
analysis (courtesy of B. Landuyt, Laboratory of Experi-
mental Oncology, University of Leuven) [23].

Determination of lysozyme activity
Substrates for lysozyme activity measurement consisted
of either commercially available lyophilized Micrococcus
lysodeikticus (ATCC4698) cells (Fluka, Buchs, Switzer-
land) or P. aeruginosa (PAO1) and E. coli cells (WK6)
treated with CHCl3 to remove the outer cell membrane
[24]. Luria-Bertani medium (50 ml) containing exponen-
tially growing cells (±0.6 at OD600) was centrifuged
(4000 g, 15 min, 4°C) and decanted. The cell pellet was
suspended in chloroform-saturated 0.05 M Tris buffer
(pH 7.7). After gently shaking for 45 min at room tem-
perature, protoplasts were collected (4000 g, 15 min,
4°C), washed and suspended in 10 mM phosphate buffer
(pH 6, 7 and 8) or acetate buffer (pH 4 and 5) at an OD600

between 0.6 and 1.0 [24].  Protein samples of 30 ml were
added to aliquots of 270 ml cell suspension in honeycomb
plate wells and measured in a Bioscreen C Microbiology
reader (Labsystems Oy, Helsinki, Finland) at room tem-
perature at 5-min intervals over 3 h. Each sample was
prepared in triplicate to measure the drop in turbidity
(OD600). All samples were plotted relative to negative
controls and compared to HEWL 70,000 U/mg (Sigma,
St. Louis, Mo., USA).

Quantification of enzymatic activity
The definition of 1 unit (U) lysozyme activity corre-
sponds to a linear descent in OD600 of 0.001 per min [25].
To pinpoint the region of linear descent for each curve,
we calculated the maximal determination coefficient (R2)
for an increasing sample size (n = number of measure-
ments in time). This maximized R2 value ensures the most
reliable fit and hence the most reliable linear regression.
The slope of this curve can be used to calculate the de-
crease in OD600 per unit of time, the activity of which can
be calculated based on the amount of lysozyme added in
a volume of 1 ml of cell suspension. This assay and cal-
culation were performed in triplicate. Subsequently,
curves were analysed for incremental amounts of
lysozyme (m) to determine the curves showing a linear
correlation between the drop in optical density and the
amount of enzyme (see Results). Curves with a linear
correlation between these parameters were retained for
the overall enzyme activity calculation. Since all mea-
surements were performed in triplicate, a complexity of
[3 ¥ n ¥ m] was obtained, allowing calculation of stan-
dard deviations.

Results and discussion

Identification of gp36 as a structural protein
The in silico analysis of gp36 and genome organization of
the fKMV genes hinted that this protein is part of the ma-
ture phage particle and contains a lysozyme domain at the
C-terminal end [13]. To prove that this protein is indeed a
structural protein, mature phage particles were disman-
tled and proteins were fractionated by SDS-PAGE (fig.
2A). The 94-kDa protein band was analysed by LC-
MS/MS after tryptic digestion, showing a total of 28 sig-
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Figure 2. Protein gels involved in the identification and characterization of gp36. (A) SDS-PAGE (12%) analysis of phage structural pro-
teins derived from disrupted phage particles. The protein band around 94 kDa (arrow) was shown to contain gp36 by LC-MS/MS analysis.
(B) Protein expression and purification of gp36C: lanes 2–4 contain the total (TF), insoluble (IF) and soluble (SF) lysate fraction, respec-
tively. Lanes 5–8 contain the total cell fraction of non-induced (NI) and induced (I) samples, followed by the first and second Ni2+ elution
fraction (E1, E2). (C) Isoelectric focusing of gp36C (arrow).



nificant gp36 peptides. Identified peptides originated
from throughout the entire predicted gp36 sequence, thus
corroborating the gene annotation described previously
[13]. We analysed all peptide bands using Sequest to de-
termine the amino acid (AA) coverage based on signifi-
cantly scoring peptides. An AA coverage of 315 AA (of
898 AA) or 35.1% was achieved, positively identifying
gp36.

Protein expression of the lysozyme domain gp36C
In silico analysis of fKMV gp36 revealed the presence of
a C-terminal phage-lysozyme domain, comparable to that
of T4 gp e, since both catalytic residues (E753 and D762)
and possible peptidoglycan-recognizing residues (R848

and E851) [26] are present within the predicted pFAM do-
main (PF00959) [27]. Furthermore, two identical AA re-
gions between gp36 and gp e are present, close to the ac-
tive site in the three-dimensional structure of the T4
lysozyme (fig. 1). 
Usually, lytic enzymes active during phage infection have
transglycosylase activity as opposed to the more destruc-
tive glycosylases active during the lysis phase of phage
replication [10]. The in silico analysis suggests that the C
terminal of gp36 bears lysozyme activity, while peptidase
or amidase activity seem unlikely.
The functional domain (gp36C) was tentatively defined
as the region between M737 and E898 (162 AA) and in-
cludes all essential residues for lysozyme activity (fig. 1).
Overexpression of this product in E. coli provided suffi-
cient soluble protein (gp36C) for a one-step purification,
yielding 0.7 mg of purified protein per millilitre of E. coli
expression culture. Purity of the recombinant gp36 (over
90%) was evaluated by SDS-PAGE (fig. 2B) and con-
firmed by SELDI-TOF analysis, which showed no dis-
cernible secondary peaks (unpublished data) and accu-
rately determined the molecular mass (20,884 Da). The pI
of gp36C was determined by isoelectric focusing (fig.
2C). A value of 6.4 is rather acidic, compared to the pI
(around 9) of other phage lysozymes (e.g. from T7 and
T4), predicted by Protparam (ExPASy, SIB).

Biochemical characterization
Buffer pH and ionic strength (I) are major parameters in
the activity of phage lysins [24, 28, 29]. Both parameters
were tested simultaneously, varying I between 0.04 and
0.12 and the pH between 4 and 8. The results of these
analyses for both gp36C and HEWL are displayed in
table 2. Both parameters have a strong influence on
lysozyme activity. For gp36C, the highest activity was ob-
tained at pH 6 and I = 0.1, corresponding to a 16.7 mM
potassium phosphate concentration, while HEWL peaked
at 13.3 mM potassium phosphate and pH 6. This is dif-
ferent from the phage lysins involved in cell lysis, which
have optimal activities between pH 7 and 8, but is com-
parable to other tail-associated lysozyme domains [30,
31]. The variation in pH optimum can be important for
application purposes, where pH is often a critical factor.

Bacterial sensitivity
Bacterial sensitivity to gp36C was tested on lyophilized
M. lysodeikticus and chloroform-treated E. coli (WK6)
and P. aeruginosa (PAO1). Though M. lysodeikticus is a
widely used test substrate for lysozyme assays, gp36C
showed no visible lysozyme activity towards this Gram-
positive bacterium. Adding equal amounts of gp36C
(13.3 mg/ml) to WK6 and PAO1 (brought to the same
OD600) gave strong lytic activity compared to negative
controls, and showed that the gp36 protein fragment is
twice as effective towards PAO1 compared to WK6 at op-
timal conditions. One should note that lysins of phages
with Gram-negative hosts often have low affinity to the
peptidoglycan of M. lysodeikticus. Phage P22 lysozyme
has a twenty-fold higher affinity towards S. typhimurium
– its natural host – than to M. lysodeikticus, while phage
l lysozyme shows no activity towards M. lysodeikticus
[29, 32]. Conversely, enterobacteriophage T4 lysozyme is
able to degrade the M. lysodeikticus peptidoglycan,
though it is 136 times more effective on E. coli peptido-
glycan [30]. Better alignment of the substrate to the active
domain of the lysin may be the reason why T4 lysozyme
shows a much higher affinity towards E. coli [26].  The
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Table 2. Influence of pH and ionic strength (I) on the lytic activity of gp36C and HEWL.

I I

pH 0.04 0.06 0.08 0.10 0.12 pH 0.04 0.06 0.08 0.10 0.12

4 0 0 0 0 0 4 0 0 0 0 0
5 0 3 4 2 5 5 0 19 10 24 23
6 8 51 71 100 86 6 3 52 100 59 62
7 6 12 13 55 24 7 19 16 29 41 28
8 3 7 5 5 9 8 15 15 31 40 37

Rows indicate the tested pH range, while columns display the different ionic strengths tested on gp36C (left) and HEWL (right). Relative
activity (in percentage) towards chloroform-treated PAO1 is calculated relative to the maximal values for both gp36C (I = 0.1, pH 6, 
14.6 mg/ml) and HEWL (I = 0.08, pH 6, 10 mg/ml).



activity of gp36C towards both PAO1 and WK6 can be
explained by the high similarity in peptide composition
[33]. Alternatively, limited muramidase activity on
Gram-positive bacteria may not be observed as a decrease
in turbidity because of the multiple-layered structure in
Gram-positive bacteria.

Enzymatic activity of gp36C and HEWL
We calculated the activity of gp36C and HEWL on chlo-
roform-treated PAO1 cells at the optimal conditions de-
scribed above. These values are approximately 
4800 U/mg and 6800 U/mg for gp36C and HEWL, re-
spectively, with a standard deviation of about 500 U/mg
(table 3). We minimized and quantified errors (standard
deviations) during activity calculations (e.g. errors oc-
curring during dilution of lysozyme) by multiple mea-
surements with incremental amounts of enzyme. The
variation within the linear domain (table 3) indicates the
importance of taking into account different concentra-
tions of enzyme. Gp36C can be stored at 4°C for over a
month without loss of activity.

Determination of thermostability
Phage lysins are not known to be thermostable. The T4 tail-
associated lysozyme retains only a minor fraction of its ac-
tivity after a 5-min treatment at 65°C [31], whereas the T4
lysozyme is completely inactivated by 5 min at 75°C [30].
Initial experiments showed that gp36C is resistant to tem-
peratures up to 100°C for 5 min. We therefore gradually
increased the time of heat treatment of gp36C and HEWL
at 100°C up to 2 h. Residual activity of the proteins was
analysed at optimal conditions in the Bioscreen Microbi-
ology Reader at room temperature with PAO1 as sub-
strate. HEWL is completely inactivated after 1 h at

100°C. gp36C still has over 50% activity after a similar
treatment. Furthermore, after 2 h at 100°C, 26% residual
activity is left. Autoclaving for 20 min at 120°C and 2 bar
still leaves 21% of activity (fig. 3). 
Such high thermostability has not yet been described for
any phage lysin. Although the thermostability of HEWL
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Table 3. Lytic activity of gp36C and HEWL.

mg DOD600/min U/mg

gp36C 5.3 0.0258 1455
2.7 0.02539 2864

1.3 0.02084 4702
0.66 0.01193 5383
0.53 0.00909 5125
0.44 0.00599 4054
0.35 0.00564 4775

0.18 0.00426 7216
4808 ± 503 U/mg

HEWL 5 0.0175 1050
1 0.01568 4704

0.5 0.01077 6460
0.4 0.00943 7074
0.3 0.0073 7303
0.2 0.0041 6147
0.1 0.00243 7284

0.05 0.00271 16264
6854 ± 522 U/mg

Enzymatic activity (in U/mg) of gp36C and HEWL were calculated
according to Landuyt et al. [25] for each dilution of added enzyme
(5.3 µg of gp36C and 5 mg of HEWL). Based on these activities, we
defined the region with a linear correlation between activity and
added enzyme (between the dotted lines) and calculated the overall
activity (in italics) on the values within this region.

Figure 3. Thermostability of gp36C versus HEWL. Lysozyme samples of gp36C and HEWL (10 mg/ml) heated at 100°C for an increas-
ing time (horizontal axis; 0–120 min) or autoclaved (AC: 120°C; 20 min, 2 bar). Samples were subsequently placed on ice before mea-
suring their residual lytic activity at room temperature. The activity of gp36C (pale-grey bars) and HEWL (dark-grey bars) is indicated rel-
ative to untreated samples (as percentages). The indicated bars are an average of six measurements, compared to negative controls (with-
out lysozyme).



has been attributed to its compact structure and the pres-
ence of four disulphide bonds [34], gp36C does not con-
tain any cysteine residues. Most likely, gp36C has a
strong refolding capability after heat treatment. This may
be related to the refolding process required during infec-
tion. Studies on gp16 of phage T7 (the counterpart of
fKMV gp36) have shown that this large protein (1318
AA, including the lysozyme domain) has to unfold to
pass through the head-tail connection during infection
[35]. 

Conclusion

We have identified gp36 of fKMV as a structural protein
of the mature phage particle and have successfully
cloned, recombinantly expressed and purified the C-ter-
minal end of this protein (M737–E898) in the new expres-
sion vector pQE-EC, with a final yield of 0.7 mg/ml and
a purity of more than 90% after affinity purification in
immobilized Ni2+ ions. 
The (trans)glycosylase activity of recombinant gp36C
was shown for Gram-negative bacterial strains E. coli
WK6 and P. aeruginosa PAO1 and optimized for pH and
ionic strength, obtaining an activity of 4800 U/mg.
A unique feature of this protein is its capacity to with-
stand prolonged heat treatment, making it an interesting
candidate for evaluation as a component in food conser-
vation ‘hurdle technologies’ against Gram-negative bac-
teria.
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