
Abstract. The kinetic, thermodynamic and structural sta-
bility of gp36C, the virion-associated peptidoglycan hy-
drolase domain of bacteriophage φKMV, is analyzed. Re-
combinant gp36C is highly thermoresistant (k = 0.595 h–1 
at 95 °C), but not thermostable (Tm = 50.2 °C, ΔHcal 
= 6.86 × 104 cal mol–1). However, aggregation influences 
kinetic stability in an unusual manner since aggregation 

is more pronounced at 55 °C than at higher temperatures. 
Furthermore, gp36C reversibly unfolds in a two-state 
endothermic transition, and circular dichroism analysis 
shows that gp36C almost completely refolds after a 3-h 
heat treatment at 85 °C. These properties are in agree-
ment with gp36C being part of the extensible tail which is 
ejected in an unfolded state during phage infection.
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During infection most bacteriophages locally degrade 
the peptidoglycan (murein) of the host cell in order to 
inject their genome. Therefore, phages infecting Gram-
negative or Gram-positive bacteria often contain mura-
lytic enzymes as part of their injection needle. This vi-
rion-associated peptidoglycan hydrolase activity was first 
observed in the phenomenon of ‘lysis from without’: T4 
phage particles cause premature lysis of the host cell 
upon infection with high multiplicities [1]. Tail protein 
gp5 of bacteriophage T4 is responsible for the ‘lysis from 
without’ phenomenon due to its muralytic activity during 
infection [2, 3].
More recently the virion-associated protein gp16 of 
bacteriophage T7 was shown to enable infection under 
conditions where peptidoglycan is more extensively 
cross-linked [4]. Zymogram analysis showed peptido-
glycan-degrading activity of gp16 and the prevalence 

of virion-associated muralytic activities for numerous 
other bacteriophages infecting Gram-negative or Gram-
positive bacteria [5]. In addition, other virion-associated 
peptidoglycan hydrolases have been experimentally dem-
onstrated in Escherichia coli phages T4 [6] and PRD1 
[7], Pseudoalteromonas phage PM2 [8], Pseudomonas 
syringae phages φ6 and φ13 [9], Lactococcus lactis 
phage Tuc2009 [10] and Staphylococcus aureus phage 
P68 [11].
We recently reported the functional characterization of 
the infection-related murein hydrolase domain (gp36C) 
of bacteriophage φKMV, a member of the T7 supergroup 
infecting the opportunistic pathogen P. aeruginosa [12, 
13]. This domain is located in the C-terminal of gp36, 
which is part of the φKMV phage particle as shown 
by liquid chromatography-mass spectrometry [14]. 
Biochemical characterization of recombinant gp36C 
confirmed its muralytic activity and revealed an un-
precedented kinetic stability. After a heat treatment of 
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1 h at 100 °C, the enzyme retains more than 50% of its 
initial activity. Furthermore, after a 2-h heat treatment 
at 100 °C or autoclaving (15 min at 120 °C, 2 bar), the 
enzyme still keeps 26% and 21% residual activity, re-
spectively [13].
Interestingly, BLAST analysis revealed that gp36C is most 
similar to bacteriophage T4 lysozyme (gp e), a model en-
zyme for many stability and folding studies [15]. Despite 
this similarity, gp e shows no intrinsic kinetic stability 
and is completely inactivated after 5 min at 75 °C [16]. 
In this respect, the stability of recombinant gp36C offers 
an interesting comparison to gp e.
T4 lysozyme is a small protein (164 amino acids) com-
posed of two lobes connected by a long central α helix C 
(Fig. 1). The N-terminal lobe has an α /β structure which 
contains the catalytic triad (Glu11, Asp20, Thr26). The 
C-terminal lobe is completely α-helical and consists of a 
cylindrical hydrophobic core. Several substrate-binding 
residues are present in both lobes [17, 18]. Conforma-
tional changes between these lobes that allow accessibil-
ity to the catalytic domain are essential for enzymatic 
activity [19]. Remarkably, comparison of the secondary 
structure of gp e and gp36C reveals the absence of the 
thermodynamically unstable helix B of gp e in the N-
terminal lobe of gp36C (Fig. 1) [20, 21]. In gp36C, two 
of the three essential catalytic residues are conserved 
(Glu17, Asp26), whereas Ser31 seems to be the func-
tional substitute for the third catalytic residue (Thr26) in 
T4 lysozyme. Residues that are implicated in recognizing 
and binding the peptide component of peptidoglycan are 
conserved in gp36C (Fig. 1). In this study, we describe 
the kinetic, thermodynamic and structural stability analy-
sis of gp36C.

Materials and methods

Recombinant expression and protein purification. 
Production of the recombinant fusion protein gp36C-E-
His6 in E. coli WK6 {(Δ(lac-proAB) galE straA nal r [F′ 
lacI q lacZΔM15 proAB+]} was performed as described 
previously [13] with minor modifications to allow up-
scaling. Expression was induced overnight at 16 °C 
with 1 mM IPTG in 1 l LB medium. Subsequently, the 
culture was spun down (3300 g, 15 min, 4 °C) and cell 
pellets were resuspended in 20 ml lysis buffer (10 mM 
imidazole, 20 mM NaH2PO4, 0.5 M NaCl, pH 7.4). This 
suspension was frozen/thawed four times prior to sonica-
tion (3 × 15 s, amplitude 40% on a Vibra Cell, Sonics, 
Dandurry, Conn.) and filtered successively through 1.22- 
and 0.45-μm Durapore membrane filters (Millipore, Bil-
lerica, Mass). Purification of the recombinant protein was 
performed on an Äkta FPLC (Amersham Biosciences, 
Uppsala, Sweden), using a HisTrap HP 1-ml column 
(Amersham Biosciences). The lysate was loaded after 
column equilibration with washing buffer (50 mM imid-
azole, 20 mM NaH2PO4, 0.5 M NaCl, pH 7.4; 10 column 
volumes). The column was washed with 15 column vol-
umes of washing buffer. Protein was eluted in elution buf-
fer (500 mM imidazole, 20 mM NaH2PO4, 0.5 M NaCl, 
pH 7.4) and dialyzed using Slide-A-Lyzer MINI Dialysis 
units (Pierce Biotechnology, Rockford, Ill.). Protein pu-
rity was over 90% as estimated by SDS-PAGE and con-
firmed by SELDI-TOF analysis, which showed no dis-
cernible secondary peaks.

Turbidimetric assays. Substrate for the turbidimetric 
assay consisted of P. aeruginosa (PAO1) cells treated 

Figure 1. BLAST alignment of gp36C of phage φKMV and gp e of phage T4. Gp36C (upper) and gp e (below) are aligned (27% identical 
and 44% similar residues). The catalytic triad is boxed while substrate-recognizing and -binding residues are in bold. The secondary-struc-
ture elements are represented by ellipses (α-helices) and arrows (β sheets). Gp36C (dark grey) is a synthesis of the output of PSSM, Porter, 
PredictProt and PsiPred secondary prediction tools. The secondary structure of T4 lysozyme is based on the crystal structure [14, 15]. Its 
N- and C-terminal lobes are marked in black and light grey, respectively.
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with CHCl3 saturated buffer for 45 min to permeabilize 
the outer membrane for gp36C [13]. All measurements 
were performed in 16.7 mM K3PO4 · HCl at pH 6.0, the 
optimal enzyme reaction conditions for gp36C, hereafter 
referred to as ENZ buffer. Samples of gp36C (11.6 μg/
ml; 0.56 μM) were heated at fixed temperatures (be-
tween 25 and 95 °C) for 1–10 h and subsequently cooled 
down on ice for 10 min. After addition of the muralytic 
enzyme sample (30 μl), the optical density (OD600) of the 
substrate (270 μl) was followed at 3-min intervals in a 
Bioscreen C Microbiology reader (Labsystems Oy, Hel-
sinki, Finland) at room temperature as a function of time. 
All samples were measured in triplicate and were plotted 
relative to negative controls. The enzymatic activity was 
quantified in the region of linear descent for each curve. 
To pinpoint this region, the determination coefficient (R²) 
of the linear regression was maximized for an increasing 
number of measurements in time to ensure the most reli-
able fit. The corresponding slope is a direct measure for 
enzymatic activity. Thus, each activity is calculated based 
on more than 40 data points.

UV-VIS aggregation spectrophotometry. Samples in a 
dilution series from 1 to 45 μM were heated for 3 h at 
fixed temperatures (25, 55, 75, 95 °C) and cooled down 
to room temperature. Two different buffers were used: 
ENZ buffer and a phosphate-buffered highly concen-
trated saline solution (20 mM NaH2PO4 · HCl, 0.5 M 
NaCl, pH 7.4), hereafter referred to as PBHS. Measure-
ments were performed in a UV-1650PC (Shimadzu, 
Kyoto, Japan) using 10-mm cuvettes. Gp36C in its na-
tive state does not absorb any signal at 350 nm, but upon 
aggregation it scatters the light beam, thus preventing it 
from being detected. Therefore, absorption values at 350 
and 280 nm were taken as a measure for aggregation and 
protein concentration, respectively. All samples were vor-
texed before measurements.

Differential scanning calorimetry. Differential scan-
ning calorimetry (DSC) DSC analyses were performed on 
a VP-DSC Microcalorimeter (MicroCal, Northhampton, 
Mass) and analyzed using Microcal Origin (DSC Data 
analysis in Origin, v5.0; MicroCal). Scans were measured 
continuously between 10 and 90 °C at 1 °C per minute. 
Between each individual scan, sample cells were equili-
brated for 30 min. Protein samples of 15 and 30 μM were 
analyzed in ENZ and PBHS buffer.

Circular dichroism. Far-UV circular dichroism (CD) 
spectra of gp36C (15 μM in PBHS) were recorded af-
ter 3-h heat treatments at different fixed temperatures 
(followed by cooling down to 25 °C) with a Jasco J-810 
spectropolarimeter using cuvettes with a path length of 
1.00 mm. Spectra were obtained in triplicate at a scan 
speed of 20 nm per minute and a response time of 1 s. 

The secondary structure was estimated by curve fitting 
to 33 reference protein spectra using the CDNN program 
[22].

Results

Kinetic stability. Previous experiments have already 
demonstrated an unexpected kinetic stability of gp36C 
[13]. To assess the resistance of gp36C to irreversible de-
naturation in more detail, we measured the residual enzy-
matic activity after exposure to varying heat treatments. 
The results show an atypical kinetic behaviour (Fig. 2). 
At temperatures below 75 °C, longer thermal treatments 
did not result in a gradual loss of activity, but in irregu-
lar fluctuations. Above 75 °C the observed kinetic data 
fit an exponential first-order model (y = e–kt) with k as 
a rate constant (Fig. 2). The corresponding k values of 
75, 85 and 95 °C (0.124 h–1, 0.284 h–1 and 0.595 h–1, 

respectively) were very low and correlated with the Ar-
rhenius equation (k = Ae–Ea/RT) (R² = 0.9997). Complete 
inactivation of gp36C only occurred after 8 h at 95 °C 
or 10 h at 85 °C. These extended data clearly confirm an 
exceptional thermoresistance of gp36C, although an ir-
regular factor seems to influence the behaviour at lower 
temperatures.

Aggregation of gp36C. Aggregation of gp36C can be 
observed macroscopically at high concentrations after a 
heat treatment at 55 °C for 3 h. Therefore, aggregation 
conditions were studied in more detail by UV-VIS spec-
trophotometry to asses the influence of aggregation on 
the kinetic data. Figure 3 clearly shows the influence of 
the temperature of the heat treatment on aggregation of 

Figure 2. Kinetic stability of gp36C. The residual activity of gp36C 
was measured at 25 °C after a heat treatment for prolonged periods 
at 35 °C (open circles), 45 °C (open triangles), 55 °C (open dia-
monds), 65 °C (open squares), 75 °C (filled triangles), 85 °C (filled 
squares) and 95 °C (filled diamonds). Residual activities are rep-
resented relative to activity at 25 °C. All values are averages from 
triplicate experiments. The standard deviations are indicated. Data 
of 75, 85 and 95 °C are fit with an exponential model. Irregular 
fluctuations are observed at lower temperatures.
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gp36C at concentrations between 1 and 45 μM in ENZ 
buffer. No aggregation was observed at 25 °C. How-
ever, gp36C aggregated extensively during a treatment 
at 55 °C, but aggregation decreased again at 75 °C and 
more so at 95 °C. This behaviour is atypical since, gener-
ally, an opposite effect is expected.
Aggregation of gp36C could not be observed at 0.56 μM, 
the concentration used in the kinetic assay, because it is 
below the aggregation detection limit (∼5 μM). These 
data and the kinetic stability assay suggested that irrevers-
ible denaturation of gp36C is influenced by aggregation 
at lower temperatures, but by raising the temperatures, 
thermal irreversible degradation exponentially becomes 
the most influential parameter.

Thermodynamic stability. To assess whether gp36C is 
also thermodynamically stable, it was analyzed by DSC. 
Calorimetric measurements of the thermal unfolding of 
gp36C (15 μM/30 μM), initially performed in ENZ buf-
fer, revealed an irreversible and irregular exothermic 
peak from 40 °C (Fig. 4a). This exothermic peak is con-
sistent with the protein aggregation, observed by UV-VIS 
spectrophotometry under the same conditions (Fig. 3). 
However, when the buffer was replaced by PBHS, gradual 
heating of gp36C (15 μM) resulted in a reversible, endo-
thermic unfolding transition at Tm = 50.2 °C (Fig. 4b). 
The calorimetric heat of the first scan (ΔHcal = 6.86 × 
104 cal mol–1) was clearly higher than that of the second, 
third and fourth scan, indicating that a small fraction of 
the total protein amount denatured irreversibly during the 
sequential scans. The symmetric profiles of the transition 
peaks fit the Van ’t Hoff relation, with a related heat 
(ΔHVH) of 6.19 × 104 cal mol–1. The ratio of ΔHcal /ΔHVH 
agrees well with a two-state-like transition model for pro-
tein unfolding. A different aggregation behaviour of 
gp36C in PBHS compared with ENZ buffer could be con-
firmed by UV-VIS spectrophotometry: aggregation still 

Figure 3. Aggregation effects for gp36C using UV-VIS spectropho-
tometry. Absorption at 350 nm was measured for gp36C at 25 °C 
after heat treatment at 55 °C (open diamonds), 75 °C (filled tri-
angles) and 95 °C (filled diamonds) in ENZ (full lines) and PBHS 
buffer (dashed lines) for a dilution series between 1 and 45 μM. 
More aggregation is observed at 55 °C than at 75 or 95 °C in all 
tested conditions and is dependent on protein concentration.

Figure 4. DSC analysis of gp36C. The heat capacity in ENZ buffer 
with 15 μM gp36C (a), PBHS with 15 μM gp36C (b) and PBHS 
with 30 μM gp36C (c) was measured as a function of temperature. 
An endothermic, reversible transition is observed in b in contrast 
with an exothermic, irreversible aggregation of gp36C in a and c. 
Two (a), four (b) and seven (c) sequential scans are shown.

a

b

c
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occurred in PBHS, but to a significantly lower extent 
compared with the ENZ buffer (Fig. 3). The threshold 
concentration for aggregation detection is approximately 
15 μM. Accordingly, DSC analysis of gp36C in PBHS at 
concentrations above 15 μM resulted in irregular, exo-
thermic peaks as observed with the ENZ buffer (Fig. 4c). 
However, less extensive aggregation in PBHS was unex-
pected, since the solubility of a protein generally de-
creases at a higher ionic strength (0.5 M NaCl in PBHS) 
due to shielding of charges and the corresponding salting-
out effect.
Although T4 lysozyme is not kinetically stable (complete 
inactivation after 5 min at 75 °C [16]), its thermodynamic 
stability (Tm = 64.7 °C at pH 6.5, ΔHcal = 12.5 × 104 cal 
mol–1 [23]) is higher than that of gp36C (Tm = 50.2 °C 
at pH 7.4, ΔHcal = 6.86 × 104 cal mol–1). T4 lysozyme is 
co-operatively folded in an apparent two-state (N ↔ U) 
transition as well, despite its bipartite structure [20].

Structural analysis. Since DSC analysis showed re-
versible unfolding of gp36C in PBHS, CD analysis of 
gp36C was performed to gain insight into its second-
ary structure after renaturation. CD spectra of gp36C 
samples were recorded at room temperature after a 3-h 
heat treatment (between 25 and 95 °C). CD spectra re-
corded in the ENZ buffer were not successful due to the 
aggregation discussed above and concomitant loss of 
the signal. On the other hand, measurements in PBHS 
revealed spectra with characteristic minima at 207 and 
222 nm, indicating a high α helicity of gp36C (Fig. 5). 
The varying amplitude of the curves can be attributed 
to irreversible denaturation of gp36C, which was also 
observed in kinetic stability assays after the same heat 
treatments. Deconvolution analysis of the different CD 
spectra was performed to estimate percentages of sec-
ondary structure after the heat treatments and renatur-
ation at room temperature (Table 1). Gp36C has a very 
high α helicity (∼93%) similar to that of T4 lysozyme 
[17, 18]. Other minor fractions are β turns (4%), parallel 

β sheets (3%) and random coils (4%). Samples heated 
at 35 and 45 °C generally retained the same secondary-
structure fractions. Aliquots of gp36C heated at tempera-
tures above Tm = 50.2 °C showed an altered secondary 
structure, although the α helix content was still high 
(between 75.9 and 86.9%) from 55 to 85 °C. At 95 °C, 
the CD spectrum was drastically transformed and the α 
helix content dropped to 36.3%. Increased proportions 
of random coils and β turns compensated for these drops. 
Remarkably, the parallel β sheet fraction remained equal 
after all treatments. The predicted catalytic triad is em-
bedded in this parallel β sheet fraction (Fig. 1).

Discussion

In considering protein stability, a clear distinction has to 
be made between thermodynamic stability and kinetic 
stability. Thermodynamic stability deals with the equilib-
rium between the native (N) and the unfolded (U) state 
of a protein and is correlated with the energy difference 
(ΔGD) between the N and U state. Kinetic stability refers 
to the resistance of a protein to irreversible denaturation, 
which is coupled to the U state. Lavigne et al. [13] re-
ported an exceptionally high kinetic stability for recom-
binant gp36C, which still retained over 50% residual ac-
tivity after 1 h at 100 °C. On the other hand, T4 lysozyme 
(to which gp36C has 44% sequence similarity and 27% 
sequence identity) is completely inactivated after 5 min at 
75 °C [16]. Such a high kinetic stability has not yet been 
described before for any other phage muralytic enzyme.
Here we show that gp36C behaves thermodynamically as 
a normal mesophilic protein and is thermodynamically 

Figure 5. CD analysis of gp36C. Different CD spectra of gp36C 
after thermal treatment at 25 °C (filled circles), 35 °C (open cir-
cles), 45 °C (open triangles), 55 °C (open diamonds), 65 °C (open 
squares), 75 °C (filled triangles), 85 °C (filled squares) and 95 °C 
(filled diamonds).

Table 1. CDNN analysis of CD spectra of gp36C.

Tem-
perature 
(°C)

α helix

%

Random 
coil
%

β turn

%

Anti-
parallel
%

Parallel

%

Sum

%

25 93.0  4.2  4.0 0.1 3.0 104.3

35 92.1  4.8  4.3 0.1 3.2 104.5

45 91.5  5.2  4.7 0.2 3.2 104.8

55 79.0 13.3  9.3 0.9 4.3 106.8

65 86.9  8.3  6.8 0.3 3.6 105.9

75 85.5  8.7  7.9 0.3 3.3 105.7

85 75.9 13.9 12.2 0.7 3.6 106.3

95 36.3 30.3 26.2 4.6 3.9 101.3

Estimation of the percentages of secondary-structure fractions of 
gp36C after a 3-h thermal treatment at different temperatures are 
based on 33 reference protein spectra with known crystal structure 
[22]. The average prediction error for the secondary-structure total 
content of a protein contained in the program database is 6.45%. 
The summed proportions fall within the prediction error.
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less stable than T4 lysozyme, but its stability can be at-
tributed to an exceptionally high thermoresistance with 
extremely low rates of irreversible denaturation.
Moreover, the kinetic behaviour is influenced by unusual 
aggregation phenomena, which are more pronounced at 
55 °C than at 75 °C and even less pronounced at 95 °C 
in both buffers. This was unexpected because, normally, 
the rate of aggregation is slower at lower temperatures 
since it has to compete with protein folding. Therefore, 
we suggest that here, aggregation is not caused by the 
non-specific association of hydrophobic surfaces that are 
exposed after denaturation, but is driven by sequence-
specific oligomerization. There is increasing evidence 
that protein aggregation often relies on a specific primary 
sequence [24, 25] and very short stretches of amino acids 
can cause precipitation [26]. These oligomers can protect 
gp36C against irreversible denaturation and enhance ther-
moresistance [27]. According to this hypothesis, higher 
temperatures in the kinetic stability assay will result in 
a gradual loss of these sequence-specific oligomers and 
more irreversible denaturation.
Furthermore, both DSC and CD analysis showed that un-
folding of gp36C is reversible. Even after long heat treat-
ments at high temperatures, gp36C can regain its intact 
secondary structure (up to 45 °C) or its partially refolded 
structure (between 55 and 85 °C).
Proteins are maximally evolved to perform their bio-
logical function. Gp36C is a C-terminal muralytic do-
main of gp36, which is predicted as an internal virion 
protein of φKMV [12]. We previously suggested that 
gp36 degrades the peptidoglycan locally to facilitate 
DNA entry during infection [13]. In bacteriophage T7, 
a close relative, this function is attributed to gp16. The 
high thermoresistance of gp36C is in agreement with 
the ‘folding carpenter’s rule model’ suggested by Mol-
ineux [28] for gp16 of bacteriophage T7. Gp16 is a large 
internal virion protein (1318 amino acids) that is part 
of the T7 injection needle. A T7 virion contains an es-
timated four copies [29]. To extrude from the internal 
core of the virion capsid during infection, they must 
transiently unfold to allow passage of the large proteins 
through the restricted head-tail connection of the phage 
particle (2.7 nm). Gp16 has a high α-helical (50%) and 
random-coil (30%) content according to secondary-
structure prediction tools. Molineux [28] suggests that 
gp16 resembles a ‘folding carpenter’s rule’, with each 
segment of the rule corresponding to an α helix. Like 
a ‘carpenter’s rule’, gp16 molecules unfold to long lin-
ear molecules to exit the capsid. However, they retain 
enough structural information to refold rapidly in the 
periplasm. There, they can degrade the host cell wall 
peptidoglycan and integrate in the inner membrane. We 
suggest a similar model for gp36, although we propose 
that gp36 does not exit one by one, but in a linear oligo-
merized form of unfolded proteins. The existence of an 

in vivo functional unfolded state of gp36 (or gp16) may 
explain the necessity of a strong resistance to irrevers-
ible denaturation coupled to this state.
The normal thermodynamic stability, the high thermore-
sistance, the putative oligomerization and the capability 
of gp36C to refold easily all support this model. Accord-
ing to this hypothesis, high thermoresistance could be 
a common property of structural muralytic domains of 
other members of the T7 supergroup like T3, SP6, K1-5 
and φYe03-12. Moak and Molineux [5] have already dem-
onstrated the presence of peptidoglycan hydrolytic activ-
ity associated with all these virions. The internal virion-
protein-encoding genes of these phages have a similar ar-
rangement. However, most members of the T7 supergroup 
have an N-terminally localized muralytic domain instead 
of the C-terminal domain in φKMV gp36, which is en-
coded by the upstream gene compared with T7. Further-
more, the size of φKMV gp36 is similar to the T7 internal 
virion protein gp15 and not to the downstream-encoded 
gp16. To date, Salmonella typhimurium bacteriophage 
SP6 and E. coli phage K1-5 are the only other phages 
known to have the same module arrangement as observed 
in φKMV. The copy number of T7 gp15 is estimated to 
be eight [30] compared to four for gp16 [29], but is still 
unknown for φKMV gp36. Regardless of whether gp36 is 
more functionally related to T7 gp15 or gp16 internal vi-
rion proteins, the hypothesis that gp36 leaves the capsid as 
an oligomerized unfolded structure remains valid, as long 
as the oligomer dimensions are compatible with passage 
through the restricted head-tail connection. However, the 
actual nature of the oligomer still has to be elucidated.
Gp36C offers interesting perspectives both in applications 
and as a fundamental research topic, in view of its role in 
the phage infection process and its similarity to the well-
known but thermosensitive T4 lysozyme. Phage-encoded 
muralytic enzymes (lysins) have recently been considered 
for use as antimicrobial agents to control pathogenic bac-
teria [11, 31]. Fischetti and coworkers [32, 33] applied 
lysins externally to bacteria and observed that the bacteria 
were killed seconds after contact. Thermoresistant lysins 
such as gp36C offer an additional advantage to develop 
novel tools based on phage lysins, due to their stability 
and thus good storage possibilities.
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