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Abstract

Endolysins comprise a novel class of selective antibacterials refractory to develop resistances. The Cpl-7 endolysin, encoded
by the Streptococcus pneumoniae bacteriophage Cp-7, consists of a catalytic module (CM) with muramidase activity and a
cell wall-binding module (CWBM) made of three fully conserved CW_7 repeats essential for activity. Firstly identified in the
Cpl-7 endolysin, CW_7 motifs are also present in a great variety of cell wall hydrolases encoded, among others, by human
and live-stock pathogens. However, the nature of CW_7 receptors on the bacterial envelope remains unknown. In the
present study, the structural stability of Cpl-7 and the target recognized by CW_7 repeats, relevant for exploitation of Cpl-7
as antimicrobial, have been analyzed, and transitions from the CM and the CWBM assigned, using circular dichroism and
differential scanning calorimetry. Cpl-7 stability is maximum around 6.0–6.5, near the optimal pH for activity. Above pH 8.0
the CM becomes extremely unstable, probably due to deprotonation of the N-terminal amino-group, whereas the CWBM is
rather insensitive to pH variation and its structural stabilization by GlcNAc-MurNAc-L-Ala-D-isoGln points to the cell wall
muropeptide as the cell wall target recognized by the CW_7 repeats. Denaturation data also revealed that Cpl-7 is organized
into two essentially independent folding units, which will facilitate the recombination of the CM and the CWBM with other
catalytic domains and/or cell wall-binding motifs to yield new tailored chimeric lysins with higher bactericidal activities or
new pathogen specificities.
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Introduction

Bacteriophages and bacteria produce a variety of peptidogly-

can-degrading enzymes, the cell wall hydrolases (CWHs) [1],

either to lyse host cells (endolysins) or to re-model the cell wall

during growth and division (endogenous CWHs). Because of their

potent ability to digest the cell wall of Gram-positive bacteria when

exogenously added, endolysins represent a novel class of antimi-

crobials. They provide a mean of selective and rapid killing of

pathogenic bacteria with no effect on the normal microbiota [1,2].

Endolysins also exhibit low toxicity, moderate inhibition by the

host immune response and a low probability of developing

resistance [3–5]. These unique features have boosted the interest

on the biotechnological and pharmacological exploitation of

endolysins, including prevention and treatment of drug-resistant

infections, decontamination and food biopreservation [1,6–8].

Endolysins are frequently composed of one or more catalytic

units linked to a number of other modules commonly involved in

cell wall attachment [2,6,8]. In contrast to the current advance of

research on endolysins’ bacteriolytic activity, the knowledge

regarding endolysin receptors on the bacterial envelope is

relatively scanty. Cpl-7, the endolysin encoded by the Streptococcus

pneumoniae bacteriophage Cp-7, consists of an N-terminal catalytic

module (CM) with muramidase (lysozyme) activity fused to a C-

terminal module containing 3 identical tandem repeats (hereafter

called CW_7 repeats) of 42 amino acid residues each [9]. The

CW_7 repeats are essential for the activity [10] and unique among

the sequences of the CWHs encoded by the pneumococcus and its

bacteriophages [11]. They confer to the Cpl-7 endolysin the ability

to degrade pneumococcal cell walls containing either choline or

ethanolamine and to retain full activity in the presence of high

choline concentrations. In contrast, all other pneumococcal

CWHs behave as choline-dependent enzymes since their cell

wall-binding modules recognize the choline moieties present in

pneumococcal (lipo)teichoic acids [12]. The gain-of-function on

ethanolamine-containing cell walls shown by the chimeric LC7

amidase, built by fusion of the CW_7 repeats of Cpl-7 to the CM

of pneumococcal LytA amidase, provided further evidence for the

involvement of the CW_7 repeats on cell wall targeting [13].

However, the nature of the receptors on the bacterial envelope

remains unknown. A three-dimensional model of the Cpl-7

endolysin has been recently proposed [14]. According to it, the
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CM and the cell wall-binding module (CWBM) form an elongated

particle of <115 Å long where the CM, folded into the (ba)5b3

barrel characteristic of the GH25 family [15], laterally packs

through the last three b-strands to the superhelix-like structure

formed by the three CW_7 repeats, each of them folded into a

three-helical bundle.

Although the CW_7 repeats were firstly identified as a

component of the Cpl-7 endolysin [9], similar motifs have been

subsequently observed, fused to a variety of catalytic units and cell

wall-binding modules, in many proteins putatively involved in cell

wall metabolism that are encoded by Gram-positive and Gram-

negative bacteria as well as by bacteriophages infecting Gram-

positive bacteria [14]. In this respect, the ability of CW_7 motifs to

target a structural element of the bacterial envelope common to

several species, some of them well-recognized pathogens, offers

interesting perspectives for exploiting CW_7-containing lysins as

enzybiotics with broader spectra of lytic activities or for pathogen

detection [8,16]. Of note, acquisition of CW_7-like motifs by the

endopeptidase module of the lSa2 endolysin, a bifunctional

enzyme encoded by the LambdaSa2 prophage of Streptococcus

agalactiae, not only increased its activity on several streptococcal

strains when externally added, but was essential for degradation of

staphylococci [16].

Structural stability and binding specificity are relevant features

for the pharmacological or biotechnological use of proteins. This

paper reports thermal denaturation studies of the Cpl-7 endolysin

aimed to examine its structural stability under a wide range of pHs

and to identify the receptor of the CW_7 motifs on the bacterial

surface, using both circular dichroism (CD) and differential

scanning calorimetry (DSC).

Materials and Methods

Proteins and chemicals
Cpl-7 lysozyme was purified from extracts of Escherichia coli

RB791 [pCP700] cells, as previously described [14]. Mass

spectrometry determination of Cpl-7 molecular mass yielded

38,107 Da, in agreement with the theoretical value estimated from

the sequence reported in the database (Entrez code, AAA72844)

after processing of the N-terminal methionine (38,116.8 Da). The

fragment of Cpl-7 comprising the CM was obtained by controlled

proteolysis with trypsin, using a Cpl-7/protease ratio (w/w) of 22

(3 h incubation in 0.1 M phosphate (Pi) buffer, pH 7.0) [10]. The

proteolytic fragments were loaded into a DEAE-cellulose column

(1.563 cm) equilibrated with the same buffer and the CM was

eluted with a linear NaCl gradient (0–0.5 M in 40 min). The

purity and length of the isolated CM was checked by SDS-PAGE

and MALDI-TOF MS. Mass data were consistent with fragments

comprising residues 2–203 and 4–203 (data not shown). Before

use, proteins were extensively dialyzed at 4uC against the

appropriate buffer. Protein concentrations were measured spec-

trophotometrically using molar absorption coefficients of

71,700 M21 cm21 and 42,930 M21 cm21 for the full length

protein and the CM, respectively. Net charges of Cpl-7 and its

structural elements were estimated with the program Sendterp

[17].

Chitin oligomers [(GlcNAc)2, (GlcNAc)4 and (GlcNAc)6] were

provided by Toronto Research Chemicals, MurNAc-L-Ala-D-

isoGln and GlcNAc-MurNAc-L-Ala-D-isoGln muropeptides by

Sigma and Calbiochem, respectively, and trypsin by Promega.

All other reagents (analytical grade) were from Sigma.

Mass spectrometry
Protein samples were analyzed by MALDI-TOF as described

elsewhere [18]. A grid voltage of 93%, a 0.1% ion guide wire

voltage, and a delay time of 350 ns in the linear positive ion mode

were used. External calibration was performed with carbonic

anhydrase (29,024 Da) and enolase (46,672 Da) from Sigma,

covering an m/z range from 16,000 to 50,000 units.

Enzymatic activity assays
Cpl-7 enzymatic activity was measured at 37uC in the pH

interval comprised between 4.4 and 7.5 using [methyl-3H]choline-

labeled pneumococcal cell walls as substrate [13]. Measurements

were carried out in 20 mM Pi buffer (pH 6–7.5) or 25 mM

sodium acetate (pH 4.4–6.0) and the proportionality between the

amount of cell walls solubilized and the reaction time was verified

at all pHs.

Circular dichroism
CD spectra were recorded using a Jasco-810 spectropolarimeter

equipped with a Peltier-thermostatted cell holder. Measurements

were performed at different pHs using protein concentrations of

0.2 mg ml21 (1 mm path-length cells) and 1 mg ml21 (10 mm

path-length cells) in the far- and near-UV regions, respectively.

Collected spectra were the average of three-to-four accumulations

and the raw data were converted to molar ellipticities after

subtraction of the buffer contribution using, as indicated, either

the average molecular mass per residue (111.6 and 113.3 Da for

Cpl-7 and CM-Cpl-7, respectively) or the molecular mass of the

molecule. Typically, thermal denaturation was monitored by

measuring the ellipticity changes at 195, 203, 208 and 290 nm as

the temperature was raised at 20 or 40uC h21. Experiments run in

the presence of peptidoglycan analogues were followed only at

290 nm because of the absorption in the far-UV region at the

employed concentrations. In selected series, sample heating was

paused at defined temperatures to allow complete CD spectra to

be recorded. All the denaturation profiles obtained at a given pH

were analyzed simultaneously in terms of multiple, two-state

independent transitions using equation [1]:

DH(T)=DHmax~ S
n

i~1
fi exp {DHi(Tmi{T)=R:Tmi

:T½ �f g

= 1zexp {DHi(Tmi{T)=R:Tmi
:T½ �f g

ð1Þ

where DH(T) is the ellipticity change at temperature T (Kelvin

degrees) at the selected wavelength, DHmax is the final variation in

the ellipticity at that wavelength, R is the gas constant, fi is the

relative contribution of transition i to DHmax, and Tmi and DHi are

the half transition temperature and the enthalpy change for

transition i, respectively [19]. The non-lineal fitting of experimen-

tal profiles was performed using the Origin software (Microcal,

Inc) imposing, at each pH, the same values of Tmi and DHi for a

given transition at all the wavelengths.

Ligand binding affinity of GlcNAc-MurNAc-L-Ala-D-Iso-Gln

was estimated from the increase of the CWBM stability induced by

the ligand addition using equation [2]:

ln 1z L½ �=KL,app

� �n
~

DH

R

Tm{T0
m

TmT0
m

� �
ð2Þ

where it is assumed that the heat capacity increment for CWBM

denaturation was negligible [20]. T0
m and Tm are the half transition

temperatures of the CWBM in the absence and in the presence of
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the ligand at concentration [L], respectively, DH is the denatur-

ation enthalpy, KL is the ligand dissociation constant at T0
m, and n

is the number of ligand molecules bound to the CWBM in the

complex.

Differential scanning calorimetry (DSC)
DSC measurements were carried out using MCS-DSC or VP-

DSC microcalorimeters (Microcal, Inc.) in the buffers used for CD

studies. Cpl-7 samples (0.4–1 mg ml21) and buffers were degassed

before loading into the calorimeter and the scans were run under

an extra constant pressure of 26105 Pa. Standard MCS- and VP-

Viewer softwares were used for data acquisition, and Origin-DSC

for data analysis. The excess heat capacity functions were obtained

by dividing the raw data by the number of protein moles in the

DSC cell, after subtraction of the buffer-buffer base line. The

reversibility of thermal transitions was checked by reheating

samples after a first scan, and runs at several heating rates were

performed to examine the potential influence of kinetic effects on

the heat capacity profiles.

Results

Cpl-7 thermal stability: pH dependence
Conformational stability is an absolute requirement for the

pharmaceutical use of proteins with folded native structures. To

this aim, thermal denaturation studies can provide an accurate

evaluation of conditions that minimize unfolding and maintain full

biological activity. They also permit protein ligands to be identified

since complex formation stabilizes protein structures. Moreover, in

modular proteins whose modules unfold separately, denaturation

studies can provide a way to identify the regions involved in

specific ligand recognition if the protein transitions have been

previously assigned [20]. DSC and CD spectroscopy were

therefore used to investigate the thermal stability of Cpl-7

endolysin and its dependence on pH, and also to search for the

receptor of CW_7 motifs on the bacterial envelope.

CD analysis. Figure 1 shows the far- and near-UV CD

spectra of the Cpl-7 endolysin. Under native conditions, the far-

UV CD spectrum shows the typical features of proteins with high

a-helical content (Figure 1A), supporting the recently proposed

three-dimensional model of the protein [14]. In the near-UV

region (Figure 1B) the spectrum shows a well defined positive band

centered at 292.6 nm, due to tryptophan residues, together with

several negative bands attributable to the fine structure of aromatic

residues [21]. The two spectra remained essentially unchanged in

the whole range of pH tested (from 5.5 to 8.5) although some loss

of native structure was observed at room temperature in the

experiments performed at pH 8.5 (see below). The spectroscopic

complexity of Cpl-7 denaturation is illustrated in Figure 2. At

neutral pH, denaturation begins around 35uC and the spectra

collected in the far-UV region show an isodichroic point at around

208 nm that moves to 203 nm as the temperature goes over 50uC
(Figure 2A). The trend was similar in the near-UV region where

the loss of the positive band centered at 292.6 nm occurred

between 35uC and 55uC (Figure 2B), while the negative peaks at

lower wavelengths disappeared at higher temperatures (55uC to

80uC). Denaturation was therefore monitored by following the

ellipticity vs temperature in the proximity of the isodichroic points

(203 and 208 nm) as well as at 195 nm (a maximum in a-helix

spectrum) and 290 nm. Visual inspection of the denaturation

profiles revealed that changes at 203 and 208 nm seem to

correlate, primarily, with the low- and high-temperature processes

monitored at 290 nm, respectively (Figure 2C). In contrast,

variations at 195 nm cover the full protein denaturation range

(Figure 2C). On the other hand, the reversibility experiments

showed a partial recovery of the native features when the protein

was heating up to 90uC (Figure 1), and the spectra monitored

under renaturing conditions were similar to those registered at

around 55uC during the protein heating. However, when the

thermal scan was stopped at intermediates temperatures (,55uC),

the spectra recovery after Cpl-7 cooling to 15uC exceeded 97%

(Figure 1A). Besides, variation of the heating rate had only minor

effects on the shape and position of the thermal profiles. These

observations suggest that i) irreversibility primarily affects to the

regions of Cpl-7 unfolding at lower temperatures, and ii) the

irreversibly denatured form/s are scarcely populated within the

temperature-interval where the respective transition/s take place.

In these conditions, the analysis of Cpl-7 denaturation using

equilibrium thermodynamics would not lead to significant errors

[22], since the ratio between the native and denatured forms

involved in each transition will be close to that of the equilibrium

species within the transition interval.

The inspection of the denaturation profiles collected at different

pHs showed that Cpl-7 overall stability is maximal around

pH 6.0–6.5, slightly above the optimum pH for activity (Figure

S1), though the distinct transitions are differently affected by the

solvent acidity (Figure 3). Above neutral pH, the decay of the 290-

nm positive-band present in Cpl-7 spectrum as well as the

variations at 203 nm are drastically shifted to lower temperatures.

Besides a rather moderate increase in the negative ellipticity at

208 nm seems to precede the decrease observed at higher

temperatures (Figure 3C and D). As inferred from these

observations, the conformational stability of the Cpl-7 regions

accounting for the respective process/es are dramatically com-

promised above neutrality, becoming marginal at around 20uC at

pH 8.5 (Figure 3D). In contrast, the increase in the medium

acidity primarily affects the shapes of the 208-nm and 290-nm

thermal profiles (Figure 3A and B); the former shows an inflection

around 60uC, and a third phase became visible below 50uC in the

latter, suggesting that the loss of the negative component of the

290-nm band might proceed in two steps under acidic conditions

(Figure S2).

To assess whether the CD transitions could correlate with the

denaturation of Cpl-7 modules, a truncated form of the endolysin

comprising the CM alone was obtained by controlled proteolytic

digestion with trypsin [10], as detailed in Materials and Methods.

The near-UV CD spectrum of the CM showed the strong positive

peak at 292 nm previously observed in the full-length protein

spectrum (Figure 1B), but essentially lacked the negative compo-

nents observed below 286 nm. Interestingly, when the molar

protein concentration (instead of the molar average residue

concentration) was used for raw data normalization, the spectra

of the CM and the full-length protein almost superimpose above

285 nm. Besides, at 290 nm, the CM denaturation profile and the

first phase observed in the curve of the full-length protein fully

superimpose (Figure 4A), evidencing that it was due to the CM

denaturation; the second step will therefore correspond to

denaturation of the CWBM. The 203-nm denaturation profiles

of Cpl-7 and the CM also display similar trends (Figure 4B)

although, at this wavelength, the absolute ellipticities differ due to

the strong contribution of the CWBM to the full-length protein

far-UV spectrum [14]. On the contrary, both modules contribute

to the ellipticity changes observed at 208 nm (Figure 4C) and

195 nm (data not shown).

As shown in Figure 4D, the CM denaturation profiles at

203 nm and 290 nm differ at pH 6.0. This observation indicates

that the CM unfolding may proceed in two steps whose transition

temperatures approach as the pH was increased, in spite of the

Stability and Cell Wall-Targets of Cpl-7 Endolysin
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high cooperativity usually displayed by a/b barrels and other

supersecondary structures. At around pH 8.0, the two steps either

overlap or merge in a single process, although, according to the

Cpl-7 denaturation at pH 8.5, they separate again at higher pH

(Figure 3D). Moreover, the inversion in the order in which

ellipticity variations at 203 nm and 290 nm begin as the pH was

increased (Figure 3) strongly indicates that they might arise from

denaturation of distinct structural elements of the CM rather than

from stabilization of an intermediate in the unfolding pathway.

Interestingly, thermal denaturation of the isolated catalytic domain

of Cpl-1 endolysin, which shares 85.6% sequence with the CM of

Cpl-7, takes place at similar temperatures and might also proceed

in more than one step at pH 7.0, considering the asymmetry of its

DSC profile and the ratio between the calorimetric and van’t Hoff

denaturation enthalpies [23]. Table 1 summarizes the apparent

thermodynamic parameters derived from fitting of CM denatur-

ation in terms of one or two two-state independent processes (see

the Materials and Methods), depending on the pH. According to

them, only one of the two transitions seen during CM

denaturation at neutral and acidic pH contributes to the ellipticity

Figure 1. CD spectra of the full-length Cpl-7 endolysin and its isolated catalytic (CM) module. (A) and (B) show the far- and near-UV CD
spectra, respectively, of the full-length protein at 20uC (black circles), 55uC (triangles), 95uC (white circles). Spectra obtained under renaturing
conditions (20uC) with protein samples heated up to 90uC (grey circles) and 55uC (grey squares) are also depicted. The insets compare the spectra of
CPL-7 (black circles) and the isolated CM (white squares) with the ellipticities expressed per mole of molecule.
doi:10.1371/journal.pone.0046654.g001

Figure 2. Dependence of Cpl-7 CD spectra with temperature at neutral pH. (A) and (B) show the spectroscopic changes induced by the
temperature increase in the far- and near-UV regions, respectively. Isodichroic points in the far-UV region are marked as ‘‘a’’ and ‘‘b’’, and the T arrow
indicates the temperature increase (20, 30, 40, 45, 50, 55, 60, 65, 70, 85 and 95uC). The near-UV spectra correspond to 20uC (black), 50uC (green), 55uC
(blue), 65uC (red) and 95uC (magenta). (C) compares the thermal denaturation profiles of Cpl-7 at 195 nm (circles), 203 nm (triangles), 208 nm
(diamonds) and 290 nm (hexagons). Measurements were performed in 20 mM Pi buffer, pH 7.0, at heating rates of 20uC h21 (solid symbols) and
40uC h21 (open symbols).
doi:10.1371/journal.pone.0046654.g002
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changes at 290 nm, which should be due to variations in the

environment of tryptophan side-chains.

Taken together, CD denaturation data strongly indicated that

the loss of the native structure of Cpl-7 might proceed in several

steps. The whole set of denaturation profiles obtained at every pH

for the full-length protein was therefore simultaneously analyzed in

terms of multiple, independent two-state transitions using equation

(1) and selecting the simplest model able to provide a good

description of the experimental curves. As shown in Table 2 and

Figure 4, Cpl-7 denaturation can be described in terms of three

apparently independent two-state transitions, with the exception of

pH 8.0 where similar chi-square deviations between experimental

and theoretical data were obtained assuming only two two-state

transitions. The relative contribution of each transition to the

ellipticity change at the different wavelengths supported the notion

that CM denaturation is responsible for the two lower-temperature

transitions, whereas the CWBM would primarily account for the

last, pH-insensitive step. Nevertheless, at acidic pH, a small

implication of the CWBM in the first transition cannot be fully

discarded, considering the estimated contributions of this module

to the ellipticity changes at 208 nm and 290 nm when denatur-

ation takes place at neutral or basic pHs. Inclusion of a fourth

transition at pH 6.5 and below to separate the potential

contribution of the CM and the CWBM to this first step did not

improve the goodness of the fits, and the errors of the fitting

parameters were significantly higher. On the other hand, the

analysis of CD profiles assuming that ellipticity changes arising

from the CWBM denaturation take place in a single step at all pHs

yielded values of Tm3 significantly lower than the respective DSC

estimations at acidic pH (see below). It is worth noting the good

correlation found between the denaturation parameters estimated

for the CM transitions by fitting the thermal profiles of the module

alone or within the full-length protein (Tables 1 and 2). On the

other hand, the rather small contribution of the CM region

responsible for the ellipticity variations at 290 nm to the 195-nm

thermal profile suggests that it should primarily comprise b-

strands. Indeed, three of the four CM tryptophans are located in

the a/b-barrel side devoid of a-helices (Figure S3).

DSC analyses. Cpl-7 stability was further assessed by DSC.

Figure 5 shows the heat capacity curves of the full-length protein at

different pH values. Denaturation proceeds with a total enthalpy

change of 220620 kcal mol21 at pH 6.0 where the thermogram

exhibits a wide peak centered at 55.8uC and two shoulders at

around 46.7uC and 65.4uC. As the pH increases, the main peak

shifts towards the low-temperature shoulder and both transitions

move to lower temperatures (Figure 5A–D). As in CD experi-

Figure 3. Influence of pH on Cpl-7 thermal stability. Panels (A) to (D) depict full-length protein denaturation profiles at 195 nm (circles),
203 nm (triangles), 208 nm (diamonds) and 290 nm (hexagons) at different pHs. Continuous lines are the theoretical curves calculated as indicated in
the text using the fitting parameters shown in Table 2. Measurements were carried out in 20 mM Pi buffer (pH 6.0, 6.5 and 8.0) and 25 mM sodium
borate buffer (pH 8.5) at a scan rate of 20uC h21 (195, 203 and 208 nm) and 40uC h21 (290 nm).
doi:10.1371/journal.pone.0046654.g003

Stability and Cell Wall-Targets of Cpl-7 Endolysin
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ments, the thermograms monitored at 40uC h21 and 20uC h21

were similar, and the last transition was still visible when a second

scan of the sample was run (data not shown). Deconvolution of

DSC curves showed that, in the range of assayed conditions, Cpl-7

denaturation can be described in terms of three two-state

apparently independent transitions, which further supports the

previous analysis of CD profiles. The thermodynamic denatur-

ation parameters derived from the DSC experiments are shown in

Table 3. It is worth noting the good correlation existing between

them and the transition parameters derived by CD analyses

(Figure 6). Moreover, the deconvolution of the DSC curve

recorded at pH 7.8 strongly indicate that the two well-resolved

CM transitions observed at acidic pHs tend to merge in a single

process as their Tm’s approach each other at around pH 8.0

(Figure 5D). Indeed, the transition parameters derived at pH 7.8

for the main peak (Tm2 = 46.4uC and DH2 = 82 kcal mol21) are

close to those estimated by CD for the CM either alone

(Tm = 43.6uC and DH = 87 kcal mol21; average of 203-nm and

290-nm fits) or in the full-length protein (Tm1 = 43.9uC and

DH1 = 93 kcal mol21) at pH 8.0. The additional flat, small peak

centered around 47.5uC in the DSC curve was probably due to

some deviation of CM denaturation from the two-state model in

the proximity of pH 8.0.

Stabilization of Cpl-7 by ligand binding; Identification of
CW_7 targeted motifs in the bacterial cell wall

The presence of CW_7-like repeats in a great variety of proteins

putatively involved in the cell wall metabolism suggests the

presence of a common type of cell wall-targeted motifs in all the

encoding species, which include both Gram-positive and Gram-

Figure 4. Comparison of the full-length protein and the CM thermal transitions. (A), (B) and (C) compare the CD denaturation profiles of
Cpl-7 (black circles) and the CM alone (greysquares) monitored at 290 nm, 203 nm and 208 nm, respectively, in 20 mM Pi buffer pH 7.0 (scan rate of
40uC h21). For comparison, ellipticities per mole of molecule were used instead of the average molar ellipticities per residue. (D) shows the
differences in the relative ellipticity vs temperature profiles at 290 nm (squares) and 203 nm (triangles) for the CM denaturation at pH 6.0. The
continuous traces are the curves calculated as indicated in the text with the best fitting parameters (Tables 1 and 2).
doi:10.1371/journal.pone.0046654.g004

Table 1. Dependence on pH of CM-Cpl-7 thermal
denaturation parameters.

pH Tmi DHi fi (h203) fi (h290)

(6C) (kcal/mol)

6.0 51.4 76 0.72 0.001

58.5 94 0.28 0.999

7.0 46.2 53 0.49 0.001

49.8 108 0.51 0.999

8.0 43.8 76 1 —

43.5 98 — 1

Tmi and DHi are the half transition temperature and the enthalpy change for
transition i, respectively and fi is the relative contributions of transition i to the
total ellipticity change at a given wavelength. Incertitude in fitted parameters
are <0.2–1% for Tmi, 3–15% for DHi and 6(0.1–0.2) for fi.
doi:10.1371/journal.pone.0046654.t001
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Table 2. Denaturation parameters of Cpl-7 endolysin derived
from CD thermal profiles at different pH values.

pH Tmi (6C) DHi (kcal/mol) fi (h195) fi (h203) fi (h208) fi (h290)

5.5 48.0 36 ND 0.6 0.3 20.2

52.5 103 ND 0.4 20.1 1.8

59.9 48 ND — 0.8 20.6

6.0 50.2 53 0.4 0.8 0.5 20.3

56.3 100 0.2 0.2 20.3 1.8

62.2 41 0.4 — 0.8 20.5

6.5 49.6 45 0.5 0.7 0.3 20.3

57.0 101 0.1 0.3 20.3 1.8

61.5 59 0.4 — 1.0 20.5

7.0 50.9 40 0.7 0.5 — —

51.7 101 — 0.5 20.1 1.6

62.0 46 0.3 — 1.1 20.6

8.0 43.9 93 0.5 1 20.2 1.7

60.8 46 0.5 — 1.2 20.7

8.5 42.5 61 0.4 0.6 — —

29.4 58 0.1 0.4 20.1 1.7

59.9 38 0.5 — 1.1 20.7

Tmi, DHi and fi are defined as in Table 1. The uncertainty in the fitting
parameters was 0.2–1% in Tmi, 3–15% in DHi, and 6(0.1–0.2) in fi. ND, not
determined.
doi:10.1371/journal.pone.0046654.t002

Figure 5. Influence of pH on Cpl-7 DSC denaturation profiles. Panels (A) to (D) show the thermograms registered at 20uC h21 in 20 mM Pi
buffer at the pH values indicated in the curve labels. Dotted lines depict the results of endotherm deconvolution in independent two-state transitions
(Table 3) and grey traces are the theoretical envelopes.
doi:10.1371/journal.pone.0046654.g005

Figure 6. Dependence of Tmi values of Cpl-7 transitions with
pH. Solid and open symbols represent the estimates from CD and DSC
denaturation profiles, respectively: Tm1, circles; Tm2, triangles; and Tm3,
squares.
doi:10.1371/journal.pone.0046654.g006
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negative bacteria [14]. The identification of the modules involved

in the different structural transitions of Cpl-7 made amenable the

use of denaturation studies to search for the potential targets of the

CW_7 repeats on the bacterial cell wall. To this aim, a series of

experiments using different compounds structurally related to the

peptidoglycan components (GlcNAc oligomers and small mur-

opeptides) were carried out, monitoring the ellipticity variations at

290 nm during Cpl-7 denaturation. Data were collected at pH 8.0

where contributions from the CM and the CWBM are well

resolved and where destabilization of the CM would not

compromise the analysis of the results. Control experiments in

the absence of tested ligands were run in parallel and all the assays

were repeated at least twice. Addition of GlcNAc oligomers

(GlcNAc2, GlcNAc4 and GlcNAc6) or MurNAc-L-Ala-D-isoGln at

10 mM final concentration did not affect Cpl-7 stability

(Figure 7A). However, sample supplementation with GlcNAc-

MurNAc-L-Ala-D-isoGln induced a concentration-dependent ther-

mal up-shift of the last transition (Figure 7B; Table 4). This

stabilization strongly points to GlcNAc-MurNAc-L-Ala-D-isoGln

muropeptide as a component of the structural motif targeted by

CW_7 repeats. The best fitting parameters derived both in the

presence and in the absence of the assayed compounds are

summarized in Table 4. A rough estimation of GlcNAc-MurNAc-

L-Ala-D-isoGln affinity for the CWBM at its half-denaturation

temperature was derived, using equation [2], from the thermal up-

shift induced by the ligand binding. Assuming three identical

binding sites (one per repeat) in the CWBM, the dissociation

constant, KL,app, was estimated to be 12–15 mM, taking as T0
m and

DH in equation [2] the average of TCWBM
m and DHCWBM values

derived from all the experiments performed with the unbound

protein (59.3uC) and the GlcNAc-MurNAc-L-Ala-D-isoGln/Cpl-7

complex (53 kcal mol21), respectively. Further extrapolation of

current estimates to physiological temperatures would require an

accurate determination of the enthalpy of ligand binding to CW_7

repeats as well as of its dependence with temperature, which is

hardly affordable due to the ligand availability and binding

affinity. The small increase (<2uC) observed in the Tm1 upon

addition of the disaccharide-dipeptide likely might reflect its

recognition, though with much lower affinity, by the catalytic site.

In this respect, binding of GlcNAc-MurNAc-L-Ala-D-isoGln to the

active site of the Cpl-1 lysozyme has been demonstrated by

crystallography [24].

Discussion

The potential of using purified recombinant endolysins in the

prophylaxis and treatment of infections caused by many Gram-

positive and a few Gram-negative pathogens has been highlighted

during the past few years [2,4,6,8,25,26]. As a new class of

antimicrobials, the most relevant features of endolysins include a

novel mode of antibacterial action, activity against antibiotic-

resistant bacteria and a low probability of developing resistance.

Besides, they usually have a narrow range of lytic activity that is

often restricted to the host bacterial species infected by the phage.

This stringent substrate specificity is frequently linked to the

acquisition of cell wall-binding domains that specifically target

certain structural motifs on the bacterial surface, which are

distributed in genus-specific or even species/strain-specific manner

[27–31]. Identification of motifs targeted by cell wall-binding

Table 3. Dependence on pH of thermal transitions under the DSC envelope of Cpl-7.

pH Tm1(6C) DH1 (kcal/mol) Tm2(6C) DH2 (kcal/mol) Tm3(6C) DH3 (kcal/mol)

6.0 49.360.4 5463 55.860.1 10963 64.060.2 5763

6.7 48.960.4 7166 54.860.2 121610 63.260.2 7564

7.0 50.460.2 3964 52.160.1 9861 63.560.5 5962

7.8 47.560.5 27610 46.460.1 8263 61.560.2 5362

doi:10.1371/journal.pone.0046654.t003

Figure 7. Influence of Cpl-7 potential ligands in the CM and
CWBM structural stabilities. (A) shows the CD denaturation profiles
of Cpl-7 at 290 nm in the absence (grey circles) and in the presence of
10 mM (GlcNAc)6 or 10 mM MurNAc-L-Ala-D-isoGln (white triangles and
grey diamonds, respectively). (B) depicts the denaturation profiles in
the absence and in the presence of 17.3 mM GlcNAc-MurNAc-L-Ala-D-
isoGln (grey and black circles, respectively) at the same wavelength and
pH.
doi:10.1371/journal.pone.0046654.g007
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domains is therefore one the most important aspects of endolysin

research. The cell wall-binding motifs may also increase the

enzyme-substrate proximity and facilitate the productive orienta-

tion of the hydrolyzable chain in the active site, and thereby the

affinity and the lytic activity [10,32]. Indeed, deletion of cell wall-

binding motifs often results in substantial or complete abolishment

of cell wall hydrolase activity [10,16,27,33–35], a behavior that

might be also related with the net charge of the catalytic domain/s

[36].

In addition to adequate profiles of activity and specificity, the

pharmacological or biotechnological use of endolysins requires a

good structural stability. We have therefore characterized the

conformational stability of the Cpl-7 endolysin and investigated

the nature of the target recognized by the CW_7 repeats using CD

and DSC. Cpl-7 unfolding closely reflects the endolysin modular

structure, yet the complexity of the whole process indicates that

the CM might not fold in just a single cooperative unit under most

assayed conditions. By comparing the CD denaturation profiles of

the full-length protein and of the isolated CM, transitions of the

latter were clearly identified in Cpl-7 curves, which also allowed

the assignment of those due to the CWBM denaturation. Both

modules show a high conformational stability at neutral pH, with a

maximum around pH 6.5, but their behaviours strongly differ in

basic mediums, as the CM becomes extremely unstable above

pH 8.0 and starts losing its native structure around 20uC at

pH 8.5. According to CD and DSC data, CM denaturation

proceeds in two steps that coalesce in a single process Tm’s at

around pH 8.0, only to separate again at higher values of pH.

Such behavior reflects the high interdependence of the CM

regions accounting for both transitions [20,37]. In contrast, the

ellipticity changes assigned to the CWBM slightly vary with pH

and the whole module tends to unfold as a single cooperative unit.

Although this denaturation model may represent a simplification

of the real process, it provides a good description of Cpl-7 thermal

unfolding with a relatively simple analysis of the experimental

data.

The low influence of the pH on the CWBM stability agrees well

with the absence in CW_7 repeats of titratable side-chains with

pKa values in the range of pH assayed. Variations in its net charge

are essentially due to completion of carboxylic group ionization

(<20.24 charges) and the beginning of tyrosine and lysine

deprotonation (<20.39 charges). The presence of one additional

step below pH 7.0 might reflect the establishment of some

interactions with either the linker or the CM that would be lost

as the net negative charge of the three structural elements (CM,

linker and CWBM) of Cpl-7 increase, mainly due, again, to

completion of carboxylic group ionization (estimated net charges

at neutral pH for the CM, the linker, and the CWBM would be

around 210.9, 24.0, and 214.9, respectively).

The strong drop in the Tm of the CM transition associated to the

loss of the 290-nm positive band could be due to deprotonation of

the N-terminal amino group (intrinsic pKa<7.7) and/or to

histidines stabilized by interactions with neighboring groups.

The histidines of the CM, located at positions 14 (loop between b1

and a1), 60 (b3) and 96 (loop between b4 and a4), are all of them

highly apart from the b-barrel side devoid of a-helices (b6 to b8),

which is likely involved in this transition (Figure S3). By the

contrary, the N-terminal amino group is close to W173 (b7), which

is about 3 Å away from W149 (b6). On the other hand, the CM

transition accounting for ellipticity variations at 195 nm (a

maximum in the a-helix CD spectrum) shows a moderate

dependence on pH, and the stability decrease observed above

pH 7.0 might be due, again, to variations in the protonation state

of histidines (all of them in the barrel side containing the a-helices)

and/or the N-terminal amino group, though the influence of

protonation/deprotonation equilibriums is lower than for the

other CM transition.

As already mentioned, the CW_7 motifs have been identified in

a great number of putative proteins encoded by both Gram-

positive and Gram-negative bacteria and also by phages infecting

Gram-positive bacteria [14]. Gram-negative bacteria lack second-

ary glycopolymers commonly attached to the peptidoglycan or to

the membrane lipids in Gram-positive microorganisms and their

lipopolysaccharides are located at the outermost part of the outer

membrane [38]. These facts, and the observation that most CW_7

carrying enzymes seems to be involved in cell wall metabolism,

strongly suggest that CW_7 motifs would target a common

structure of the peptidoglycan network, shared by both Gram-

negative and Gram-positive microorganisms. This notion is also

supported by the great differences existing in the compositions of

(lipo)teichoic acids of S. pneumoniae (ribitol-phosphate pentasac-

charide polymers) [39], Streptococcus pyogenes or S. agalactiae (glycerol-

phosphate polymers) [40]. These three streptococci are infected by

bacteriophages encoding CW_7 containing endolysins [14] and

their envelopes lack other secondary glycopolymers. On the other

hand, the D-Ala moieties covalently attached to either glycerol- or

Table 4. Influence of (GlcNAc)n and muropeptides on the 290-nm CD denaturation profile of Cpl-7.

Compound added TCM
m TCWBM

m DHCM DHCWBM fCM fCWBM

(6C) (6C) (kcal/mol) (kcal/mol)

46.860.4 6061 8565 4163 1.8360.05 0.8360.05

10 mM (GlcNAc)2
1 43.560.2 6161 10362 4364 21.760.1 0.7 60.1

10 mM (GlcNAc)4 47.460.4 57.160.2 6161 51610 1.9560.25 0.9560.25

10 mM (GlcNAc)6 48.460.1 58.960.3 7362 5766 21.760.2 0.760.1

10 mM MurNAc-L-Ala-D-isoGln 45.660.4 5862 6063 4466 21.760.3 0.760.2

9 mM GlcNAc-MurNAc-L-Ala-D-isoGln1 43.760.1 66.260.3 8963 5664 21.960.1 0.960.1

17.3 mM GlcNAc-MurNAc-L-Ala-D-isoGln 49.160.1 6961 8061 5061 22.060.1 1.060.1

Denaturation parameters were determined in 20 mM Pi buffer pH 8.0. Tm, DH and f are defined as in Table 2; CM and CWBM superscripts indicate the module involved
in the transition.
1TCM

m and TCWBM
m values in the absence of ligands for this batch of protein were 44.0uC and 60uC, respectively.

doi:10.1371/journal.pone.0046654.t004
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ribitol-phosphate residues of their respective (lipo)teichoic acids

are absent in the pneumococcal strain R6 [41], a laboratory non-

encapsulated strain susceptible to the Cpl-7 endolysin [13].

Indeed, our denaturation studies in the presence of peptidoglycan

analogues strongly indicated that recognition of the bacterial

surface by CW_7 motifs implies its direct binding to the cell wall

muropeptide. As shown in Table 4, at comparable ligand

concentrations, only the GlcNAc-MurNAc-L-Ala-D-isoGln muro-

peptide stabilizes the CWBM, evidencing that both the glycan

chain and the stem peptide are relevant for CW_7/peptidoglycan

interactions. Moreover, the failure of the monosaccharide-

dipeptide and GlcNAc oligosaccharides in promoting the stabili-

zation of the CWBM highlights the relevance of the GlcNAc ring,

the lactyl-group of MurNAc and/or the stem peptide for cell wall

targeting by the CW_7 motifs. Nevertheless, the differences

observed between the denaturation profiles obtained in the

absence and in the presence of MurNAc-L-Ala-D-isoGln above

50uC might reflect a rather loose interaction with the monosac-

charide-dipeptide (Figure 7A). Whether CW_7/muropeptide

interactions expand to other residues of the stem peptide or to

the interpeptide bridges have yet to be elucidated. Although the

more abundant peptide bridges in pneumococci differ from those

in other streptococci [42], sequence variation of the CW_7 motifs

might accommodate this variability and improve substrate

specificity, as seems to happen in LysM domains (Pfam PF01476)

that have evolved to target different types of peptidoglycans in

bacteria, and chitin-like compounds in eukaryotes or viral

glycoproteins [42–44].

The apparent dissociation constant of GlcNAc-MurNAc-L-Ala-

D-isoGln from CW_7 repeats at denaturation temperatures is in

the high millimolar range, and currently available information

does not allow its extrapolation to physiological temperatures.

However, taking into account that the ratio between GlcNAc-

MurNAc-L-Ala-D-isoGln a- and b-anomers in solution is 70:30, the

value of KL,app might be up-to 3.3 times the intrinsic dissociation

constant, KL, if the CWBM preferentially binds to the b-anomer

(KL,app~KL(1z½a�=½b�)), which is the form present in the cell

wall. Such an effect could reduce the dissociation constant for the

b-anomer down to 4–5 mM, which is about twice the value

estimated at 25uC for choline dissociation from the Cpl-1

endolysin [45].

One of the major advantages of multivalent interactions is their

potential to achieve effective adhesion between binding partners,

even when individual, monovalent interactions are weak [46], as

seems to occur with association of GlcNAc-MurNAc-L-Ala-D-

isoGln to CW_7 repeats in vitro. Therefore, the strength and

selectivity of Cpl-7 binding in vivo probably relies on the ability of

its CWBM to create multiple, weak, noncovalent bonds with

peptidoglycan muropeptides. Indeed, a highly efficient endolysin

would require an easy transit across the polymeric substrate to

reach new cleavable bonds, which would be impaired by a strong

binding and a slow dissociation rate. On the contrary, creation of

multiple weak contacts will facilitate Cpl-7 diffusion by means of a

binding/release mechanism without completely detaching from

the cell wall, as observed in other multivalent systems [47,48]. At

the same time, the effective binding constant would be higher than

the association constants for each individual interaction. One

important factor for the affinity increase is the entropic cost of the

loss of translational and rotational degrees of freedom inherent to

complex formation. If the CWBM of Cpl-7 simultaneously

interacts with more than one muropeptide moiety of the

peptidoglycan scaffold, the loss of translational and rotational

entropy would only occur at the first binding event, since

subsequent binding steps are monomolecular processes. This

means reducing such unfavorable entropic term to a third of the

total penalty paid in Cpl-7 association to three monovalent

ligands, with the subsequent increase of binding affinity. Never-

theless, the extent to which the affinity constant is actually

enhanced depends also on both the structure and the geometry of

the protein receptor and the precise arrangement of the ligands. In

this respect, the size of each CW_7 repeat seems large enough to

assume that it can accommodate a GlcNAc-MurNAc-L-Ala-D-

isoGln moiety without interfering with the association of other

muropeptide moieties to its contiguous repeats [14,49].

Modular recombination of proteins is one of the driving forces

in evolution and permits a rapid adaptation to new environmental

conditions [50–52]. This phenomenon has been observed for

many cell wall- (i.e., polymeric-) degrading substrates [53–55] and

confirmed by the construction of functional chimeric lysins

[13,36,56–59]. Whether the number and type of acquired motifs

is optimized or not for a given protein is still unknown.

Apparently, small differences in affinity for isolated, monovalent

peptidoglycan ligands might be amplified by multiple CWBM-

peptidoglycan scaffold interactions to achieve the required

substrate specificity, even at species or strain level. Consistent

with this idea, CW_7 motifs appear frequently associated to LysM

motifs in lysozymes [14], and the acquisition of one or two CW_7-

like motifs by the endopeptidase module of the lSa2 endolysin not

only increases the activity on several streptococcal strains, but it

was shown to be essential for its activity on staphylococci [16].

Combination of several cell wall-binding motifs in a single

polypeptide chain may, therefore, facilitate rapid evolution to

new specificities while using existing cell-wall surface receptors. In

this regard, our finding that the CM and the CWBM in Cpl-7 act

as essentially independent folding units gives support to the

possibility of readily combining both modules with other catalytic

modules and/or cell wall-binding motifs to yield tailored chimeric

lysins with different/broader spectra of lytic specificities or higher

bactericidal activities. Besides, although the three CW_7 repeats of

Cpl-7 unfold basically as a single cooperative unit, the presence of

just one or two motifs in other proteins indicates that a single

CW_7 motif can probably form a structurally stable domain.

Supporting Information

Figure S1 Dependence of Cpl-7 specific activity on pH.
Measurements were performed at 37uC in Pi buffer, pH 7.0, using

[methyl-3H]choline-labeled pneumococcal cell walls as substrate.

(PDF)

Figure S2 Influence of pH on the dependence of Cpl-7
near-UV spectra with temperature.

(PDF)

Figure S3 Distribution of tryptophans and histidines in
the 3D structure of the CM of Cpl-7. Side-chains of selected

residues in stick representation.

(PDF)
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2. Borysowski J, Górski A. (2010) Anti-staphylococcal lytic enzymes. In Villa TG,

Veiga-Crespo P, editors. Enzybiotics: Antibiotic Enzymes as Drugs and
Therapeutics, John Wiley & Sons, Inc., Hoboken, NJ, USA. pp. 149–172.

3. Loeffler JM., Nelson D, Fischetti VA (2001) Rapid killing of Streptococcus

pneumoniae with a bacteriophage cell wall hydrolase. Science 294: 2170–2172.
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