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Objectives: Streptococcus pneumoniae is becoming increasingly antibiotic resistant worldwide and new antimi-
crobials are urgently needed. Our aim was new chimeric phage endolysins, or lysins, with improved bactericidal
activity by swapping the structural components of two pneumococcal phage lysozymes: Cpl-1 (the best lysin
tested to date) and Cpl-7S.

Methods: The bactericidal effects of four new chimeric lysins were checked against several bacteria. The purified
enzymes were added at different concentrations to resuspended bacteria and viable cells were measured after
1 h.Killing capacity of the most active lysin, Cpl-711, was tested in a mouse bacteraemia model, following mouse
survival after injecting different amounts (25-500 pg) of enzyme. The capacity of Cpl-711 to reduce pneumo-
coccal biofilm formation was also studied.

Results: The chimera Cpl-711 substantially improved the killing activity of the parental phage lysozymes, Cpl-1
and Cpl-7S, against pneumococcal bacteria, including multiresistant strains. Specifically, 5 wg/mL Cpl-711 killed
>7.5 log of pneumococcal R6é strain. Cpl-711 also reduced pneumococcal biofilm formation and killed 4 log of the
bacterial population at 1 wg/mL. Mice challenged intraperitoneally with D39_IU pneumococcal strain were pro-
tected by treatment with a single intraperitoneal injection of Cpl-711 1 h later, resulting in about 50% greater
protection than with Cpl-1.

Conclusions: Domain swapping among phage lysins allows the construction of new chimeric enzymes with high
bactericidal activity and a different substrate range. Cpl-711, the most powerful endolysin against pneumococci,

offers a promising therapeutic perspective for the treatment of multiresistant pneumococcal infections.
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Introduction

Streptococcus pneumoniae, the pneumococcus, is a Gram-positive
bacterium usually found in asymptomatic nasopharyngeal car-
riage, but is also the leading cause of many infections worldwide,
ranging from very common and usually mild clinical conditions,
such as acute otitis media and rhinosinusitis, to less frequent but
potentially life-threatening invasive diseases, such as sepsis,
community-acquired pneumonia and meningitis.* Classical treat-
ment of these infections has been the use of certain well-tolerated
drugs, especially B-lactam antibiotics, which significantly changed

the outcome of pneumococcal diseases and substantially reduced
their clinical and economic impact. Unfortunately, in recent years
the lack of new antibiotics and the emergence of MDR bacteria
have led to a healthcare crisis frequently associated with the
so-called ‘post-antibiotic era’. This situation has provoked the US
CDC to call for an aggressive and immediate action to halt the
spread of drug-resistant pathogens.? In this context, phage therapy
is becoming one of the most promising alternative weapons to fight
dangerous multiresistant pathogens, with the use of not only iso-
lated virions but also some of their products, like endolysins. These
specialized enzymes are peptidoglycan hydrolases synthesized as
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part of the tightly controlled late genes that provoke the lysis of the
bacterial cells for phage progeny release. Endolysins have been
shown to be very effective in killing a variety of Gram-positive bac-
teria when added exogenously as purified proteins.® Although the
typical architecture consists of a two-domain structure, in which
the N-terminal part is responsible for the catalytic activity (catalytic
domain or CD) and the C-terminal part functions as a cell wall-
binding domain (CWBD),* some peptidoglycan hydrolases possess
multiple hydrolytic domains.>®

Cpl-17 and Cpl-7® lysozymes are encoded by the virulent Cp-1
and Cp-7 pneumococcal bacteriophages, respectively, belonging
to the Podoviridae family.® These enzymes are very similar in
their CDs but differ completely in their CWBDs. The N-terminal
CD of both enzymes belongs to the GH-25 family of glycosylhydro-
lases sharing 85.6% sequence identity (95.2% similarity). This
domain folds into an irregular (B/a)sBs barrel, characteristic of
lysozymes of the same family.”*°~*? In its CWBD, Cpl-1 displays
the typical choline-binding repeats that allow anchoring to the
phosphocholine residues of (lipo)teichoic acids,” whereas Cpl-7
contains three perfect repeats forming three tandemly arranged
helical bundles that recognize the cell wall in a choline-
independent manner.®'3 Linkers of both endolysins are different
in amino acid sequence and length, suggesting distinct interac-
tions between their respective modules, but both are highly
hydrophilic and share a highly charged N-terminal motif.
Recently, it has been demonstrated that a synthetic variant of
Cpl-7, named Cpl-7S, was capable of improving the bactericidal
effect of Cpl-7 not only against pneumococci but also against
other important pathogens like Streptococcus pyogenes and
Enterococcus faecalis.**

In this work, we have constructed chimeric proteins by shuffling
the structural elements, i.e. the two functional domains and the
linkers, from Cpl-1 and Cpl-7S endolysins, giving rise to four new
enzymes. One of them, Cpl-711, turned out to be clearly more
active than Cpl-1 in killing several pneumococcal strains grown
in either planktonic or sessile (biofilm) conditions. The increased
lethal action of Cpl-711 has been validated in a mouse model
of bacteraemia, confirming that this new chimeric lysin is the
most potent enzyme against pneumococci described so far.

Materials and methods

Ethics statement

All experiments were performed under strict adherence to the NIH guide-
lines for the ethical treatment of animals. Signs of infection were moni-
tored three times daily throughout the experimental time course.
Moribund mice were euthanized by cervical dislocation under isoflurane
anaesthesia. Approval for these studies was granted by the Rockefeller
University Institutional Animal Care and Use Committee (Protocol:
11005). Experiments were carried out at the Rockefeller University’s ani-
mal housing facility, an AAALAC-accredited research facility, with all
efforts made to minimize animal suffering.

Bacterial strains, media and growth conditions

The bacterial strains used in this study are listed in Table S1 (available as
Supplementary data at JAC Online). Pneumococcal strains were grown at
37°C in C medium supplemented with yeast extract (0.8 mg/mL; Difco
Laboratories) (C+Y)® or on tryptic soy agar plates containing 5% defibri-
nated sheep blood.?® The other Gram-positive bacteria were grown in

Todd-Hewitt broth containing 0.5% yeast extract (THY) at 37°C, without
shaking. Escherichia coli strains, used for gene cloning and producing
recombinant proteins, were grown in LB medium with shaking at 37°C.

Synthesis and cloning of chimeric genes

The plasmids and oligonucleotides used in this work are listed in Table S1.
The synthetic DNA fragments encoding Cpl-117, Cpl-177 and Cpl-711 were
purchased from ATG:Biosynthesis (Merzhausen, Germany) as E. coli
codon-optimized pUC derivatives. Codon optimization was performed
using the web server Optimizer (http://genomes.urv.es/OPTIMIZER). The
Ndel +PstI-digested fragments carrying the chimeric genes were sub-
cloned into the pT7-7 expression vector, previously treated with the
same restriction enzymes, and the resulting plasmids pTRD760,
pTRD761 and pTRD762 were transformed into E. coli DH10B. cpl-771
was constructed by a two-step process. The first required the incorporation
of a conservative mutation in cpl-7S at the end of the linker using a modi-
fied PCR-driven overlap extension technique.?” This mutation consists of
the addition of a HindIII restriction site by two independent PCRs using
A+B and C+D primers, respectively, and pTRD750 as template. Primers
B and C are partially complementary and contain the HindIII restriction
site. The resulting PCR products and the primers A and D were used for a
third PCR to amplify cpl-7S that included the desired mutation. Parameters
for the two first independent PCRs were: 94°C for 30 s (denaturation), 65°C
for 30 s (annealing) and 72°C for 2 min (extension). The parameters for the
third PCR were: 94°C for 30 s (denaturation), 65°C for 30 s (annealing) and
72°C for 4 min (extension). Then the modified cpl-7S was digested with
Ndel and Clal and cloned into pT7-7 treated with the same enzymes, ren-
dering pHP200. The second step consisted of the fusion of the part of the
cpl-1 encoding CWBD of Cpl-1 (CWBD;) to that coding for the CD and linker
region of Cpl-7S. To accomplish this, the portion of cpl-1 encoding CWBD,
was amplified from pCIP100 using E+F primers containing HindIII and
Clal restriction sites. PCR parameters used were: 94°C for 30 s (denatur-
ation), 65°C for 30 s (annealing) and 72°C for 2 min (extension). The
HindIII+ClaI-digested PCR product was cloned into pHP200, previously
digested with the same enzymes, resulting in pHP771. The composition
of chimeric genes was confirmed by DNA sequencing (Secugen,
Madrid, Spain).

Production and purification of chimeric proteins

For overproduction of chimeric enzymes, transformed E. coli BL21(DE3)
cells with pTRD760, pTRD761, pTRD762 or pHP771 were incubated in LB
medium containing ampicillin (0.1 mg/mL) to an ODggp of ~0.6. IPTG
(0.1 mM) was then added, and the incubation was continued overnight
at 30°C. Cells were harvested by centrifugation (10000 g, 5 min), resus-
pended in 20 mM sodium phosphate buffer (pH 6.0) (Pi buffer), disrupted
in a French pressure cell and centrifuged (50000 g, 45 min) to remove cell
debris. Streptomycin sulfate (Sigma; 2%, w/v) was added to the protein
extract, incubating for 15 min at 4°C with slow stirring to facilitate DNA
precipitation. The insoluble fraction was removed by ultracentrifugation
(50000 g, 45 min) at 4°C. Cpl-711 and Cpl-771 proteins were purified by
affinity chromatography using DEAE-cellulose, as previously described.?*
Cpl-117 and Cpl-177 were purified following the procedure reported for
Cpl-7.8 The purity of the isolated proteins was checked using 10% SDS-
PAGE and MS (MALDI-TOF). Protein concentrations were determined spec-
trophotometrically using the corresponding molar absorption coefficients
at 280 nm. Before use, all proteins were equilibrated by dialysis in Pi buffer.

In vitro cell wall activity assay

Purified enzymes were checked in vitro for cell wall degradation using
[methyl-*H]choline-labelled pneumococcal cell walls as the substrate
and following a previously described method.?® Briefly, 10 wL of enzyme
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at the appropriate dilution was added to the reaction sample containing
240 pL of Pi buffer and 10 uL of radioactively labelled cell walls
(~35000 cpm), as described previously.?® After 15 min of incubation at
37°C, the reaction was stopped by adding 10 pL of formaldehyde (37%,
v/v) and 10 pL of BSA (4%, w/v). The pellet was removed by centrifugation
(12000 g, 15 min), and the enzymatic activity was quantified by measur-
ing the radioactivity in 200 pL of the supernatant with a liquid scintillation
counter (LKB Wallac). One unit of enzymatic activity (U) was defined as the
amount of enzyme that catalyses the hydrolysis (solubilization) of 1 g of
cell wall material in 10 min.?

MIC determinations

MICs of Cpl-711, Cpl-771, Cpl-117 and Cpl-177 were determined by the
microdilution method approved by the CLSI (2006) using CAMHB supple-
mented with 5% lysed horse blood. Modal values from three separate
determinations were considered. Pneumococcal strain ATCC 49619 was
used as a quality control strain for susceptibility testing (http:/www.
lgcstandards-atcc.org/Products/All/49619.aspx).

Bacteriolytic and bactericidal assays

Bacteria were grown to logarithmic phase to an ODssq of about 0.3, and
then cultures were centrifuged and washed twice with PBS [137 mM
NaCl, 2.7 mM KCl, 10 mM Na,HPO, and 1.8 mM KH,PO,, (pH 6.0)], and
the final ODsso was adjusted to ~0.6 in PBS, using a Helios Epsilon spectro-
photometer (Thermo Scientific). Afterwards, resuspended bacteria were
transferred into plastic tubes, and the tested enzyme was added.
Samples were incubated at 37°C for 1 h, and the turbidity decrease
(ODsso) was measured at selected intervals. Controls replacing the
added enzyme with Pi buffer were always run in parallel. Measurement
of viable cells was carried out in C+Y or blood agar plates. For each sam-
ple, a 10-fold dilution series was prepared in PBS, and 10 wL of each dilu-
tion was plated. Colonies were counted after overnight incubation at 37°C.

Biofilm assays

Pneumococcal biofilms were produced using a PO46 strain that is deficient
in LytA and LytC autolysins.'® Biofilms were grown in Costar 3595 96-well
PST microtitre plates (Corning, New York, USA).*839 Briefly, cells were grown
in C+Y medium to an ODsgs of 0.5-0.6, sedimented by centrifugation,
resuspended in C+Y medium and aliquots of 200 wL containing
4.25%10° cfu were dispensed into each well in two microtitre plates.
After 16 h of incubation at 34°C, the biofilm formed was washed with
PBS and treated for 2 h at 37°C with either Pi buffer or different concentra-
tions of enzymes in Pi buffer. Finally, one of the plates was stained with a
0.2% (w/v) crystal violet solution for 15 min and then washed three times
with distilled water to remove non-adherent bacteria. After solubilizing the
biofilm in 95% ethanol (200 wL per well), the ODsgs was determined using
a VersaMax microplate absorbance reader (Molecular Devices). The other
plate was used to determine viability. To do this, a 10-fold dilution series
was prepared in PBS and 10 L of each dilution was plated in blood agar
plates. Colonies were counted after overnight incubation at 37°C. For
observation by confocal laser scanning microscopy (CLSM), biofilms were
grown at 34°C for 16 h on glass-bottomed WillCo-dish dishes (WillCo
Wells). Then, they were washed with PBS and treated for 2 h at 37°C
with either Pi buffer or different amounts of the corresponding enzymes.
Biofilms were then washed three times with PBS to remove cell debris, and
stained with the LIVE/DEAD Baclight bacterial viability kit L-13152
(Invitrogen-Molecular Probes) for monitoring the viability of bacterial
populations. Cells with a compromised membrane—considered dead or
dying—stained red, whereas those with an intact membrane stained
green.'® The biofilms were observed at x63 magnification using a Leica
TCS-SP5-AOBS-UV CLSM equipped with an argon ion laser. The

excitation/emission maxima were around 488/500 to 561 nm. Images
were acquired using LCS software (Leica). Projections were obtained
through the x-y plane (individual scans at 0.5 pwm intervals) and x-z
plane (images at 5 pwm intervals).

Murine bacteraemia model

The infection model was based on methods described previously,®*?

using 4-6-week-old female BALB/c mice (weight range, 15-20g)
obtained from Charles River Laboratories (Wilmington, MA, USA). Briefly,
after a period of acclimatization, mice were injected intraperitoneally (ip)
with 0.5 mL of a 5.5x10° cfu/mL suspension of S. pneumoniae strain
D39_1IU cells. Bacterial inoculation titres were calculated by serial dilution
and plating onto Columbia blood agar plates for each experiment. To con-
firm the bacteraemic state of mice at the time of treatment (i.e. 1 h after
bacterial challenge), multiple organs, including spleen, liver, kidney and
heart/blood, were removed aseptically from three mice, homogenized
and plated for bacterial counts. One hour post-infection, the remaining
animals were divided into four to five treatment groups per lysin and
were injected ip with 0.5 mL containing 500, 200, 50 or 25 pg of either
Cpl-711 or Cpl-1 lysins, or PBS buffer as control. The survival rate for
each experimental group was monitored every 12 h for the first 24 h
and then every 24 h for up to 7 days post-infection. The results from
four independent experiments were combined to evaluate a total of 20
mice for controls and 17 mice for each lysin-treated group.

MS

Purified samples of chimeric proteins were analysed by MALDI-TOF, as
described elsewhere.>® 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 (29024 Da)
and enolase (46672 Da) from Sigma, covering an m/z range of 16000-
50000 units.

Circular dichroism

Circular dichroism spectra were recorded at 20°C in a J-810 spectropolari-
meter (Jasco Corporation) equipped with a Peltier cell holder.
Measurements were performed in 1 mm and 1 cm path-length cells
(far- and near-circular dichroism spectra, respectively) using the experi-
mental conditions previously described.'® Buffer contribution was sub-
tracted from protein spectra and corrected data were converted into
mean residue ellipticities using the corresponding average molecular
mass per residue. Choline titration curves were obtained by measuring
the increase in ellipticity at 225 nm as a function of the ligand concentra-
tion. The dissociation constants were calculated by fitting the Hill equation
to the experimental curves.®*

Analytical ultracentrifugation

Sedimentation velocity experiments were run at 45000 rpm using cells
with double sector Epon-charcoal centrepieces. Differential sedimentation
coefficients were calculated by least-squares boundary modelling of the
experimental data with the program SEDFIT and corrected to Syq
values.®® Sedimentation equilibrium experiments were carried out at dif-
ferent rotor speeds, from 10000 to 17000 rpm, as described previously,**
and weight-average molecular weights were calculated using the
Heteroanalysis program, version 1.1.2 (http://www.biotech.uconn.edu/
auf/). All measurements were performed in Pi buffer at 20°C using protein
concentrations of ~0.2 mg/mL in an Optima XL-A analytical ultracentri-
fuge (Beckman Coulter) with an AN50-Ti rotor. The ratio of the frictional
translational coefficients of the protein particle and the equivalent rigid
sphere sedimenting like the protein (f/fo) and Stockes’s radio (R.), related

1765

¥20Z Iudy 01 uo 1senb Aq 228622/€9.1/9/0./3101e/0Bl/Ww0o dno-olwepese//:sdyy woly papeojumoq


http://www.lgcstandards-atcc.org/Products/All/49619.aspx
http://www.lgcstandards-atcc.org/Products/All/49619.aspx
http://www.lgcstandards-atcc.org/Products/All/49619.aspx
http://www.lgcstandards-atcc.org/Products/All/49619.aspx
http://www.lgcstandards-atcc.org/Products/All/49619.aspx
http://www.biotech.uconn.edu/auf/
http://www.biotech.uconn.edu/auf/
http://www.biotech.uconn.edu/auf/
http://www.biotech.uconn.edu/auf/

Diez-Martinez et al.

to the protein hydrodynamic shape, were calculated from the protein
molecular masses and s,y values using the partial specific volumes
and hydration coefficients estimated from the amino acid sequence
with the SEDNTERP program.®

Modelling of the Cpl-711 structure

The three-dimensional model of the Cpl-711 chimera was built automat-
ically using the Cpl-1 structure as a template (PDB access code; 1H09) with
the Swiss-Model server in the alignment mode (http:/swissmodel.expasy.
org). Model quality was stereochemically and energetically validated with
Procheck®” and VERIFY 3D,® respectively, comparing well with Cpl-1.
Structure figures were made with PYMOL (Schrédinger LLC, Cambridge
MA, USA).

Statistical analysis

All in vitro results are representative of data obtained from repeated inde-
pendent experiments, and each value represents the mean+ SD for three or
four replicates. Statistical analysis was performed using the two-tailed
Student t-test (for two groups), whereas analysis of variance (ANOVA)
was chosen for multiple comparisons. For all in vivo data, the log-rank
(Mantel-Cox) and Gehan-Breslow - Wilcoxon tests were used to draw, ana-
lyse and compare the survival curves. GraphPad InStat version 5.0
(GraphPad Software, San Diego, CA, USA) was used for statistical analysis.

Results

Design of chimeric proteins

With the aim of creating endolysins with improved bactericidal
activity against pneumococcal and non-pneumococcal species
when added exogenously to bacterial cultures, we decided to
shuffle and combine the three structural elements (CD, linker
and CWBD) of Cpl-1 and Cpl-7S lysozymes. Cpl-1 is strictly
dependent on the presence of choline residues in teichoic acid
to fully hydrolyse the bacterial cell wall, whereas Cpl-7S is an

engineered variant of the WT Cpl-7 (the exact construct is
described below), which degrades susceptible cell walls in a cho-
line-independent manner. Cpl-7S has an improved antimicrobial
activity compared with Cpl-7, due to the inversion of the net
charge of the CWBD.* Figure 1 shows a schematic representa-
tion of the four synthetic chimeric proteins (Cpl-711, Cpl-771,
Cpl-117 and Cpl-177) and their parental proteins (Cpl-1
and Cpl-7S).

Cloning, overproduction and purification of the new enzymes
were carried out as detailed in the Materials and methods section.
The three-number code of these chimeric lysozymes corresponds
to the origin of the CD (first number), linker region (second num-
ber) and CWBD (third number) of both enzymes: 1 from Cpl-1 and
7 from Cpl-7S. Thus, Cpl-711 and Cpl-771 contain the CD of Cpl-7S
at the N-terminal region, and the CWBD; at the C-terminal region.
The only difference between them lies in the origin of the linker
connecting both domains, coming from either Cpl-1 (in Cpl-711)
or Cpl-7S (in Cpl-771). Following the same rule, proteins Cpl-117
and Cpl-177 share the CD of Cpl-1 and the CWBD of Cpl-7S
(CWBDys), the difference being in the linkers coming from either
Cpl-1 (in Cpl-117) or Cpl-7S (in Cpl-177).

The amino acid substitutions introduced in Cpl-7S with respect
to Cpl-7 (five residues in each one of the three CW_7 repeats of the
CWBD>) led to a drastic change in total charge of the domain
(Zcwsp) from —14.93 to +3.00.* It is worth noting that, despite
the sequence differences, the net charges of the CDs (Z¢p) of
Cpl-1 and Cpl-7S are identical, as are those of their linkers (Zjjn),
meaning that the differences in the net charge of the four chi-
meric proteins reside in the CWBD. Therefore, the chimeras
Cpl-711 and Cpl-771 present a net charge identical to that of
Cpl-1, whereas those of chimeras Cpl-117 and Cpl-177 are identi-
cal to that of Cpl-7S (Figure 1). Charge has been demonstrated to
be a key factor in the optimal lytic activity of endolysins when
added exogenously.'“*? Nevertheless, the specific activities of
the four purified chimeras and parental proteins were very similar,

Amino acid number Net charge Specific

Nt ct Protein activity Origin
0 100 200 300 400 Zoo Zink Zewso Zioa (U/mg)

A T -1086 -398 -098 -1582 Cpl-1  8.00x10*  Lytic phage
N e e e e -10.86 -398 +3.00 -11.84 Cpl-7S  6.50x10%
N..a -1086 -3.98 -098 -1582 Cpl-711 7.25x10%
nMmlns lllllll -10.86 -3.98 -0.98 -15.82 Cpl-771 9.50x10* | Synthetic
R -10.86 -3.98 +3.00 -11.84 Cpl-117 4.65x10"

N ~10.86 -398 +3.00 -11.84 Cpl-177 6.75x10%

NN GP}-;02151£03m|ly (CPL7) —— cpl-7 Linker Modified CW_binding_7

TS P otk [

CW_binding_1
(PFO1473)

Figure 1. Schematic representation and characteristics of chimeric and parental murein hydrolases. The synthetic chimeric proteins Cpl-711, Cpl-771,
Cpl-117 and Cpl-177, and their parental proteins Cpl-1 and Cpl-7S, are shown together with their origin, specific activity (U/mg) and net charge. Nt, N-
terminal; Ct, C-terminal; Zcp, catalytic domain charge; Zjink, linker charge; Zewep, cell wall-binding domain charge; Zrotal, total charge.
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ranging from 4.65x10% to 9.50x 10 U/mg, when tested on radio-
actively labelled pneumococcal cell walls (Figure 1).

Bactericidal activity of chimeric enzymes against
pneumococcal strains

The bacteriolytic/bactericidal activity of the four chimeras was
tested against several pneumococcal strains. Initially, the antibac-
terial activity was analysed against S. pneumoniae R6 cells using
5 pg/mL of each enzyme. Experiments were performed measuring
the ODssq for 60 min and plating for bacterial counting. Cpl-711 and
Cpl-771, which possess the CWBD, characteristic of a choline-
dependent enzyme, showed dramatic bacteriolytic effects with a
rapid decrease in cell density, similar to that observed with Cpl-1.
On the other hand, Cpl-117 and Cpl-177, which contain the
CWBDys, displayed lower bacteriolytic activity than Cpl-711 and
Cpl-771, but comparable to that of the parental Cpl-7S lysozyme
(Figure 2a). These results correlated well with data for bacterial sur-
vival after endolysin treatment. Cpl-711 and Cpl-771 nearly sterilized
the cultures, causing a decrease in R6 viability of >7.5 log, whereas
Cpl-117 and Cpl-177 reduced viability by 4.7 log (Figure 2b).

After demonstrating the extreme effect of 5 pg/mL Cpl-711
and Cpl-771 on R6 cells, we tested their efficacy at lower concen-
trations to determine the differences in bactericidal activity com-
pared with Cpl-1, considered to date as the most active endolysin
against pneumococcal infections.*® To accomplish this, bacteri-
cidal assays were repeated using the three lysins at 0.1 and
0.01 pg/mL. Cpl-711 and Cpl-771 produced greater decreases in
ODssp than Cpl-1 at both concentrations (Figure 2c and e).
Furthermore, cell viability analysis after 1 h of treatment revealed
that chimera Cpl-711 showed the highest bactericidal activity
against R6, reducing the number of viable cells by 2 and 2.6 log
at 0.01 and 0.1 pg/mL, respectively. This reduction was about
1 log more than Cpl-771 at both concentrations. This large lethal
effect, achieved with such a low concentration of chimeric
enzyme, largely exceeded the killing capacity of Cpl-1, which at
0.1 pg/mL reduced cell viability by 90% and at 0.01 pg/mL by
only 15% (Figure 2d and f).

To check whether Cpl-711 was also the most active chimera
against encapsulated pneumococci, similar experiments were
done using the S. pneumoniae strains D39 (serotype 2), POO7
(serotype 3) and PO08 (serotype 4), and the multiresistant clinical
strains 1515/97 (serotype 6B) and 48 (serotype 23F). Asin the pre-
vious assays, the difference in terms of bactericidal activity
among chimeric and parental proteins was clearer when the
tests were performed with reduced concentrations of the
enzymes. A summary of the bactericidal experiments with these
strains using 0.1 pg/mL of each protein is shown in Table 1.
Cpl-711 was also the most potent bactericidal agent against
PO07 and POOS8 strains, decreasing cell viability by 2 log, whereas
the chimera Cpl-771 and the parental protein Cpl-1 reduced via-
bility by <1 log when tested with these strains. Furthermore,
Cpl-711 was the only endolysin that showed a marked effect on
the multiresistant strain 48, reducing viability by 1 log. As for
the other strains tested, D39 and the multiresistant 1515/97,
both Cpl-711 and Cpl-771 chimeras exhibited a similar bacteri-
cidal effect, which was 1 log higher than that of Cpl-1. These
results confirmed that, despite their similar specific activities
in vitro, the four chimeras do not display the same bactericidal
properties when acting from the outside of living bacteria.

Moreover, Cpl-711 was the most lethal enzyme independent of
the size and composition of the pneumococcal capsule. In add-
ition, results derived from these bactericidal assays were confirmed
by MICs determined for the S. pneumoniae ATCC 49619 strain,
which were 4.5+0.5 mg/L for Cpl-711, 8.5+0.5 mg/L for Cpl-771,
25545 mg/L for Cpl-117 and 350435 mg/L for Cpl-177, whereas
those of Cpl-1 and Cpl-7S were 1644 and 544 10 mg/L, respect-
ively.' To visualize the extraordinary killing effect of the chimeric
Cpl-711 lysin on pneumococcal strains, we recorded a video under
the microscope (see Video S1), which clearly demonstrates in real
time the rapid lytic process of purified Cpl-711 on strain Ré.

Bactericidal activity of chimeric proteins against other
streptococcal species

As previously described, the presence of CW_7 repeats in Cpl-7
and Cpl-7S confers the ability to efficiently kill several non-
pneumococcal bacteria, with the engineered variant Cpl-7S
being the most powerful lysin against them.* To test the capacity
of the four newly constructed chimeras to kill other streptococcal
species, bactericidal assays against the human pathogens S.
pyogenes and Streptococcus mitis SK137 were performed. In the
case of S. pyogenes, 0.1 pg/mL of any chimera showed a poor bac-
tericidal effect (data not shown), so the experiments were
repeated using 5 pg/mL protein. Under these conditions, Cpl-7S
displayed the highest lethal effect (4 log decrease in viability) fol-
lowed by Cpl-117 and Cpl-177 with 2 log lethality (Figure S1A).
These values confirmed that the chimeras harbouring the
CWBD5s did not improve the bactericidal activity of the parental
Cpl-7S enzyme. Cpl-1 did not kill S. pyogenes, in accordance with
previous data’* and, similarly, the same negative results were
obtained for Cpl-711 and Cpl-771 chimeras (Figure S1A). As
expected from the presence of choline in its cell wall,?? S. mitis
SK137 revealed a greater susceptibility to Cpl-1, Cpl-711 and
Cpl-771, with Cpl-711 being the most active, killing 4.7 log of bac-
teria, whereas Cpl-771 and Cpl-1 reduced viability by 3.6 log
(Figure S1B). In this case, Cpl-7S did not produce the same lethal
effect as with S. pyogenes, causing a decrease in viability of
3.3 log, similar to Cpl-1. Chimeras Cpl-117 and Cpl-177 were the
least active enzymes against this species, as they killed about
2.3 log of cells (Figure S1B). These results reinforce the idea that
differences in susceptibility to the action of these endolysins are
directly related to the specificity and affinity of the corresponding
CWBDs, although sequence composition of CDs and modular
organization are also relevant, as well as the composition and
structure of the whole bacterial envelope.

Dispersing and lethal activity of Cpl-711 against
pneumococcal biofilms

As with many bacterial species, S. pneumoniae is capable of grow-
ing as stable biofilms, a microbial community associated with up
to 80% of all chronic infections,** including those recalcitrant to
antibiotics.*>*? Several bacterial and phage murein hydrolases
(LytA, Ejl, Pal, Cpl-1 and Cpl-7) efficiently destroy pneumococcal
biofilms.>® Thus, we also examined the ability of Cpl-711 to dis-
perse pneumococcal cells when grown as biofilms. At 1 ug/mL
Cpl-711 reduced biofilm formation by 92%, whereas Cpl-1 and
Cpl-7S reached 50% and 60%, respectively (Figure 3a). Moreover,
the loss of viable cells in the same experiment was more dramatic
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Figure 2. Bacteriolytic and bactericidal effects of different chimeric and parental enzymes against S. pneumoniae strain R6. Enzymes were added at
5 pg/mL (a and b), 0.1 wg/mL (c and d) and 0.01 pg/mL (e and f). Decay of the bacterial suspension (ODssg) after addition of the selected enzyme
(g, c and e). Incubation was performed at 37°C for 60 min. Controls with PBS are included. Data correspond to a representative experiment. Viable
cells determined on blood agar plates after 60 min of incubation at 37°C (b, d and f). Data are means from four independent experiments. Error
bars represent standard deviations, and asterisks indicate that results are statistically significant compared with the control in the absence of
enzymes (one-way ANOVA with a post hoc Dunnet test; *P<<0.01, **P<0.001).

since Cpl-711 killed about 4 log of the bacterial population, incon-  Activity of Cpl-711 in a mouse infection model
trast to the 1.5 log drop caused by Cpl-1 and Cpl-7S (Figure 3b).
The different degree of biofilm disintegration was fully confirmed
by CLSM, which clearly showed the thickness of corresponding
biofilms as well as the remaining live and dead cells (Figure 3c).

To validate the in vitro bactericidal results of Cpl-711 on pneumo-
coccal cells, we employed a mouse bacteraemia model and com-
pared the in vivo activity of the enzyme with the parental Cpl-1.
The most appropriate bacterial challenge dose that was lethal
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Table 1. Bactericidal activity of the different chimeras and their parental
enzymes against S. pneumoniae

Viability decrease after treatment with®

Strain

(serotype)? Cpl-1 Cpl-7S Cpl-711 Cpl-771 Cpl-117 Cpl-177

S. pneumoniae
R6 (none) + - +4+ 4+ — _
D39 (2) + - ++ ++ - -
PO07 (3) - - ++ 4 - _
PO08 (4)° + - ++ + - _
1515/97 (6B) - - + + - -
48 (23F) - - + - - -

“Bacteria were incubated at 37°C in PBS (ODss5q ~0.6) with the indicated
enzyme at 0.1 wg/mL. Viability was determined after 1 h of incubation
by plating samples onto blood agar plates and analysing cfu.

b— indicates no effect, and +, ++ and +++ indicate a decrease in viability
of 1, 2 or 3 log, respectively.

“Constructed as strain PO07, but with DNA from a serotype 4 pneumococcal
strain.
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to mice in 2-3 days was found to be 5.5x10° cfu/mL for pneumo-
coccal strain D39 _IU, when administered by ip injection. One hour
after bacterial challenge, animals were treated with a single ip injec-
tion containing different amounts of either Cpl-711 or Cpl-1 (in the
range of 25-500 pg per mouse), or PBS as control. Mouse survival
was followed over 7 days and the results of four different experi-
ments were combined and represented as a Mantel-Cox curve.
Rescue of the animals treated with Cpl-711 varied depending on
the concentration used: 100% survival (20/20) when treated with
500 p.g of the enzyme (not shown); 70% survival (14/20) when trea-
ted with 200 w.g; 50% survival (10/20) when treated with 50 w.g; and
45% survival (9/20) when treated with 25 ng. These results show
that treatment with the Cpl-711 chimera resulted in about 50%
greater protection than treatment with Cpl-1. For example, only
20% of mice (4/20) survived when treated with 50 pg of Cpl-1 com-
pared with 50% survival with the same amount of Cpl-711 (Figure 4).

Cpl-711 and Cpl-771 retain the global structure and
choline-binding capacity of parental Cpl-1

In Cpl-1 folding, the relative positions of the CD and the CWBD; are
restrained by the interactions between both modules and the

—

(=5
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*%k *
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LN
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ES 8555
o ) )
1lpg/mL 0.1pg/mL

Figure 3. Degradation of pneumococcal biofilms upon addition of Cpl-711. (a) Percentage of crystal violet staining remaining in the S. pneumoniae P046
biofilm after treatment for 2 h at 37°Cwith 1 or 0.1 pg/mL Cpl-711 and the porentol proteins Cpl-1 and Cpl-7S. The values of biofilm were normalized to
the highest absorbance reading, and the percentage was calculated in relation to untreated strain PO46. (b) Viable cells of S. pneumoniae PO46 growing
as biofilms determined on blood agar plates after treatment for 2 h at 37°C with 1 and 0.1 pg/mL Cpl-711, Cpl-1 and Cpl-7S. (c) CLSM image of the
viability of biofilm-grown S. pneumoniae P046 treated for 2 h with 0.1 pg/mL Cpl-711 (panel 2), Cpl-1 (panel 3) or Cpl-7S (panel 4) or without any
enzyme (panel 1). In all panels with calculated data, the data represent the mean of four independent experiments. Error bars represent standard
deviations, and asterisks indicate that results are statistically significant compared with the control in the absence of enzymes (one-way ANOVA with
a post hoc Dunnet test; *P<<0.05, **P<0.01). Bar, 25 pm.
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Figure 4. Mice were rescued from lethal S. pneumoniae D39_IU infection by
Cpl-711. Mice were injected ip with 5.5x10° cfu/mL S. pneurnoniae D39_IU
strain (time 0). One hour later, mice received one ip injection of either PBS
(control) or lysin. The lines represent the survival of mice treated (or not)
with different concentrations of Cpl-711 or Cpl-1. Mice were monitored
for survival over a period of 7 days and results plotted as Kaplan-
Meier survival curves. Survival curves were compared with the log-rank
(Mantel-Cox) and Gehan-Breslow-Wilcoxon tests (*P<<0.01; **P<<0.001).

tightness of the linker, which contains a DDEEDD motif that could
be responsible for the enzyme’s extended conformation (Figure S2).
In addition, the fold adopted by the region of CWBD; that interacts
with the CD also determines the total number of choline-binding
functional sites.” The CWBD and linker of Cpl-1 and Cpl-711 are
identical and their CDs differ in only 27 residues, but those involved
in the interface with the CWBD; (Ala160, Phe162, Glu163, Phel65,
Trpl74, Tyrl76, 1le185 and Leu187 in strands B6-B8) are all con-
served (Figure S2). Therefore, the modular structure and the
choline-binding capacity of Cpl-1 are likely preserved in Cpl-711,
whose three-dimensional structure has been modelled using the
X-ray structure of Cpl-1 as template (Figure S2C). The same prob-
ably applies to the Cpl-771 chimera, whose linker conserves five
of the six initial acidic residues (Figure S2A), although some differ-
ences might be expected in the linker conformation because of its
length (16 residues in Cpl-771 versus 11 in Cpl-711). To check these
assumptions, the binding of choline to Cpl-711 and Cpl-771 was
measured and the structural organization of both chimeras exam-
ined with and without choline using analytical ultracentrifugation
and circular dichroism. As shown in Figure S3(A and B), the circular
dichroism spectra of Cpl-1, Cpl-711 and Cpl-771 are very similar,
both in the far- and near-UV regions, confirming that their second-
ary and tertiary structures are comparable in the free and choline-
bound forms. The small differences in the regions sensitive to the
contribution of aromatic side chains are probably due to the pres-
ence of one more tryptophan (Trp63) and the change F77Y in the
CD of Cpl-7. Indeed, the spectra of the two chimeras are identical
within experimental error. Variations of the circular dichroism spec-
tra induced by choline addition were also alike and the titration
curves obtained by monitoring the ellipticity changes at 225 nm
as a function of ligand concentration showed that choline-binding
affinities were also comparable (Figure S3C). The dissociation con-
stants estimated by fitting the Hill equation to the titration data
varied from 4.14+0.2 mM (Cpl-711) to 3+1 mM (Cpl-771) and

3.6+0.2 mM (Cpl-1), and the Hill coefficients were also similar
(Table S2).

The association state and the hydrodynamic features of
Cpl-711 and Cpl-771 and their complexes with choline were
examined by analytical ultracentrifugation in comparison with
Cpl-1. In the absence of choline, all of the enzymes sediment as
single species, whose almost identical sedimentation coefficients
correspond to protein monomers (Figure S3D), as verified by sedi-
mentation equilibrium experiments (Table S2). Like in Cpl-1, cho-
line binding regulates the self-association of the two chimeras
that sediment as dimers under choline-saturating conditions
(Figure S3D and Table S2), a characteristic that has been shown
to be relevant for LytA and Cpl-1 activities.****~“® Additionally,
neither the linker nor the CD exchange has perceptible conse-
quences on the overall protein shape since the hydrodynamic
parameters (f/fo and Rs) calculated from sedimentation data for
each association (monomer or dimer) state were alike for the
three proteins (Table S2). Together these results confirmed that
the overall structural features of Cpl-1 are preserved in Cpl-711
and Cpl-771, in agreement with our hypothesis.

Discussion

Endolysins, like all phage-encoded proteins, have been subjected
to a functional optimization process through joint evolution with
their obligate bacterial hosts over millions of years. The final
results are enzymes selected to cause rapid lysis of the host for
efficient release of phage progeny, thus assuring phage survival.
This evolutionary process has generated a wide variety of lysins
that originate from the continuous recombination of different
functional modules, from bacteria and phages, and their subse-
quent horizontal gene transfer.*” Many of the natural enzymes
encoded by these chimeric genes have been well studied, the
putative origin of each module has been suggested and different
fusions or deletions constructed and tested to determine their
activities against the susceptible bacteria.*® Additionally, func-
tional synthetic endolysins have been engineered at the genetic
level by module recombination to suit specific lytic requirements.
For example, fusion of the lysostaphin gene from Staphylococcus
simulans to the B30 endolysin gene from a Streptococcus agalactiae
phage, or to its endopeptidase-coding module, created new
enzymes active against S. agalactiae, Streptococcus uberis and
Staphylococcus aureus, the main pathogens responsible for mas-
titis in cows.*® It has also been demonstrated that pneumococcal
murein hydrolases from either the host or phages harbour a CWBD
essential for activity® that can be exchanged with other pneumo-
coccal or clostridial CWBDs to recreate functional chimeric
lysin.>*>? Nonetheless, the overall published data suggest that
natural endolysins are optimal enzymes to lyse and kill certain
bacteria via their natural route. However, it is plausible to consider
the possibility for enzymatic improvement through genetic engin-
eering, at least when endolysins are added exogenously.
Detailed knowledge of the structural and functional properties of
lysozymes Cpl-1 and Cpl-7 prompted us to explore the effect of
combining their CDs and CWBDs as well as the linkers connecting
them. To this aim, we took into account the information provided
by the crystal structure of the entire Cpl-1 (free and ligand-bound)
and the available structural models of Cpl-7.”%°3 We chose the syn-
thetic Cpl-7S lysozyme instead of the natural Cpl-7 to construct the

1770

20z 1Mdy 01 uo 3senb Aq z/862./£9.1/9/0./21011E/oEl/WOo0 dno olwepede//:sdiy wody papeojumoq


http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv038/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv038/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv038/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv038/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv038/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv038/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv038/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv038/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv038/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv038/-/DC1
http://jac.oxfordjournals.org/lookup/suppl/doi:10.1093/jac/dkv038/-/DC1

Chimeric lysins against pneumococcus

JAC

new chimeric enzymes because of its superior bactericidal activ-
ity.** The most remarkable (and unexpected) result of our approach
was the notable bactericidal capacity of Cpl-711, which was clearly
greater than that exhibited by the natural endolysin Cpl-1, consid-
ered to date as the most powerful lytic enzyme against pneumococ-
cal infections. This improved activity of Cpl-711 was evident not only
against several pneumococcal strains grown as planktonic cultures,
including some antibiotic-resistant strains, but also against pneumo-
coccal biofilms in vitro, and gave superior protection compared with
other lysins in a mouse model of bacteraemia. Therefore, the even-
tual application of this potent chimeric protein to treat multiresistant
pneumococcal infections deserves future investigation.

The noticeable improvement of the bactericidal activity of
Cpl-711, compared with that of Cpl-1, is interesting in itself
since, to our knowledge, despite the numerous endolysin fusion
constructs reported so far, only the Ply187-KSH3 chimera
showed a higher bactericidal effect over its parental enzyme.>*
Nevertheless, Ply187, encoded by a phage infecting S. aureus,
was atypical among endolysins from Gram-positive bacteria
because of the poor activity displayed by the recombinant
enzyme, which was probably due to the absence of a CWBD.
Thus, the addition of an SH3b domain from LysK endolysin,
known to act as a CWBD, enhanced its lytic activity.” In contrast,
Cpl-711 is the result of swapping of catalytic and substrate-
binding domains from natural bimodular lysozymes that already
behave as very potent bactericidal agents.

Any explanation of the observed differences in activity among
the four constructed chimeras and the two parental enzymes
must consider the concept of modular evolution of proteins®>
and the fact that the activity of the complete enzyme will be
determined by the specific features of the isolated domains as
well as by those conferred by the interactions established
between them and with the optimized linkers. In addition, the
lytic action of endolysins from the outside of intact cells is prob-
ably a complex process controlled by many factors, like the com-
position and charges of the endolysin and the bacterial envelope.
In this respect, the lack of correlation between the activities mea-
sured using purified cell wall fragments or intact cultures of R6
strain as substrates, as well as the influence of capsule compos-
ition on the killing activity of Cpl-1, Cpl-711 and Cpl-771 (Table 1),
clearly demonstrated that substrate fragmentation and/or the
inherent removal of components attached to the bacterial enve-
lope minimize the potential impact of sequence differences on the
enzymatic activity. This lack of correlation may be due to differ-
ences in substrate accessibility and bond cleavage.

Another general conclusion drawn from this study is that the
type of CWBD is a major factor in the lethality of endolysins, i.e.
Cpl-117 and Cpl-177 are very similar to the parental Cpl-7S,
whereas Cpl-711 and Cpl-771 are rather similar to Cpl-1. It is
well established that the nature of the CWBD influences substrate
specificity and cell-wall binding affinity as well as the overall endo-
lysin structure. In this respect, Cpl-1 structure differs from that of
Cpl-7, which, according to a SAXS-based model, adopts an
extended structure with the CWBD; horizontally packed to the
catalytic barrel.”® Such divergence, enhanced by choline-
mediated dimerization of Cpl-711, Cpl-771 and Cpl-1, would likely
modify protein diffusion as well as substrate recognition and lytic
efficiency. Interestingly, a covalently stabilized dimer of Cpl-1 was
shown to have increased antipneumococcal activity and
decreased plasma clearance.*®

Since Cpl-1 and Cpl-711 only differ in the CD, the first clue to help
explain the large increase in lethal activity of Cpl-711 may be found
inthe 27 distinct residues of both domains (Figure S2). These amino
acid differences affect neither the catalytic residues, which are
sequentially and structurally conserved,” nor the modular organ-
ization and choline-binding capacity. Non-conservative changes
are located mostly between the loop connecting strand B3 to
helix-3 and the beginning of helix-4, which includes the region con-
taining the proton donor Glu94 (Figure S2). However, Cpl-1 and
Cpl-711 have the same overall net charge. Consequently, this fac-
tor, so relevant for the activity of Cpl-7S and other endolysins,**3°
does not explain the improved activity of Cpl-711 compared with
natural Cpl-1. Nevertheless, the amino acid changes modify the
electrostatic potential of the catalytic surface (Figure S4), which
could affect the unfavourable electrostatic interactions with the
negative charge of the cell wall. This can also slightly alter the pat-
tern of the contacts observed in the model proposed for the com-
plex between Cpl-1 and a pentasaccharide dipentapeptide.®°® On
the other hand, it seems unlikely that the glycopeptide chain bound
to the catalytic cleft could make contact with other regions of the
CD. However, the possibility that endolysins could interact with
adjacent muropeptide chains (or other molecules present in the
intact cell wall) cannot be completely ruled out. It might help
explain their different behaviour with cell wall fragments or intact
cells, as well as the distinct bactericidal activities reported here.
Interestingly, the structure of the Cpl-1 E94D mutant complexed
with a disaccharide pentapeptide showed an additional molecule
of the substrate analogue bound outside the catalytic groove
(PDB access code: 2J8F). For similar reasons, a certain rearrange-
ment of a longer linker in the Cpl-771 chimera could account for
its decrease in lethality and MIC increase compared with Cpl-711.

The absence of a structural model of the entire Cpl-7 at atomic
resolution precludes a thorough analysis of the differences found
among Cpl-7S, Cpl-177 and Cpl-117, although the SAXS-based
model of Cpl-7 suggests that, like in Cpl-1, the hydrophobic cavity
formed by strands B6-B8 might interact with the CWBD;s.% Of
note, the increase in the MIC values of Cpl-177 and Cpl-117 with
respect to Cpl-7S is comparable to the reduction observed on pas-
sing from Cpl-1 to Cpl-711 or Cpl-771 (i.e. the inverse modifica-
tion) and further supports the notion that sequence divergences
make the CD of Cpl-7 more efficient. Elucidation of the three-
dimensional structures of the full-length chimeras together with
that of Cpl-7S and their complexes with peptidoglycan analogues
could provide interesting, although partial, insights into the
molecular basis of the differences in catalytic activity and/or sub-
strate binding of this collection of lysozymes.

In summary, this study discloses the complexity of mechanisms
underlying the exogenous bacteriolytic/bactericidal action of endo-
lysins and demonstrates the feasibility of constructing new and
more lethal phage lysins from WTor modified preexisting enzymes.
Taking into account the high diversity within bacterial and bacterio-
phage populations, there are great opportunities for designing
novel antimicrobials that might reduce the increasing incidence
of antibiotic resistance obstructing therapeutic efforts worldwide.
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