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Abstract Bacteriophage lytic enzymes, either endolysins or
virion-associated lysins, have been receiving considerable at-
tention as potential antibacterial agents, particularly for the
combat of antibiotic-resistant Gram-positive pathogens. A
conclusion that easily emerges from the careful analysis of a
great number of reports on the field is that the activity of phage
lytic enzymes is rarely studied in conditions that support ro-
bust growth of the target bacteria. Here, we report the con-
struction and study of a chimerical lysin, EC300, which was
designed to target and kill Enterococcus faecalis in conditions
supporting vigorous bacterial growth. EC300 resulted from
the fusion of a predicted M23 endopeptidase domain of a
virion-associated lysin to the putative cell wall binding do-
main of a previously characterized amidase endolysin, both
produced by the E. faecalis phage F170/08. This
bacteriolysin-like protein exhibited a clear enhanced lytic ac-
tivity over the parental endolysin when both were assayed in a
rich bacterial growth medium. We demonstrate the killing
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efficacy of EC300 against growing cells of a panel of typed
E. faecalis clinical strains with high level of antibiotic resis-
tance. The possible reasons for the marked difference between
the Iytic performance of EC300 and that of the amidase are
discussed.
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Introduction

Enterococci are commensal bacteria in the intestines of
humans and several animals and can also be found in soil,
water, and plants (Klein 2003). Yet, the species
Enterococcus faecalis and Enterococcus faecium have also
emerged as important opportunistic pathogens worldwide, es-
pecially because of life-threatening nosocomial infections
(Gilmore et al. 2013). They have been associated to several
human infections, such as neonatal sepsis, peritonitis, device-
related infections, and infective endocarditis, being
also described as leading causes of wound and urinary tract
infections and bacteraemias (Emori and Gaynes 1993;
Fisher and Phillips 2009; Gilmore et al. 2013; Poh et al.
2006; Sava et al. 2010; Schaberg et al. 1991). Enterococci
exhibit intrinsic resistance to several first-line antimicrobial
agents (Hammerum 2012) and high propensity to acquire re-
sistance to others, including quinolones, macrolides, tetracy-
clines, streptogramins, and glycopeptides (Arias and Murray
2008; French 2010; Murray 1990). The reduced susceptibility
to antibiotics can make extremely difficult the treatment of an
enterococcal infection, and the therapeutic options can be very
limited (Theuretzbacher 2012; Werner et al. 2013). Therefore,
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there is a growing need to find therapeutic alternatives to fight
infections caused by these multidrug resistant enterococci.

Virion-associated lysins (VALs) and endolysins are en-
zymes produced by bacteriophages (phages) that degrade the
peptidoglycan (PG) moiety of the bacterial cell wall. VALs are
typically carried in the virus particle and are thought to pro-
mote a local cleavage of PG bonds to facilitate phage genome
transference into the host bacterial cell. Endolysins act at the
end of the phage reproductive cycle to destroy the cell wall PG
mesh, leading to cell burst and to the consequent release of the
virion progeny. The potential of endolysins and more recently
of VALs as antibacterial agents toward Gram-positive bacte-
rial pathogens has been intensively studied (for recent re-
views, see Fenton et al. 2010; Nelson et al. 2012;
Rodriguez-Rubio et al. 2013; Schmelcher et al. 2012a).
Endolysins from phages infecting Gram-positive bacteria typ-
ically display a modular architecture where one or more cata-
lytic domains (CDs) responsible for PG cleavage are connect-
ed by a flexible linker to a cell wall binding (CWB) domain
(Schmelcher et al. 2012a). As components of phage virus
particles, VALs are frequently multifunctional proteins,
playing essential roles during virion morphogenesis and
sometimes participating in initial steps of phage infection
other than just the degradation of the cell wall PG
(Boulanger et al. 2008; Piuri and Hatfull 2006). VALs
from phages infecting Gram-positive bacteria are usually
larger than cognate endolysins, and a single VAL may
also display multiple CDs for PG hydrolysis, while gen-
erally no CWB domains are identifiable (Rodriguez-
Rubio et al. 2013).

In the vast majority of the studies reporting the antibacterial
activity of phage PG hydrolases, the lytic enzymes are tested
in conditions that do not support robust bacterial growth; most
commonly, in vitro experiments are performed with target
cells washed and suspended in buffered solutions (Gu et al.
2011; Proenca et al. 2012). Often, the high lytic activity ob-
served in these conditions does not translate to the expected
results when assays are transposed to animal infection models,
and in some cases, satisfactory levels of animal survival are
only obtained when lytic enzymes are administrated to ani-
mals soon after the injection of the deadly bacterial inoculum
(Guetal. 2011; Loeffler et al. 2003; Oechslin et al. 2013). The
idea that actively growing bacteria are able to mount at least a
certain level of resistance to endolysin lytic action is some-
what expected, if we consider that in the context of phage
infection, endolysins always act after cells had been killed
by another phage-encoded protein, the holin, even when the
lytic enzymes are released to the cell wall compartment by a
holin-independent mechanism (Catalao et al. 2013).
Regarding this aspect, VALs might be viewed as having the
advantage of being naturally “designed” to act on dividing
bacteria. Another group of proteins sharing this feature are
bacteriolysins (formerly class III bacteriocins, Cotter et al.
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2005), such as the M23-like endopeptidases lysostaphin and
enterolysin A, which are known to display potent lytic activity
in growth-promoting conditions (Khan et al. 2013; Kumar
2008).

The goal of this work was to design an enzyme with
effective anti-E. faecalis activity in cell growth
supporting conditions. For that, we have assumed the
theoretical advantages of VALs and bacteriolysins re-
ferred to above and have generated an artificial,
bacteriolysin-like enzyme (EC300) by fusing the M23
endopeptidase CD of the VAL Orf73 to the CWB do-
main of the previously characterized endolysin Lys170
(Proenga et al. 2012, 2014), both produced by the
E. faecalis phage F170/08. The results show the superi-
or lytic activity of EC300 when compared to the
endolysin Lys170.

Materials and methods
Bacteria, phage, and growth conditions

Escherichia coli strain XL1-Blue MRF’ (Stratagene) was used
for plasmid isolation and propagation, whereas E. coli strain
CG61 (Sao-José et al. 2000) was used for protein production.
E. coli strains were routinely grown in LB medium (Sambrook
and Russell 2001) in an orbital incubator (200 rpm, SM 30
control, Edmund Biihler GmbH), either at 37 °C (XL1-Blue
MREF”) or at 28 °C (CG61 and its derivatives). When neces-
sary, LB was supplemented with ampicillin (100 pg/ml),
kanamycin (30 pg/ml), and/or tetracycline (10 pg/ml). The
antibacterial activity of EC300 was tested against a panel of
typed, multiresistant enterococcal clinical strains (Table 1),
which was composed of 28 E. faecalis and 21 E. faecium
isolates from patients of a Portuguese hospital between 2004
and 2006 (Mato et al. 2009), plus the two model E. faecalis
clinical strains MMH594 (NR-31975, BEI Resources,
Manassas, USA) and V583 (ATCC 700802, ATCC/LGC
Standards, Teddington, UK) (Huycke et al. 1991; Paulsen
et al. 2003; Sahm et al. 1989; Shankar et al. 2002). These
strains and the E. faecalis clinical isolates 1518/05 and 926/
05 from Technophage collection (Lisbon, Portugal) were
grown in Tryptic Soy Broth (TSB) at 37 °C. When
required, media were supplemented with 1.4 or 0.7 %
agar to obtain solid or soft-agar plates, respectively. All culture
media components were purchased from Biokar Diagnostics.
E. faecalis phage F170/08, which was isolated from a sewage
water sample of the Lisbon area after its incorporation in
a soft-agar brain heart infusion (BHI) lawn inoculated with the
host strain E. faecalis 926/05 (classic double agar overlay method,
Kropinski et al. 2009), was propagated as described
previously (Proenca et al. 2012).
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Table 1  Typed enterococcal clinical strains used in this work
Strain ID PFGE pattern Vancomycin resistance Other relevant resistances References
E. faecalis, n=30 Mato et al. (2009)
EHCP 3 AO6 Resistant HLG, Teic, Q/D, Cip, Te, E, DA
EHCP 13 S Susceptible HLG, Cip, E, DA
EHCP 24 AO5 Susceptible HLG, Q/D, Cip, Te, E, DA
EHCP 31 A2 Susceptible HLG, Q/D, Te, E, DA
EHCP 55 AW Susceptible HLG, Teic, Q/D, E, DA
EHCP 73 J Susceptible HLG, Q/D, Te, E, DA
EHCP 78 A3 Susceptible HLG, Q/D, Te, E, DA
EHCP 92 AR Susceptible HLG, Cip, Te, E, DA
EHCP 93 AX Susceptible HLG, Cip, Te, E, DA
EHCP 94 AM Susceptible HLG, Cip, Te, E, DA
EHCP 143 AU Susceptible HLG, Cip, Te, E, DA
EHCP 107 K Susceptible HLG, Cip, E, DA
EHCP 151 H Susceptible HLG, Cip, E, DA
EHCP 118 AT Susceptible HLG, Q/D, Cip, Te, E, DA
EHCP 164 B Susceptible HLG, Q/D, Cip, E, DA
EHCP 193 BC Susceptible HLG, Q/D, Cip, E, DA
EHCP 225 R Susceptible HLG, Q/D, Cip, E, DA
EHCP 241 O Susceptible HLG, Q/D, Cip, E, DA
EHCP 237 AO2 Susceptible HLG, Q/D, Cip, Te, E, DA
EHCP 267 AO2 Resistant HLG, Teic, Q/D, Cip, Te, E, DA
EHCP 271 All Susceptible HLG, Q/D, Te, E, DA
EHCP 279 T Susceptible HLG, Q/D, Te, E, DA
EHCP 292 A4 Susceptible HLG, Q/D, Te, E, DA
EHCP 281 U Susceptible HLG, Q/D, Cip, Te, E, DA
EHCP 339 AO1 Susceptible HLG, Q/D, Cip, Te, E, DA
EHCP 391 M Susceptible HLG, Q/D, Te, E, DA
EHCP 332 1 Susceptible HLG, Q/D, Cip, E, DA
EHCP 389 AOl Resistant HLG, Teic, Q/D, Cip, Te, E, DA
MMH594* NA Susceptible HLG, E Huycke et al. (1991); Shankar et al. (2002)
V583° NA Resistant HLG, E Sahm et al. (1989); Paulsen et al. (2003)
E. faecium, n=21 Mato et al. (2009)
EHCP 5 cl0 Resistant Amp, HLG, Teic, Cip, Te, E, DA
EHCP 6 al Resistant Amp, HLG, Teic, Cip, E, DA
EHCP 14 d2 Susceptible Amp, HLG, Cip, Te, E, DA
EHCP 40 d9 Susceptible Amp, HLG, Cip, Te, E, DA
EHCP 36 a2 Resistant Teic, Cip, E, DA
EHCP 65 o Susceptible Amp, HLG, Cip, Te, E, DA
EHCP 88 c2 Susceptible Amp, HLG, Cip, Te, E, DA
EHCP 178 P Susceptible HLG, Cip, Te, E, DA
EHCP 149 dé Susceptible Amp, HLG, Cip, Te, E, DA
EHCP 161 t Susceptible Amp, HLG, Cip, Te, E
EHCP 181 d8 Susceptible Amp, HLG, Cip, Te, E, DA
EHCP 184 f Susceptible Amp, HLG, Cip, Te, E, DA
EHCP 211 cl2 Susceptible Amp, HLG, Cip, E, DA
EHCP 264 e Susceptible Amp, HLG, Q/D, Cip, Te, E, DA
EHCP 341 u Susceptible Amp, HLG, Cip, Te, E
EHCP 358 i Susceptible Amp, HLG, Cip, Te, E, DA
EHCP 361 cl6 Resistant Amp, HLG, Teic, Cip, E, DA
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Table 1 (continued)

Strain ID PFGE pattern ~ Vancomycin resistance  Other relevant resistances References
EHCP 302 c5 Susceptible Amp, HLG, Cip, E, DA
EHCP 407 d7 Resistant Amp, Teic, Cip, E, DA
EHCP 459 S Susceptible Amp, HLG, Cip, E, DA
EHCP 378 w Susceptible Amp, HLG, Cip, Te, E, DA

Amp ampicillin, HLG high-level gentamicin, 7eic teicoplanin, Q/D quinupristin/dalfopristin, Cip ciprofloxacin, 7e tetracyclin, £ erythromycin, DA

clindamycin, N4 not applied
#NR-31975 (BEI Resources, Manassas, USA)
° ATCC 700802 (ATCC/LGC Standards, Teddington, UK)

General DNA techniques

Phage F170/08 DNA was extracted from CsCl-purified lysates
as described previously (Vinga et al. 2012). Preparation of
E. coli plasmid DNA and purification of polymerase chain
reaction (PCR) products were performed with the commercial
kits QIAprep Spin Miniprep kit (QIAGEN) and High Pure
PCR Product Amplification kit (Roche Applied Science), re-
spectively, following manufacturer’s instructions. Restriction
enzymes and T4 DNA ligase were purchased from Fermentas
(Thermo Scientific). Recombinant plasmids were confirmed
by DNA sequencing (Macrogen, Seoul, Korea). Restriction
endonuclease digestions, DNA ligations, and conventional
agarose gel electrophoresis were carried out essentially as de-
scribed by Sambrook and Russell (2001). Development of
competence and transformation of E. coli strains by heat
shock (45 s in a water bath set to 42 °C) was performed
according to the method of Chung et al. (1989).

General protein techniques

The Bradford reagent (Bio-Rad Laboratories) was used for
protein quantification using bovine serum albumin as stan-
dard. After sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE), gels were either stained with
Coomassie blue or transferred to 0.45-pum nitrocellulose mem-
branes (Bio-Rad Laboratories) for Western blotting analyses.
EC300 polypeptides were immunodetected using a horserad-
ish peroxidase-conjugated anti-His6 monoclonal antibody
(Roche Applied Science). PageRuler Prestained Protein
Ladder (Thermo Scientific) was used as protein marker in
SDS-PAGE.

Construction and cloning of EC300 chimeric gene
and its derivative mEC300

The nucleotide sequence of the primers used to generate the
EC300 and mEC300 genes is indicated in Table S1. The cod-
ing sequence encompassing the peptidase M23 CD of the
VAL Orf73 from the enterococcal phage F170/08 was PCR
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amplified with the primer pair 73Fw2/Rv_M23 CWB170,
using phage DNA as template and the polymerase KOD hot
start master mix (Novagen). The PCR conditions were set
according to the recommendations of the polymerase supplier.
The sequence encoding the C-terminal region of the cognate
endolysin Lys170, harboring its CWB domain (CWB170),
was similarly amplified in a separate reaction using the primer
pair CWB_Fw_170/F170 Xma. Orf73 (VAL) and Lys170
(endolysin) of phage F170/08 are virtually identical (over
99 % amino acid sequence identity) to Orfs 30 and 9 of
E. faecalis phage $EF24C, respectively (GenBank
BAF81298 and BAF81277; Uchiyama et al. 2008). The 3’
and 5" ends of the M23- and CWB170-containing PCR prod-
ucts, respectively, carried a 28-bp complementary segment
that allowed fusing both fragments by overlap extension
PCR (OE-PCR, Ho et al. 1989), using the 73Fw2 and the
F170 Xma primers. These primers added Ndel and Xmal re-
striction sites for cloning of the chimerical gene in the expres-
sion vector pIVEX2.3d (Roche Applied Science), generating
the recombinant plasmid pDPEC300. Gene EC300 in
pDPEC300 was subjected to site-directed mutagenesis by
using the Quick Change II Site directed mutagenesis kit
(Stratagene Agilent Technologies) and the primer pair
Fw_BD M170/ Rv_BD M170, resulting in plasmid
pDPmEC300 carrying mEC300 gene. The introduced nucle-
otide substitutions eliminated the internal translation start site
known to drive the independent synthesis of the CWB170
domain (Proenca et al. 2014, see text also). The pIVEX vec-
tors allow the expression of genes under the control of the
phage T7 $10 promoter, and the production of the corre-
sponding proteins C-terminally fused to a hexahistidine tag.
Details of the primary sequence of EC300, mEC300, and of
the parental lytic enzymes are presented in Fig. S1. The
pIVEX2.3d derivatives were used to transform E. coli strain
CG61, which produces the phage T7 RNA polymerase upon
temperate upshift. The production of active EC300 by CG61
clones was confirmed by growing them over a dense
lawn of autoclaved enterococcal cells and by checking
the development of lysis halos around E. coli colonies
(Proenca et al. 2012, Fig. S2).
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Protein production and purification

Induction of EC300 and mEC300 synthesis by E. coli CG61
carrying pDPEC300 or pDPmEC300, respectively, produc-
tion of total protein extracts, and subsequent purification by
metal chelate affinity chromatography (AFC) were carried out
as described by Proenga et al. (2012), except for the following
changes: induction of protein production by heat shock oc-
curred in a shaking water bath set to 42 °C (100 rpm, model
BSH, Raypa—R. Espinar, SL) for 30 min, followed by a 3-h
incubation at 37 °C (200 rpm, model SM 30 control, Edmund
Biihler GmbH), and removal of insoluble material from total
protein extracts was by centrifugation at 35,000g, 25 min,
4 °C in a High-Performance Centrifuge Avanti J-25I (rotor
JA 25-50, Beckman Coulter). Fractions eluted from the AFC
step (HisTrap HP columns, GE Healthcare) were analyzed by
SDS-PAGE, and those containing the partially purified en-
zymes were subjected to size-exclusion chromatography
(SEC) using a Hi-load 16/600 superdex 75 prep grade column
(GE Healthcare), equilibrated and run in protein buffer
(20 mM HEPES-Na, 500 mM NaCl, 1 % glycerol, and
1 mM DTT, pH8.0) at a flow rate of 1 ml/min. Purified en-
zymes were divided in small aliquots and stored at —80 °C
until use. Partition coefficients (K,,) extracted from SEC were
used to estimate protein masses by extrapolation from a plot of
Stokes radii of standard proteins versus (-logK,,)"* (Cabré
et al. 1989). The column void volume (V}) was determined
with blue dextran 2000 (GE Healthcare Life Sciences). The
standard proteins (Bio-Rad Laboratories) were thyroglobulin
(molecular mass=670 kDa, Stokes radius=8.6 nm), y-
globulin (158 kDa, 4.8 nm), ovalbumin (44 kDa, 2.73 nm),
myoglobin (17 kDa, 2.08 nm), and vitamin B12 (1.35 kDa,
0.85 nm). Proteins Lys170 and CWB170, also used in this
work, were produced from pIVEX2.3 derivatives pDP2
(Proencga et al. 2012) and pDP4 (Proencga et al. 2014) and
purified as described above.

Lytic activity in liquid media

The lytic activity of EC300 and Lys170 was studied against
selected E. faecalis strains cultured in TSB medium as de-
scribed above. Cells from cultures grown to an optical density
at 600 nm (ODgg) 0f 0.3—0.4 were collected by centrifugation
at 8000g for 10 min (model 5804R, Eppendorf) and resus-
pended in ' volume of fresh TSB. Cell suspensions were
challenged with the indicated concentrations of EC300,
Lys170 and/or nisin (Sigma Aldrich), and ODg, varia-
tions followed over time. Lytic activity was also tested
with E. faecalis cells recovered in 2 volume of protein
buffer. Negative controls were similarly prepared, except
that protein buffer was added instead of the lytic
proteins.

Evaluation of EC300 antibacterial activity in solid medium

The bacterial growth inhibition potential of EC300 and
Lys170 was evaluated against the panel of typed E. faecalis
and E. faecium clinical strains (Table 1) on double-layer agar
TSA plates as follows. A 200-ul sample of each target bacteria
in exponential growth phase (ODgop=0.3-0.4) was incorpo-
rated in 5-ml of TSA soft-agar and poured over a TSA solid
bottom. Plates were allowed to dry for 30 min in a laminar
flow cabinet, and then four different amounts of purified
EC300 (10, 3.3, 1.1, and 0.37 pg in a final volume of 10 ul)
were spotted on each strain lawn. The plates were incubated
overnight at 37 °C, and the anti-enterococcal activity was
evaluated and scored (— to +++) according to relative diameter
and transparency of the growth inhibition halos. Lys170
endolysin was only tested at the maximum amount (10 pg).
EC300, mEC300, Lys170, and CWB170, alone or in combi-
nation, were also tested on dense lawns of viable E. faecalis
strain 1518/05 prepared in agarized protein buffer (0.7 % agar)
as described previously (Proenga et al. 2014). Negative con-
trols were prepared by spotting 10 pl of protein buffer.

Bioinformatics tools

Phage F170/08 putative genes were recognized by integrating
results obtained with GeneMark.hmm and MetaGeneAnnotator
web software (Besemer and Borodovsky 2005; Noguchi et al.
2008). Identification of phage F170/08 putative VALs was based
on BLASTP homology searches (Altschul et al. 1997) and on
the prediction of protein functional domains using NCBI’s CDD
(Marchler-Bauer et al. 2011) and Pfam (http:/pfam.xfam.org/).
Putative linkers connecting protein functional domains were
assigned with SVM (Ebina et al. 2009), using the SVM-joint
output.

Results
Rationale for the construction of the chimeric lysin EC300

We studied previously the lytic activity of Lys170, an
endolysin recently shown to correspond to a heterooligomer
(see below). Lys170 displayed a broad spectrum of lytic ac-
tivity against E. faecalis clinical strains when these were col-
lected from exponentially growing cultures and resuspended
in a physiologic buffer before enzyme addition (Proenga et al.
2012). However, we observed that the endolysin exhibited
very poor or no lytic activity when added directly to logarith-
mic phase cultures in rich media like TSB (see below) or BHI
(Proenca et al. unpublished). As mentioned above, the capac-
ity of “healthy” growing bacteria to offer some resistance to
endolysin attack from the cell exterior may simply reflect the
fact that during phage infection, endolysins always act in cells
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previously killed by the holin function. In contrast, other PG
hydrolases such as VALs and bacteriolysins are meant to act
against bacteria in active growth phase. Curiously, some PG
hydrolase CDs seem to be shared by VALs and bacteriolysins,
like for example the endopeptidase CD of the M23 family
(Fig. la), which is found in several VALs and in the
bacteriolysins lysostaphin and enterolysin A (Khan et al.
2013; Rodriguez-Rubio et al. 2012a; Stockdale et al. 2013;
Sudiarta et al. 2010; Thumm and Go6tz 1997). In silico analysis
of phage F170/08 genome sequence allowed the identification
of two VAL putative genes, orf72 and orf73. Their deduced
products are large proteins bearing putative C-terminal CDs of
different PG cleavage specificities but none carrying any de-
tectable CWB domain (not shown). We focused on Orf73
(1061 amino acid residues, 118 kDa) that harbors two putative
PG hydrolase CDs, a peptidase M23 (residues 687 to 787,
Pfam database entry PF01551) and a NLPC/P60 (residues
926 to 1058, Pfam database entry PF00877; Anantharaman
and Aravind 2003) (Figs. 1b and SIA). We have reasoned that
by fusing the peptidase M23 CD of Orf73 to the CWB domain
of the cognate endolysin Lys170 (CWB170), we would gen-
erate a bacteriolysin-like chimera with the capacity of induc-
ing lysis of actively growing E. faecalis, thus overcoming the
limitation described for Lys170. The resulting anti-
Enterococcus faecalis chimera of 300 amino acids (EC300)
is schematically represented in Fig. 1b, and details of its pri-
mary sequence are presented in Fig. S1.

Enterolysin A N — 5

Lysostaphin N —
CwIP, SP-§ prophage N —

Tal2009, phage Tuc2009  _

Orf73

Lys170 N — W ﬁg~c 289aa

Purification and features of EC300

EC300 was produced in E. coli C-terminally fused to a
hexahistidine tag (His6), which allowed a first purification
step by affinity chromatography, followed by a second step
of size-exclusion chromatography (SEC). During protein pro-
duction, we systematically detected in Coomassie-stained
SDS-PAGE gels and in anti-His6 Western blots a C-terminal
fragment of EC300 of about 12 kDa, in addition to the expect-
ed full length protein (Fig. 2). The same fragment is also
produced during synthesis of the parental Lys170, and we
showed recently that it is essential for robust lytic activity of
the endolysin (Proenca et al. 2014). In fact, the C-terminal
product (CWB170) results from an in frame, secondary trans-
lational start site lying at the beginning of the CWB170 coding
sequence; this secondary start site is present both in Lys170
and EC300 sequences (Fig. S1). We showed also that
CWB170 oligomerizes and associates with the full length
Lys170 via CWB170-CWB170 interactions to form a
heterooligomeric complex (Proenca et al. 2014). Analysis of
the major size-exclusion chromatography (SEC) peak of
EC300 (SE1 peak in Fig. 2) indicates that the chimeric protein
is an analogous heterooligomer, which also results from the
association of the full length EC300 with the CWB170
subunit.

Elimination of the internal start site in EC300 coding se-
quence, with the consequent abolishment of synthesis of the

|—C 343aa

Bacteriolysins
{—c 493aa

|- C 2285aa
VALSs

—
ﬁ j— C 907aa

c l06laa VAL Pivental

proteins

Endolysin

EC300 N _@ ﬁ - C 300aa Lytic chimera

M23 NLPC/P60

Fig. 1 Rationale behind the construction of the lytic chimera EC300. a
Examples of bacteriolysins and virion-associated lysins (VALs) harboring
the endopeptidase catalytic domain (CD) of the M23 family (M23). Note
that the bacteriolysin schemes represent the direct, non-processed
products of translation. b Domain architecture of EC300 and of the
parental proteins Orf73 and Lys170 of phage F170/08. CWB170 is the
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CWB domain of endolysin Lys170. CD families (Pfam database entries):
M23, peptidase family (PF01551); SLT, soluble lytic transglycosylase
(PF01464); NLPC/P60, peptidase family (PF00877); SH3b, cell wall
binding domain of the SH3_5 family (PF08460); Amidase 2, amidase
family (PF01510)
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550 A

350 A

A280nm (mAU)

150 A

Elution volume (ml)

= EC300 -mEC300

Fig. 2 EC300 and mEC300 purification. a EC300 and mEC300
fractions from the corresponding affinity chromatography (AFC)
purification steps were subjected to size-exclusion chromatography
(SEC). The eluting profile of the proteins was monitored by taking
absorbance measurements at 280 nm (A280 nm). Representative UV
curves were combined in a single graph. Note the two-peak elution
profile of EC300 corresponding to the full length EC300/CWB170
complex and to the free CWB170 module, respectively. The apparent
protein masses derived from the experimentally determined partition

== == Standard

extra CWB170-containing ~12 kDa polypeptide, resulted in a
dramatic decrease of the lytic activity of the mutated protein
(mEC300). Yet, coincubation of mEC300 with increasing
amounts of independently purified CWB170 (Proenca et al.
2014) progressively restored at least part of the lytic activity
lost by the mutated protein (Fig. 3), further supporting the
heterooligomeric nature of the fully active EC300. The
amount of mEC300/CWB170 active complexes formed in
these conditions was sufficient for their detection in the highly
sensitive spot test assay of Fig. 3 but insufficient to induce
detectable lysis of dense cell suspensions, probably reflecting
inefficient formation of active complexes. This phenomenon
and the rescue of lytic activity upon incubation with purified
CWBI170 were also observed in identical assays with the cor-
responding mutant mLys170 of the parental endolysin
(Proenca et al. 2014).

During EC300 heterologous production, the CWB170
fragment seemed to accumulate in large excess when com-
pared to the amount detected during Lys170 synthesis in the
same conditions (Proenca et al. 2014); this is probably the
cause of the second peak observed during EC300 SEC, which
is composed of free CWB170 (SE2 in Fig. 2). The elu-
tion profile of this nonassociated form of CWB170,
with an apparent mass of 36 kDa (Fig. 2a), is very
similar to that of an independently expressed, recombi-
nant form of CWB170, which we have shown to form
homotetramers (Proencga et al. 2014).

EC300 mEC300
FT AFC SE1 SE2 T FT AFC SE3

== i —
-

"
—
o

- ' '
coefficients (K,,, see methods) are indicated for each protein. The
column void volume (V) and the masses of standard proteins are also
indicated. b SDS-PAGE analysis of the AFC and SEC steps of EC300
and mEC300. Lanes: T total protein extract, F7 flow through, AFC
affinity chromatography peak fraction, SE/ and SE2 EC300 SEC peak
fractions, SE3 mEC300 SEC peak fraction. The full length EC300

(34 kDa) and the CWB170 (12 kDa) polypeptides are indicated by
white and black arrows, respectively

All the experiments described below were carried out with
EC300 from fractions of SEC peak SE1 (Fig. 2), which in fact
correspond to a complex of full length EC300 associated with
CWB170 subunits. Data from SEC (Fig. 2a) and cross-linking
experiments (not shown) indicate that the stoichiometry of the
EC300 complex should be identical to that proposed for
Lys170 (Proenca et al. 2014), that is, one full length EC300
for three CWB170 subunits. In addition, mEC300 seems mo-
nomeric in solution but, as described for mLys170 (Proenca
et al. 2014), the protein appears to exhibit an extended con-
formation as it elutes during SEC with an apparent mass
(46 kDa) higher than the expected for the monomer
(34 kDa) (Fig. 2a).

EC300 has superior lytic activity when compared to Lys170

The lytic activity of EC300 and of the parental endolysin
Lys170 was tested with E. faecalis cells collected from expo-
nentially growing cultures. Both enzymes could efficiently
lyse cells resuspended in a buffered solution, although
EC300 provoked faster and more extensive lysis than the
endolysin (Fig. 4a). However, Lys170 could neither induce
lysis nor even arrest growth of cell suspensions prepared in
fresh TSB culture medium, whereas EC300 was still able to
elicit lysis in these conditions (Fig. 4b). To rule out the possi-
bility of selective inhibition of Lys170 by TSB components,
cell suspensions were simultaneously treated with the
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Fig. 3 Impact of CWB170
polypeptide in EC300 activity. A
fixed amount of purified mEC300
(10 pg, 0.31 nmol) was
coincubated with CWB170 at the
indicated mEC300: CWB170
molar ratios for 1 h at room
temperature. After this period,
each protein mixture was spotted
on a dense lawn of live E. faecalis
cells prepared in agarized protein
buffer. The image shows the lysis
halos developed after overnight
incubation at 37 °C. Lysis halos
from individually spotted
mEC300 (0.31 nmol), EC300
(0.31 nmol), and CWB170

(1.86 nmol) are shown in the
bottom row

endolysin and nisin, a well-known lantibiotic that causes cell
death by inducing the formation of pores in the bacterial cy-
toplasmic membrane (Hasper et al. 2004; Wenzel et al. 2012).
Cells killed by the nisin action were revealed to be fully sus-
ceptible to the lytic action of Lys170, indicating that TSB
components do not significantly interfere with endolysin ac-
tivity (Fig. 4b). The results also indicated that in nutritional
media, E. faecalis cells are intrinsically resistant to Lys170
attack from the outside but still susceptible to the chimeric

enzyme.

A

120

Fig. 4 Comparison of EC300
and Lys170 lytic activities in
liquid medium. Cells from
exponentially growing E. faecalis
strain 1518/05 were suspended
either in a buffered solution (a) or
in TSB (b) and ODg variation
followed after addition of the lytic
enzymes. EC300 and Lys170
were added at 10 pg/ml in a and
50 pg/ml in b. Nisin
concentration, either alone or in
combination with Lys170, was

2 ug/ml. The “cells” and “buffer”
curves correspond to controls
with no additions or with added
protein buffer, respectively

1:6 1:4

1:2

1:0.5

EC300 spectrum of activity against enterococcal clinical
strains

The spectrum of EC300 antibacterial activity was evaluated
on a panel of typed, multidrug-resistant E. faecalis, and
E. faecium clinical strains (Table 1). These strains displayed
a high-level resistance to gentamicin and included
vancomycin-resistant enterococci (VRE) of clonal complexes
E. faecalis-CC2 and E. faecium-CC17, which have been

20 40
Time (min)

—o—Cells ~m—Buffer
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described as highly prevalent in nosocomial settings and
disseminated worldwide (Kuch et al. 2012; Mato et al.
2009; Top et al. 2008). Four quantities of EC300 (10,
3.3, 1.1, and 0.37 pg) were spotted on soft-agar TSA
lawns that had been inoculated with cells from exponen-
tially growing cultures of each strain of the panel (see
methods). As positive control for EC300 activity, we
used a lawn of E. faecalis clinical isolate 1518/05, which
we had observed previously to be susceptible to the
chimera.

Growth of E. faecium strains appeared unaffected by
any of the spotted EC300 amounts. In contrast, growth
inhibition could be detected in 97 % of E. faecalis
strains for the highest tested quantity of the chimeric
lysin and 40 % for the lowest (Fig. 5). Note that in
these assay conditions, 10 pg of the endolysin Lys170
produced only a moderate/slight growth inhibition in
three of the E. faecalis strains (Table S2). The two lytic
enzymes produce indistinguishable lysis halos on dense
lawns of the control E. faecalis strain 1518/05 prepared
in agarized assay buffer (Fig. 5a), as it would be ex-
pected after the results of Fig. 4a. Of the four
vancomycin-resistant E. faecalis strains tested, two

Fig.5 Susceptibility ofapanelof A
typed E. faecalis strains to the
EC300 growth inhibition activity.
a Lytic activity of Lys170 and
EC300 against live cells of strain
1518/05 incorporated as a dense
lawn in an agarized buffer. b
Representative growth inhibition
halos, classified (—) to (+++),
obtained in a soft-agar TSA lawn
of strain EHCP 78 after spotting
the indicated EC300 quantities.
Spots of 10 pg of Lys170 and

of 10 pl of protein buffer were
also tested. ¢ Percentage of strains
susceptible to the different
amounts of EC300 (growth
inhibition evaluated on C
soft-agar TSA lawns)

120

(EHCP 267 and EHCP 389) seemed to be much more
susceptible to EC300 than the others (V583 and EHCP

3) (Fig. 6).

Discussion

The work here presented was prompted by a couple of
observations with a few endolysins we have studied
recently: (1) the endolysins were able to lyse target bac-
teria suspended in media that keep cell viability without
supporting growth (e.g. buffered solutions) and (2) the
same endolysins could induce efficient lysis of target
cells suspended in growth-promoting media (e.g. culture
media) only if bacteria were first or concomitantly killed
by another agent, like for example the lantibiotic nisin.
Nisin was previously shown to dramatically enhance the
lytic activity of endolysins (Cataldo et al. 2010; Garcia
et al. 2010; Nascimento et al. 2008) and to trigger the
activity of bacterial autolysins (Frias et al. 2009; Lamsa
et al. 2012; Severina et al. 1998). These facts, associated
to the observation that most studies on the lytic action of
endolysins are performed in conditions where target

4
10 (Lys170) (ug)

97

100
87

80 1

40 A

40

Susceptible strains (%)

10 33

1.1 0.370

EC300 (ng)
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Fig. 6 Evaluation of EC300 EHCP 3
capacity to inhibit growth of four 10 33

vancomycin-resistant E. faecalis
strains (EHCP 3, EHCP 389,
EHCP 267, and V583). The
amounts of tested EC300 and the
assay conditions were as in

Fig. 5b. Spots of 10 ug of
Lys170 and of 10 pl of protein
buffer were also tested as controls

0.370 Buffer

EHCP 267

0.370

bacteria are in a state of reduced metabolic activity, led
us to consider the possibility that bacteria under suitable
growth conditions may offer resistance to endolysin lytic
activity. We postulate that the killing action of holins,
which precedes always endolysin attack in the natural
context of phage infection, might have a general function
of abolishing such resistance. Although we have not ad-
dressed this hypothesis in our study, if confirmed, it may
simply indicate that at least some endolysins may not be
able to efficiently attack well fit bacteria. Phage VALs
and bacteriolysins may stand as better suited alternatives
as they are naturally adapted to act from the outside on
dividing bacteria. In fact, VALs are responsible for the phe-
nomenon of “lysis from without,” which is characterized by
the ability of some phages to induce premature lysis when
added to host cells at high multiplicities (Abedon 2011).

The idea of taking advantage of the particular features of
bacteriolysins and VALs has been explored recently, particu-
larly when targeting Staphylococcus aureus. The mature form
of lysostaphin or just its CWB domain (SH3b) has been fused
to endolysin CDs to generate chimeras with improved anti-
bacterial activity or extended spectrum (Donovan et al. 2006;
Idelevich et al. 2011; Schmelcher et al. 2012b). The fusion of
the lysostaphin SH3b domain to CDs isolated from VALs of
staphylococcal phages resulted in lytic enzymes with im-
proved killing/lytic performance when compared to the paren-
tal VALs; one possible explanation for this is that the SH3b
domain contributes to a more efficient recognition and/or
binding to target cells (Paul et al. 2011; Rodriguez-Rubio

Buffer

@ Springer
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EHCP 389

1.1 (ng) 10 3.3 1.1 (ng)
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10 (Lys170) (ug)

0.370 10 (Lys170) (ng)

W

et al. 2012b). With very few known exceptions (Takac and
Blasi 2005), VALs seem to lack the CWB domains typically
found in endolysins. This probably results from the fact that in
the virus particle, VAL cell wall targeting is accomplished by
other components of the virion structure, such as the receptor
binding proteins (Rodriguez-Rubio et al. 2013).

In line with the ideas explained above, we have for the first
time engineered a bacteriolysin-like enzyme (EC300) aimed
at killing E. faecalis in growth supporting conditions. The
chimera EC300, which combined a M23 peptidase CD from
a VAL and an endolysin CWB domain (CWB170), showed a
general increase of the lytic and killing performance when
compared to the parental endolysin (Lys170). The superior
antibacterial activity of EC300 was particularly evident in
bacterial culture media where it could inhibit growth of almost
all tested E. faecalis clinical strains, whereas Lys170 produced
only some detectable inhibitory activity in three strains
(Table S2). In a previous study, where the endolysin was test-
ed against dense lawns of bacteria prepared in a soft-agar
physiologic buffer, more than 90 % of the same strains were
susceptible to the endolysin (Proenca et al. 2012). Thus, the
particular domain configuration M23¢,173-CWB170 seems to
render EC300 much less sensitive to the mechanism that re-
trains Lys170 activity during E. faecalis active growth.
However, the chimerical enzyme seems to follow the trend
of the endolysin regarding the spectrum of activity (Proenca
etal. 2012), as it seems to act only against E. faecalis. EC300
was tested against four vancomycin-resistant E. faecalis
strains in the growth-promoting conditions, with two of them
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appearing much more susceptible to the chimera (Fig. 6).
Given the reduced number of tested VRE strains and consid-
ering that a wide spectrum of relative activity was also ob-
served for vancomycin-susceptible strains (Table S2), we
could not establish any obvious correlation between glyco-
peptide resistance and susceptibility to EC300.

M23-like peptidase domains are present in a wide variety
of proteins such as PG hydrolases of bacterial origin and eu-
karyotic cell proteins but are rarely found in endolysins. One
exception seems to be the endolysin of the staphylococcal
phage 2638A, which has been described as having an N-
terminal M23 peptidase domain, a central amidase CD and a
C-terminal SH3b CWB domain. Interestingly, in the assayed
conditions, the amidase CD of this endolysin was shown to
contribute to most of the enzyme’s lytic activity (Abaev et al.
2013).

Another interesting feature of EC300 results from the fact
that, similarly to Lys170, the fully active chimerical enzyme is
a complex made of EC300 full-length polypeptide associated
with independently produced CWB170 subunits. Although
the exact stoichiometry of the EC300 multimer was not deter-
mined, the available evidences strongly suggest that it should
have the same configuration as the Lys170 multimer (Proenca
et al. 2014), that is, being made of one molecule of the full-
length EC300 complexed with three of CWB170. This will
mean that EC300 assembles one M23 endopeptidase CD with
four copies of the CWB170, which provides to the lytic en-
zyme high affinity to the cell wall (Proenga et al. 2014). In
addition, due to its multimeric nature, EC300 is a protein of
almost 70 kDa; this will certainly be an advantage for the
study of its effectiveness in animal infection models since,
as observed for the dimeric form of the pneumococcal
endolysin Cpl-1 (Resch et al. 2011), it should reduce renal
clearance (proteins smaller than 60—65 kDa tend to be rapidly
eliminated by glomerular filtration in humans; Maack et al.
1979).

The rather promiscuous modular structure of endolysins
themselves has also been intensively explored to engineer
chimeras with increased solubility and with changed and/or
extended lytic spectra when compared to parental endolysins
(Croux et al. 1993; Daniel et al. 2010; Fernandes et al. 2012;
Mao et al. 2013; Pastagia et al. 2011; Schmelcher et al. 2011;
Yang et al. 2014). The results obtained with EC300 suggest
that fusing CDs from VALs to CWB domains of cognate
endolysins may constitute an additional strategy to generate
enzymes with improved features. The next step will be to
evaluate if the enhanced lytic properties of EC300 observed
in vitro will translate into a better therapeutic efficacy in a
murine model of enterococcal bacteraemia.
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