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ABSTRACT Bacteriophage-encoded lysins are increasingly reported as alternatives
to combat Acinetobacter baumannii infections, for which limited therapeutic options
are available. Some lysins, such as LysMK34, have a C-terminal amphipathic helix allowing
them to penetrate the otherwise-impermeable outer membrane barrier. Another approach
to kill Gram-negative pathogens with lysins relies on fusion of a peptide with outer mem-
brane-permeabilizing properties to the lysin. In this work, we aimed to leverage the intrinsic
antibacterial activity of LysMK34 by fusing the peptide cecropin A to its N terminus via a
linker of three Ala-Gly repeats, resulting in engineered LysMK34 (eLysMK34). The engineered
lysin has an improved antibacterial activity compared to that of the parental lysin, LysMK34,
in terms of MICs (0.45 to 1.2 mM), killing rate, and killing extent. eLysMK34 has a $2-fold-
increased activity against stationary-phase cells, and the bactericidal effect becomes less de-
pendent on the intracellular osmotic pressure. In particular, colistin-resistant strains become
highly susceptible to eLysMK34, and enhanced antibacterial activity is observed in comple-
ment-deactivated human serum. These observations demonstrate that fusion of a lysin with
intrinsic antibacterial activity with a selected outer membrane-permeabilizing peptide is a
useful strategy to further improve the in vitro antibacterial properties of such lysins.

IMPORTANCE Phage lysins are a new class of enzyme-based antibiotics that increasingly
gain interest. Lysins kill cells through rapid degradation of the peptidoglycan layer, resulting
in sudden osmotic lysis. Whereas Gram-positive bacteria are readily susceptible to the
actions of lysins, Gram-negative bacteria are naturally resistant, as the outer membrane
protects their peptidoglycan layer. This work reveals that fusing an outer membrane-per-
meabilizing peptide to a lysin with intrinsic antibacterial activity results in a superior lysin
that shows improved robustness in its antibacterial activity, including against the most
worrisome colistin-resistant A. baumannii strains.
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Antibiotic resistance is a global threat that may pose an unprecedented burden on
both health care and the economy. Consequently, the World Health Organization

(WHO) has called for an urgent development of novel antibacterial agents to fill the
large void caused by a high resistance development rate and an insufficiently filled anti-
biotic development pipeline (1). Carbapenem-resistant Acinetobacter baumannii is chiefly
present at the top of the WHO list of critical pathogens. A. baumannii is associated with a
wide range of community- and hospital-acquired infections, including ventilator-associated
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pneumonia, bacteremia, wound infections, and meningitis (2, 3). Its high ability to acquire
resistance genes in addition to its natural resistance to a wide range of antibiotics makes
treatment of A. baumannii infections challenging (4). Colistin is frequently used as a last-resort
antibiotic for controlling A. baumannii infections; however, a growing number of reports
on colistin-resistant strains announce a possible postantibiotic era (5, 6).

Lysins are a bacteriophage-derived class of antimicrobial agents. They breach the bacterial
cell wall by enzymatic degradation at the beginning and end of the lytic cycle for genome
ejection and progeny release, respectively (7). They have been developed relatively fast
throughout the (pre)clinical pipeline up to a currently ongoing first phase III clinical trial
(ClinicalTrials.gov, NCT04160468) (8). These agents were initially thought to be ineffective
against Gram-negative bacteria because of the protective outer membrane (OM) that hinders
large molecules, such as lysins, from accessing the peptidoglycan layer (9). Nevertheless, differ-
ent lysins are able to penetrate the OM barrier by means of a C-terminal amphipathic helix or
a cationic N terminus and exert intrinsic antibacterial activity (9–15). In particular, A. baumannii
appears to show an enhanced susceptibility to this group of lysins. Furthermore, the addition
of organic outer membrane permeabilizers (for example, EDTA and citric acid) improve the
overall activities of lysins due to OM destabilization and enhanced penetration of the lysin
(16). Many engineering efforts have released enhanced versions of lysins effective against
Gram-negative bacteria. These engineered lysins pass through the outer membrane with the
help of fused OM-permeabilizing peptides (i.e., Artilysins) (17), pyocin domains (i.e., lysocins)
(18), or receptor-binding proteins of phages (i.e., Innolysins) (19). Artilysins have been shown
to have a high and rapid bactericidal activity against challenging bacterial phenotypes, includ-
ing resistant and persistent bacteria (17, 20). Lysin 1D10, which is engineered with an OM-per-
meabilizing cecropin A (CecA) peptide from Aedes aegypti at its N terminus, shows antibacte-
rial activity against A. baumannii under human serum conditions and in an ex vivo piglet skin
wound model (21). Cecropins are a class of amphipathic peptides that have both hydrophobic
and cationic properties and are secreted by insects. The amphipathic nature of these peptides
facilitates outer membrane permeabilization of Gram-negative bacteria through interaction
and disruption of both hydrophobic (mediated by the lipid A moiety) and ionic (mediated by
divalent cations interacting with phosphate groups) stabilizing forces of the bacterial outer
membrane (22). In a previous study, we evaluated the antibacterial activity of the peptidogly-
can-degrading lysin of A. baumannii phage MK34 (here referred to as LysMK34) (15). LysMK34
shows a turgor pressure-dependent, intrinsic antibacterial activity with limited activity in high-
tonicity buffers containing physiological concentrations of NaCl (150 mM) (0.6-log-unit reduc-
tion in cell number after 120 min) but high activity in low-tonicity buffer (.5 log units). No
LysMK34 MIC was detected up to 1 mg/mL in Mueller-Hinton (MH) broth. However, LysMK34
displays synergy with colistin, which is most pronounced for colistin-resistant strains (up to 16-
and 32-fold reductions of the MIC of colistin in MH broth and 50% human serum, respectively).
The synergy is not present when LysMK34 is combined with polymyxin B nonapeptide, a coli-
stin derivative without its fatty acid chain, highlighting the role of the fatty acid chain of coli-
stin and its interaction with the cytoplasmic membrane in the overall antibacterial activity of
LysMK34/colistin combinations (15).

In this work, CecA was selected based on our previous study that included 38 outer
membrane-permeabilizing peptides with different physiochemical properties when we
screened for hits against A. baumannii. The best lysin (1D10) from this screening has
CecA at its N terminus (21). Based on these observations, we constructed a chimeric
protein fusing a lysin with intrinsic activity (LysMK34) to an OM-permeabilizing peptide
(cecropin A from Aedes aegypti), and we show that the antibacterial activity of engi-
neered LysMK34 (eLysMK34) is enhanced compared to that of LysMK34, particularly
against colistin-resistant strains and under deactivated human serum conditions.

RESULTS
eLysMK34 specifically inhibits the growth of A. baumannii in Mueller-Hinton broth.

eLysMK34 comprises a fusion of CecA from Aedes aegypti to a short flexible linker (Gly-Ala)3
at the N terminus of LysMK34. Both LysMK34 and eLysMK34 were purified using metal affinity
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chromatography and a C-terminal 6�His tag, with total yields of 36 and 20 mg/L of expression
culture, respectively. SDS-PAGE analysis of the purified fractions showed major bands with
electrophoretic homogeneity (.95%) and estimated molecular masses close to the theoretical
masses of both the wild-type (22-kDa) and engineered (26.4-kDa) lysins (see Fig. S1 in the sup-
plemental material).

We investigated the MICs of LysMK34 and eLysMK34 in MH broth. In contrast to
LysMK34 (MIC . 45.5 mM), eLysMK34 shows MIC values for all A. baumannii strains tested
(MK34, NCTC13423, RUH134, Greek46, and Greek47) ranging from 0.45 to 1.2mM (Table 1).
Notably, the highest MIC (1.2 mM) was observed for Greek47, a colistin-resistant strain for
which the MIC of colistin was 27.8 mM. Neither wild-type LysMK34 nor eLysMK34 inhibits
Pseudomonas aeruginosa (PA14, PAO1, and Br667) or Escherichia coli (BL21 and ATCC
25922) within the range tested (Table 1). In addition, we evaluated the combinatorial
growth inhibition by eLysMK34 and colistin against representative colistin-sensitive (MK34
and RUH134) and colistin-resistant (Greek46 and Greek47) A. baumannii strains using a
checkerboard assay (Fig. 1). Fractional inhibitory concentrations (FICs) for each combination
were calculated as the MIC of eLysMK34 in the presence of colistin divided by the MIC of
(e)LysMK34 alone. Then, the FIC index (FICI) was calculated as the sum of FIC values for
both compounds. The interaction is interpreted as synergistic, additive, or antagonistic if
FICI # 0.5, 0.5 , FICI # 4, or FICI . 4, respectively. Unlike with the previously observed
synergy between LysMK34 and colistin (15), eLysMK34/colistin combinations show an additive
effect against the same strains, with FICs between 0.5 and 4. The loss of synergy observed for
LysMK34 and colistin suggests that either a common molecular site is targeted by CecA and
colistin or more generally that eLysMK34 can permeate the OMmore efficiently than LysMK34
and thus does not rely on increased OM permeability induced by colistin.

eLysMK34 has a faster bactericidal activity than the parental lysin.We analyzed
the bactericidal activities of both 1 mM LysMK34 and 1 mM eLysMK34 against the same
colistin-sensitive and colistin-resistant strains and compared their killing kinetics. Cells
were resuspended in a low-tonicity buffer (20 mM HEPES-NaOH, pH 7.4), yielding cells
with a high intracellular osmotic pressure. Such osmotic pressure enhances killing, as

TABLE 1MICs of eLysMK34 against different A. baumannii, P. aeruginosa, and E. coli strainsa

Strain Origin/source (reference) Colistin resistance Resistance (reference) MIC (mM) MIC (mg/mL)
A. baumanniiMK34 Sputum isolate from a hospitalized

patient in Beni-Suef Hospital,
Egypt (15)

Sensitive XDR, resistant to 11 tested
antibiotics (15)

0.76 20

A. baumannii RUH134 Burn wound isolate from a Belgian
burn wound center (43)

Sensitive MDR, resistant to β-lactams,
aminoglycosides, and
quinolones but sensitive
to carbapenem (43)

0.76 20

A. baumannii Greek46 Collection of the Laboratory of
Medical Microbiology (University
of Antwerp, Belgium)

Resistant 0.76 20

A. baumannii Greek47 Collection of the Laboratory of
Medical Microbiology (University
of Antwerp, Belgium)

Resistant 1.2 32

A. baumannii NCTC13423 Iraqibacter strain, a problematic
strain responsible for wound
infections in American soldiers in
the Iraqi war, 2003 (43)

Sensitive MDR, resistant to β-lactams,
aminoglycosides, and
carbapenem (43)

0.45 12

P. aeruginosa PA14 Highly virulent laboratory strain (44) Sensitive Highly virulent laboratory
strain (44)

.1.5 .40

P. aeruginosa Br667 Burn wound isolate (44) Sensitive MDR, resistant to 10 out of
11 tested antibiotics (44)

.1.5 .40

E. coli ATCC 25922 Reference strain (https://www.atcc
.org/products/25922#detailed
-product-information)

Not tested Reference strain for
susceptibility testing
(CLSI, M2-A9 [48])

.1.5 .40

E. coli BL21 (DE3) RIL Reference strain Not tested .1.5 .40
aThe experiment was carried out according to the conventional microdilution assay in MH broth with an inoculum size of 5� 105 CFU/well. The MIC of eLysMK34 was tested
for all strains within a range of 0 to 1.5mM. The mode of three independent replicates is shown. XDR, extremely drug resistant; MDR, multiple-drug resistant.
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has been observed before for LysMK34 (15). The bactericidal activity was quantified at
three different time points (30, 60, and 120 min). eLysMK34 shows a significantly higher
bactericidal activity (P , 0.01), causing a complete reduction of the bacterial cell count
of all tested strains below the detection limits after a 30-min exposure (Fig. 2). An equimo-
lar concentration of LysMK34 shows time-dependent killing, with an almost 1-log-unit
reduction after 30 min. Only after 120 min, comparable levels of killing were observed for
LysMK34 and eLysMK34 (P . 0.05). The colistin-resistant strains Greek46 and Greek47 are
slightly more responsive to LysMK34, with higher reductions in cell counts observed at 60 min
than for the sensitive strains. Fusion of the CecA peptide thus results in an engineered lysin
with a higher killing rate.

eLysMK34 kills colistin-resistant A. baumannii strains with low and high intracellular
osmotic pressure.Our previous characterization of LysMK34 revealed a limited antibacterial
activity against different A. baumannii strains (MK34, RUH134, Greek46, and Greek47) when
these bacterial cells have a low intracellular osmotic pressure due to suspension in a high-to-
nicity buffer (20 mM HEPES-NaOH, 150 mM NaCl, pH 7.4, reflecting physiological conditions),
even when we used a (practically too) high concentration of 22.7 mM. We hypothesize that
under these conditions, extensive peptidoglycan degradation is needed to trigger full os-
motic lysis. However, addition of 0.5 mM EDTA, a well-known OM destabilizer that works by
chelating the stabilizing divalent cations, could partially compensate for the lack of a high in-
tracellular osmotic pressure, resulting in a more effective killing of cells with low osmotic
pressure (15). Here, we analyzed whether a fusion with CecA could eliminate the need of
0.5 mM EDTA to effectively kill cells with low intracellular osmotic pressure. Therefore, we
repeated the experiment with cells suspended in high-tonicity buffer (20 mM HEPES-NaOH,
150 mM NaCl, pH 7.4), again using equimolar concentrations (1 mM) and analyzing at three
different time points (Fig. 3). In the case of colistin-sensitive A. baumannii strains (MK34 and
RUH134), both lysins showed no or limited (#0.6 log) activities against both strains for up to
120 min. Addition of 0.5 mM EDTA strongly enhanced the bactericidal activities for both
lysins, most noticeably for eLysMK34, resulting in $2.1-log reductions and complete

FIG 1 Isobolograms of eLysMK34 and colistin combinations against A. baumannii MK34 (A), A. baumannii
RUH134 (B), A. baumannii Greek46 (C), and A. baumannii Greek47 (D). The FIC values represent the means from
three independent replicates. The FIC index (FICI) was calculated as the sum of FIC values for both drugs. The
interaction is interpreted as synergistic, additive, or antagonistic if FICI # 0.5, 0.5 , FICI # 4, or FICI . 4,
respectively.
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eradication ($4.1 log) for the parental and engineered lysins, respectively. Killing thus
remains slower than for cells with a high intracellular osmotic pressure. Nevertheless, a 10-
fold increase of the eLysMK34 concentration up to 10mM resulted in a complete eradication
of both colistin-sensitive strains after 120 min ($4.1 log) (data no shown).

The observations were quite different for colistin-resistant strains (Greek46 and Greek47).
Although LysMK34 showed almost no activity against both colistin-resistant strains after
120 min of incubation, the antibacterial effect of eLysMK34 was noticeable. For instance,
eLysMK34 showed a 2.41 6 0.19-log-unit reduction of the A. baumannii strain Greek46 (MIC
colistin, 7mM) after the first 30 min of incubation. This figure further increased to 3.266 0.24
after 120 min. When tested against the more colistin-resistant strain (Greek47; MIC
colistin, 27.8mM), eLysMK34 completely reduced the cell number below the detection limit,
with a 4.14-log-unit reduction from 30 min on. Also, for colistin-resistant strains, the addition
of 0.5 mM EDTA strengthened the effect for both the parental and engineered lysins.

Taken together, these observations underline the interplay of osmotic pressure, the
presence of CecA, the presence of EDTA, the lysin concentration, and the degree of col-
istin resistance, all of which affect the eventual antibacterial activity. The N-terminal
fusion of CecA generally improves the antibacterial activity of LysMK34, a lysin with
intrinsic antibacterial activity, against A. baumannii strains with different resistance pro-
files. Fusion of the peptide thus renders the activity less dependent on intracellular os-
motic pressure and EDTA.

eLysMK34 has an improved activity against cells in the stationary growth phase.
Bacterial cells in the stationary growth phase are known to be less susceptible to antibacte-
rials due to a lowered metabolic activity and outer membrane permeability (23). Therefore,
we investigated the antibacterial activities of both lysins against stationary-phase-grown A.
baumannii MK34 and Greek47 cells, as representatives of colistin-sensitive and -resistant
strains, respectively, with high intracellular osmotic pressure (20 mM HEPES-NaOH, pH 7.4).

FIG 2 Time-kill assay of different A. baumannii strains, MK34 (A), RUH134 (B), Greek46 (C), and Greek47 (D), resuspended in low-tonicity
buffer (20 mM HEPES-NaOH, pH 7.4; ;2 � 105 CFU/ml) upon exposure to 1 mM LysMK34 (red bars) or 1 mM eLysMK34 (blue bars). Green
bars show the results for untreated cells. The numbers of surviving bacteria are expressed as log numbers of CFU per milliliter after 30, 60,
and 120 min of exposure. Each value represents the mean 6 standard deviation from three independent replicates. Asterisks represent
statistical differences from values for untreated cells (Student's t test; *, P , 0.05; **, P , 0.01; ***, P , 0.001). The dashed line represents the
limit of detection (10 CFU/ml).
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We used three escalating doses (1, 5, and 10 mM) of both lysins for 2 h. LysMK34 showed
moderate antibacterial activity against stationary-phase cells, with maximum activities of
1.19 6 0.32- and 1.44 6 0.16-log reductions for MK34 and Greek47, respectively, when
10 mM was used (Fig. 4). Under all conditions, the activity of eLysMK34 was significantly
improved 2- to 3-fold. In sum, we conclude that the engineering of LysMK34 further improves
its intrinsic activity against stationary-phase cells.

eLysMK34 sublethally injures bacterial cells in complement-deactivated human
serum. Human serum has been proven to be a challenging environment that may
inhibit the antibacterial activities of lysins (10, 15). In a preliminary experiment, we
evaluated the antibacterial activity of eLysMK34 against all four A. baumannii
strains in 100% human serum, but the observed log reductions were limited to 0.07
and 0.39 in a strain-dependent way (Fig. S2). Possible explanations for this lack of
antibacterial activity are the lowered osmotic pressure inside the bacterial cells in
the presence of serum, a direct inhibitory effect of a serum component on the lysin
(e.g., a reduction of the kinetic parameters) or physiological changes of the outer
membrane of the cells in serum. To analyze a possible effect of the osmotic pres-
sure, cells were washed twice and resuspended in 100% human serum, followed by
exposure to eLysMK34. After incubation, we followed two different plating proce-
dures to differentiate between lethally and sublethally injured cells. In the first plat-
ing procedure, lysin-exposed cells were diluted in the same human serum; thus, iso-
tonicity was maintained and osmotic shock during dilution prior to plating was
avoided. In the alternative procedure, the cells were diluted in a low-tonicity buffer
(20 mM HEPES-NaOH, pH 7.4) prior to being plated to induce an osmotic shock that
would cause the lysis of cells, which had a partially disintegrated cell wall due to
the action eLysMK34. Sublethally injured cells are thus lysed by the osmotic shock.

FIG 3 Time-kill assay of different A. baumannii strains, MK34 (A), RUH134 (B), Greek46 (C), and Greek47 (D), resuspended in high-tonicity buffer (20 mM
HEPES-NaOH, 150 mM NaCl, pH 7.4; ;2 � 105 CFU/ml), resulting in a low intracellular osmotic pressure, upon exposure to 1 mM LysMK34 (red bars) or
1 mM eLysMK34 (blue bars). Green bars show the untreated cells. In the cases of the light-red and light-blue bars, 0.5 mM EDTA was included along with
LysMK34 and eLysMK34, respectively. The numbers of surviving bacteria are expressed as log numbers of CFU per milliliter after 30, 60, and 120 min of
exposure. Each value represents the mean 6 standard deviation from three independent replicates. Asterisks represent statistical differences from values
for untreated cells (Student's t test; *, P , 0.05; **, P , 0.01; ***, P , 0.001). The dashed line represents the limit of detection (10 CFU/ml).

Abdelkader et al. Applied and Environmental Microbiology

January 2022 Volume 88 Issue 1 e01515-21 aem.asm.org 6

https://aem.asm.org


We used 100% complement-deactivated human serum to exclude any interference,
since we observed before that intact serum substantially retards the growth of A.
baumannii.

Application of 20 mM LysMK34 or eLysMK34 did not reduce the bacterial count for
any of the tested strains when cells were diluted with complement-deactivated human
serum, again demonstrating the inhibitory effect of human serum for these lysins (Fig. 5).
However, when eLysMK34-treated cells were subjected to an osmotic shock by exposing
them to the low-tonicity buffer, a strain-dependent antibacterial activity was observed. In
line with the observations described above, the colistin-resistant strains were more sensitive
to the latter condition; antibacterial activity was up to 4.2 log units (detection limit), com-
pared to that for colistin-sensitive strains (2.9 6 0.1 and 3.0 6 0.02 log units for MK34 and
RUH134, respectively). These observations suggest that the engineered lysin partially
digested the peptidoglycan layer in complement-deactivated human serum, in contrast to
the parental lysin, but fusion with the CecA peptide is not sufficient to induce full lysis under
these conditions.

eLysMK34 is not cytotoxic against the HaCaT human epithelial cell line. Since
one of the main future applications of eLysMK34 may be topical application for removal of
A. baumannii from wound and burn wound infections, we tested its cytotoxicity on a mono-
layer of human keratinocyte cells. The potential cytotoxicity of eLysMK34 was evaluated
using the HaCaT human epithelial cell line, which was treated with concentrations of
eLysMK34 ranging from 0.28 to 18mM. Cell behavior was monitored in terms of the normal-
ized cell index (CI); values obtained at all tested concentrations were higher than the base-
line (nontreated cells) (Fig. 6), indicating the lack of cytotoxicity of eLysMK34. Notably, a

FIG 4 Dose-dependent antibacterial activity of LysMK34 (red bars) and eLysMK34 (blue bars) against
A. baumannii MK34 (A) and A. baumannii Greek47 (B) cells in the stationary growth phase with high
intracellular osmotic pressure (suspended in 20 mM HEPES-NaOH, pH 7.4; ;108 CFU/ml). The cells
were exposed to either 1, 5, or 10 mM protein. Green bars show the untreated cells. The numbers of
surviving bacteria are expressed as log numbers of CFU per milliliter after 120 min of exposure. Each
value represents the mean 6 standard deviation from three independent replicates. Asterisks
represent statistical differences from values for buffer-treated cells (Student's t test; *, P , 0.05, **;
P , 0.01; ***, P , 0.001). The dashed line represents the limit of detection (10 CFU/ml).
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transient increase in the normalized CI was observed at concentrations between 2.25 and
18 mM, suggesting a temporal modification in cellular receptors, such as, among others, G
protein-coupled receptors (24). The lack of cytotoxic effects was further confirmed by confo-
cal laser scanning microscopy (CLSM) images obtained after HaCaT cell treatment with the
protein for 6 h (Fig. 7), which showed no evident morphological changes from the control.
We therefore conclude that eLysMK34 is not cytotoxic toward this human epithelial cell line,
even at the highest concentration tested, which corresponds to 15� and 23� the MIC,
depending on the strain tested.

FIG 5 Antibacterial activity of LysMK34 (red bars) and eLysMK34 (blue bars) against A. baumannii strains MK34 (A), RUH134 (B), Greek46 (C),
and Greek47 (D) resuspended in 100% complement-deactivated human serum. The bacterial cells were treated with equimolar
concentrations for 2 h. The treated cells were then washed twice and diluted prior to being plated in either complement-deactivated human
serum (left) or 20 mM HEPES-NaOH, pH 7.4 (right). Green bars show the untreated cells. Each value represents the mean 6 standard
deviation from three independent replicates. Asterisks represent statistical differences from values for buffer-treated cells (Student's t test; *,
P , 0.05; **, P , 0.01; ***, P , 0.001). The dashed line represents the limit of detection (10 CFU/ml).

FIG 6 Variation in the normalized cell index (CI) of HaCaT monolayers treated with different
concentrations of eLysMK34 (0.28 to 18 mM). eLysMK34 was added to the RTCA wells after the HaCaT
epithelial cells had formed a monolayer (reached after 20 h of incubation and indicated by a plateau
in the cell index). The time point of eLysMK34 addition corresponds to time point zero. Subsequently,
the cell index was monitored for 30 h upon addition of eLysMK34. Normalization of data was
performed at 10 min after protein addition, with respect to the CI observed in the control sample
(value 0 in the graph). Values represent means 6 standard deviations from three replicates.
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DISCUSSION

An increasing number of lysins with intrinsic antibacterial activity has been reported
in recent years. In particular, A. baumannii appears to be susceptible to this group of
lysins (10–12, 15, 25–31). A C-terminal amphipathic helix was identified as a common
feature of these lysins (11, 12, 25, 26). This peptide has been suggested to act in its nat-
ural habitat as a spanin in spanin-less phages, disrupting the OM from within during
phage-induced cell lysis (32), and has been shown to retain its OM-disrupting activity
when acting from without. We previously identified LysMK34, a globular lysin encoded
by A. baumannii phage (PMK34) and found similar intrinsic antibacterial characteristics
and a C-terminal amphipathic helix. However, upon elaboration, we found that LysMK34’s in
vitro antibacterial activity is dependent on experimental conditions, such as the medium
used, the tonicity of buffers, the intracellular osmotic pressure, and plating procedures, ren-
dering its antibacterial activity condition dependent, less robust, and difficult to compare to
the activities of other reported lysins for which these parameters have not been studied,
which has led to researchers unknowingly making skewed interpretations (15). We reasoned
that fusion of LysMK34 to a peptide that in its biological role disrupts the OM from without
would yield a more robust lysin. The same approach was successfully followed for the con-
struction of Artilysins (17, 21, 33, 34), but here we combine the strengths of a lysin with a
particularly high intrinsic activity due to a C-terminal amphipathic helix, with so-called artily-
sation (35–37), i.e., engineering with an additional peptide to cross the outer membrane.

We found that eLysMK34 exceeds LysMK34 in its antibacterial properties. For instance,
LysMK34 has a MIC value of .45.5 mM by the conventional broth microdilution assay,
whereas eLysMK34 completely inhibits the growth of all A. baumannii test strains within a
concentration range of 0.45 to 1.2mM. In addition, eLysMK34 kills faster, is less dependent on
a high intracellular osmotic pressure, and is more active against stationary-phase cells. As such,
the interplay between several factors that contribute to antibacterial activity is uncovered in
this work. The mode of action of lysins relies on the combined actions of peptidoglycan degra-
dation and pressure-induced osmotic lysis, the latter being the eventual killing event, as bacte-
rial spheroplasts (and even protoplasts) remain viable and can multiply (38, 39). The additional
CecA peptide may enhance the bactericidal activity by transferring more lysin moieties
through the OM, resulting in a more weakened peptidoglycan layer across the cell wall and
requiring a lower intracellular osmotic pressure to complete cell lysis. Additionally, the possibly
remaining antibacterial activity of CecA (membrane depolarization) may contribute to the anti-
bacterial effect but is unknown for this fusion protein.

FIG 7 Fluorescence images obtained by CLSM of HaCaT cells after 6 h of incubation with eLysMK34 (18 mM). As a control, cells were
incubated without protein. The tight junctions, specifically, zonula occludes (ZO-1), were labeled with anti-ZO-1-Alexa Fluor 488 (green). The
actin of the cytoskeleton was detected by labeling with Alexa Fluor 568 phalloidin probe (red), and the nuclei were labeled with DAPI (blue).
The scale bars measure 10 mm.
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Our observations can be compared with those of a previous study evaluating the
changes in antibacterial activity after fusion of the modular endolysin (OBPgp279) with
a truncated CecA peptide at its N terminus. Alone, OBPgp279 shows a modest antibac-
terial activity of a 1.38-log-unit reduction against A. baumannii in low-tonicity buffer
(20 mM Tris-HCl, pH 7.4). An equimolar concentration (100 mg/ml) of the engineered lysin
(PlyA) completely eradicates A. baumannii strains, with over 5-log reductions. Nevertheless, no
activity was observed against A. baumannii grown in complex media, including lysogeny broth
(LB) and MH media (35). Another recent study was conducted to assess the effect of fusing
truncated CecA (KWKLFKKI) to both the N and C termini of LysAB2, a lysin with intrinsic anti-
bacterial activity. Interestingly, LysAB2-KWK (C-terminally modified LysAB2) showed a superior
activity (a 6-log-unit reduction) compared to that of the N-terminally modified counterpart (a
3-log-unit reduction) using equimolar concentrations (8 mM). Furthermore, LysAB2-KWK
showed up to a 105-fold increase in antibacterial activity against A. baumannii in addition to
improved activity against A. baumannii in both stationary-phase and biofilm forms compared
to that of the native lysin. Moreover, LysAB2-KWK showed serum concentration-dependent ac-
tivity in serum, with retained activity in up to 4% serum (40). However, these studies did not
study in detail the influence of external conditions on LysAB2-KWK’s antibacterial activity or
their interplay, as elaborated in this work.

OM permeation is still a limitative factor and appears to be enhanced in colistin-resist-
ant strains. Indeed, in high-tonicity buffer inducing a low intracellular osmotic pressure,
0.5 mM EDTA is required to observe significant killing of colistin-sensitive strains, but not
for colistin-resistant strains tested in this work (Fig. 3). A similar observation was previously
described for Art-175, which shows an improved activity in terms of its log reduction of
colistin-resistant E. coli strains with themcr-1mechanism compared to that for colistin-sen-
sitive strains (41). Although the colistin resistance mechanism of Greek46 and Greek47 is
not known, the widespread mcr-1 mechanism is based on replacement of the negatively
charged phosphate groups of lipid A with phosphoethanolamine, resulting in a less overall
negative charge (42). This modification results in the loss of the target site of colistin but
may apparently also results in a less effective barrier or overall increased outer membrane
permeability for eLysMK34. Other colistin resistance mechanisms (e.g., different routes for
lipopolysaccharide [LPS] modification, overexpression of efflux pumps, and overproduc-
tion of capsule polysaccharide) have been reported as well (43). Further investigation of
the mode of action of LysMK34 and eLysMK34 against a larger set of strains with well-char-
acterized resistance mechanisms may yield refined insights into the mode of action of OM
permeation. Notably, the observed synergy between colistin and LysMK34, which is most
pronounced for colistin-resistant strains (15), is lost in the case of eLysMK34, suggesting
that artilysation has taken over the role of colistin in colistin/LysMK34 mixtures. This is a
particularly welcomed feature since colistin is a last-resort antibiotic but may cause neph-
rotoxicity as an undesired side effect.

Lysins often show limited activity in complex environments, such as serum (10, 28,
35), and also here, we observed that both intact and complement-deactivated human
serum is inhibitive of the actions of LysMK34 and eLysMK34. However, the observed
differences in killing after application of an osmotic shock suggest more extensive peptido-
glycan degradation, and thus better OM penetration, by eLysMK34 than by LysMK34. Under
these conditions, sufficient osmotic pressure is still needed to induce osmotic lysis by
eLysMK34. We should note that we used complement-deactivated serum in order not to
obscure the individual effects of either LysMK34 or eLysMK34. It cannot be excluded that
other factors of the immune system (lysozyme, lactoferrin, innate immunity peptides)
may affect the susceptibility of bacteria to such lysins in vivo.

Recently, our group created approximately 10,000 modular lysin variants that were
screened to find the optimal lysin with antibacterial activity against A. baumannii in human
serum. The MIC values of the final lead lysin (1D10) were slightly lower (0.13 to 0.82 mM)
than those of eLysMK34 (0.45 to 1.2 mM) (21). These differences may be explained by the
presence of an additional peptidoglycan binding domain in lysin 1D10 or the mere fact that
the CecA and lysin moieties in lysin 1D10 have a more optimal orientation or positioning.
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The latter is supported by the fact that many other CecA-lysin fusions from that study show
inferior activity compared to that of lysin 1D10. Notably, also the MIC of Art-175, which is
based on a modular endolysin fused to the SMAP-29 antibacterial peptide, for A. baumannii
ranges from 4 to 20mg/mL, and Art-175 reduces the cell number of stationary-phase A. bau-
mannii cells by 8 to 9 log units. In addition, Art-175 is active against both A. baumannii and
P. aeruginosa strains (17, 20). These differences in activity and specificity highlight again the
modularity principle of engineered lysins and the unique possibility of tuning their antibac-
terial properties. This study demonstrates that at least in the case of LysMK34, peptide engi-
neering is a useful approach to further improve the in vitro antibacterial properties of a lysin
with high intrinsic antibacterial activity without introducing cytotoxicity.

Conclusions. A. baumannii infections are challenging due to a limited number of
effective treatments. Therefore, the development of new effective approaches is urgent. Lysins
are a clinically advanced route of investigation toward new antibacterial alternatives with a
novel mode of action. Whereas Gram-negative bacteria were initially considered out of the
scope of this new class of antibacterials, diverse strategies to tackle the outer membrane bar-
rier have been demonstrated in recent years, including artilysation and the use of lysins with
intrinsic antibacterial activity. In this study, we have shown that artilysation improves the intrin-
sic antibacterial activity of LysMK34 and makes it less dependent on experimental conditions
and growth phase, with pronounced activity against colistin-resistant strains, showing that
both approaches are complementary, at least in the case of LysMK34. Furthermore, eLysMK34
shows improved antibacterial activity in complement-deactivated serum but requires further
osmotic perturbation to result in full cell lysis and killing. Steadily improving our insights into
how lysins can successfully interfere with and permeate the outer membrane will strengthen
the portfolio of lysin-based molecules that kill Gram-negative bacteria.

MATERIALS ANDMETHODS
Bacterial strains and culture conditions. Five previously characterized A. baumannii strains with

different resistance patterns were included in this study (Table 1): the multidrug-resistant epidemiologi-
cal RUH134 strain (EU clone II) (44), the extensively drug-resistant strain MK34 (15), colistin-resistant
strains Greek46 and Greek47 (15), and strain NCTC13423 (44) (Iraqibacter strain, a problematic strain re-
sponsible for wound infections among American soldiers in the Iraqi war of 2003). Furthermore, highly virulent
P. aeruginosa PA14 (45), multidrug-resistant P. aeruginosa Br667 (45), and E. coli ATCC 25922 were included as
well for the determination of the MIC of the engineered lysin. E. coli TOP10 and E. coli BL21(DE3)-RIL (Agilent
Technologies, Belgium) were used for plasmid storage and protein expression, respectively.

All strains were subcultured from their respective glycerol stocks in lysogeny broth (LB; 1% tryptone,
0.5% yeast extract, and 1% NaCl) at 37°C while shaking (200 rpm) or on LB agar plates (LB supplemented
with 2% agar). For selection of E. coli strains transformed with the cloned plasmids, LB agar plates were
supplemented with 5% sucrose in addition to 100 mg/mL ampicillin, or with kanamycin (50 mg/mL) and
chloramphenicol (25 mg/mL) for E. coli TOP10 and E. coli BL21(DE3)-RIL, respectively.

Creation of building modules and the chimeric lysin eLysMK34. In this study, we assembled the
full coding sequence for the chimeric protein (referred to as eLysMK34) using the VersaTile DNA assem-
bly technique as described previously (21). The engineered lysin is composed of the following three
building modules (tiles) from the N to the C terminus: an amphipathic outer membrane-permeabilizing
peptide, CecA, from Aedes aegypti (CecA; NCBI accession no. AF117886.1), a flexible linker of three Ala-
Gly repeats (21), and LysMK34 (NCBI accession no. QGF20176.1) derived from A. baumannii phage
vB_AbaP_PMK34 (15). The respective coding sequences were converted to tiles by flanking the ampli-
cons (CecA/LysMK34) or primer cassette (linker) with tail sequences, including a position tag, a BsaI rec-
ognition site (for assembly), and a SapI restriction and recognition site (for cloning in the entry vector) in the out-
ward orientation. The position tag determines the position of the respective tile in the final assembled sequence:
CecA in position 1, the flexible linker in position 2, and LysMK34 in position 3. Tiles for CecA and the flexible linker
integrated in the entry vector pVTE were utilized from our previously prepared repository (21). The tile for
LysMK34 at position 3 was prepared in this work using the primers 59-TATGCTCTTCTAGAGGTCTCGCAGGCA
TTCTGACTAAAGACGGGTTTAG-39 (forward) and 59-TATGCTCTTCACTTGGTCTCATACTTTAAACTCCGTAGAGCGCG-
39 (reverse), with a position tag (italic), a BsaI recognition site (underlined), and a SapI recognition site (bold). The
amplicon was made using Phusion high-fidelity DNA polymerase (Thermo Fischer Scientific, Belgium) with the A.
baumannii vB_AbaP_PMK34 phage genome (NCBI accession no. MN433707.1) as the template. Then, the ampli-
con was integrated into the entry vector pVTE using repetitive restriction/ligation cycles with SapI (ThermoFischer
Scientific, Belgium) and T4 DNA ligase (ThermoFisher Scientific, Belgium) by following conditions described
before (21). Afterwards, chemocompetent E. coli TOP10 cells were transformed with pVTE/LysMK34. A sequence-
verified plasmid was used for an assembly reaction as described before (21). Briefly, 1 mL of each tile (DNA con-
centration, 50 ng/mL), 1mL of 100 ng/mL pVTD3, 1mL BsaI (10 U/mL), 3mL T4 DNA ligase (1 U/mL), and 2mL T4
DNA ligation buffer were mixed. The reaction volume was supplemented to 20mL using ultrapure water. Finally,
the assembly mixture was subjected to 50 cycles of 37°C for 2 min and 16°C for 3 min, followed by 5 min at 50°C
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and finally 5 min at 80°C. E. coli BL21(DE3)-RIL was transformed with 5 mL of this reaction mixture, and a correct
clone was verified using Sanger sequencing (LGC Genomics, Germany).

Protein expression and purification of LysMK34 and eLysMK34. Overexpression of LysMK34 and
eLysMK34 was carried out as described earlier (15). Briefly, 2 to 3 colonies were picked from an overnight culture
plated over LB agar containing 50 mg/mL kanamycin and 25 mg/mL chloramphenicol, transferred to LB broth
supplemented with 50 mg/mL kanamycin and 25 mg/mL chloramphenicol, and incubated for 18 h at 37°C. This
culture was then transferred to 1 L LB broth supplemented with 50 mg/mL kanamycin and incubated until we
obtained an optical density (OD) of 0.5 to 0.6 at 37°C with shaking (200 rpm). Then, IPTG (isopropyl-b-D-thiogalac-
topyranoside; final concentration of 0.5 mM) was added, followed by incubation at 16°C (for eLysMK34) or 30°C
(for LysMK34) for 18 h with 200-rpm shaking. Next, the pelleted cells were suspended in 20 mL lysis buffer
(20 mM NaH2PO4/Na2HPO4, 0.5 M NaCl, 50 mM imidazole, pH 7.4) and disrupted by three freeze-thawing steps
and sonication (Q125; Qsonica, USA). The soluble fraction was collected by centrifugation (16,000� g for 30 min
at 4°C) and filtered through a 0.22-mm-pore-size filter (polyethersulfone; Novolab, Belgium). Purification of overex-
pressed C-terminally 6�His-tagged protein was achieved by immobilized metal affinity chromatography (IMAC)
with His GraviTrap columns (GE Healthcare, Belgium) according to the manufacturer’s instructions. Dialysis was
performed using 3,500-molecular-weight-cutoff (MWCO) Slide-A-Lyzer MINI dialysis devices (ThermoFisher
Scientific, Belgium) against 20 mM HEPES-NaOH, 500 mM NaCl, pH 7.4, or 20 mM HEPES-NaOH, 150 mM NaCl,
pH 7.4, for eLysMK34 or LysMK34, respectively. Finally, protein purity was examined by SDS-PAGE. Protein con-
centration was estimated using a DS-11 spectrophotometer (DeNovix Inc., USA) using an extinction coefficient
of 33,350 M21 cm21 and molecular masses of 22.1 and 26.4 kDa for LysMK34 and eLysMK34, respectively.

MIC assay and synergy analysis. The MIC was determined for eLysMK34 according to the broth
microdilution assay in MH broth (44). eLysMK34 was prepared in MH broth with a final concentration
range between 0 and 40 mg/mL, with 4-mg/mL increments, and dispensed in a 96-well microtiter plate.
Afterwards, test strains in the exponential growth phase (106 CFU/mL) were added, followed by incuba-
tion at 37°C for 18 h without shaking. Different A. baumannii (NCTC13423, RUH134, MK34, Greek46, and
Greek47), P. aeruginosa (PA14 and Br667), and E. coli (ATCC 25922 and BL21) strains were included. The
MIC values were also used to evaluate a potential synergy between eLysMK34 and polymyxin E (colistin;
ThermoFisher Scientific) against A. baumannii (RUH134, MK34, Greek46, and Greek47) using the checker-
board approach (46), with a concentration range from 1/64 to 2� the MIC.

Time-kill assay. A. baumannii strains (MK34, RUH134, Greek46, and Greek47) were grown in LB broth
to the mid-log growth phase (OD at 600 nm [OD600] = 0.6). Subsequently, they were washed twice and
diluted 1:100 in 20 mM HEPES-NaOH, pH 7.4, buffer. Then, 100 mL of this culture was mixed with an
equal volume of equimolar concentrations of either LysMK34 or eLysMK34 (both after a buffer change
to 20 mM HEPES-NaOH, pH 7.4) to obtain a final concentration of 1 mM. As a control, the same cell sus-
pension was mixed with 100 mL of 20 mM HEPES-NaOH, pH 7.4, buffer instead of the tested lysin. The
mixtures were then incubated at room temperature for 30, 60, and 120 min. At each time point, a sam-
ple of 50 mL was diluted in 20 mM HEPES-NaOH, pH 7.4, buffer, plated on LB agar plates, and incubated
at 37°C for 18 h. The antibacterial activity was quantified according to the formula log10[N0/Ni], with N0

as the initial number of buffer-treated cells and Ni as the number of cells counted after lysin treatment.
In vitro antibacterial assay of LysMK34 and eLysMK34 under different conditions. To evaluate

the antibacterial activities of both lysins in high-tonicity buffer, cells grown in LB to the exponential
growth phase were washed twice and then resuspended using 20 mM HEPES, 150 mM NaCl, pH 7.4. The
prepared cells were then 100-fold diluted in the same buffer and mixed with each lysin (eLysMK34 was
dialyzed against the same buffer) to obtain final concentrations of 1 mM. Controls were conducted using
100mL 20 mM HEPES, 150 mM NaCl, pH 7.4, in some cases supplemented with EDTA (final concentration
of 0.5 mM) instead of the tested lysin. For colistin-sensitive strains (MK34 and RUH134), we further tested
the antibacterial activity with increased concentrations of both lysins up to 10 mM. The mixture was
then incubated at room temperature for 30, 60, and 120 min, diluted in the same buffer, plated, and
incubated for 18 h at 37°C for bacterial counts.

Similarly, we evaluated the antibacterial activities of both lysins against A. baumannii MK34 and
Greek47 cells that had been grown for18 h (to stationary phase, using a final cell density of 108 CFU/mL) as repre-
sentatives for colistin-sensitive and -resistant strains, respectively. The buffer used was 20 mM HEPES-NaOH, pH
7.4, and lysin concentrations were adjusted to 1, 5, and 10 mM. Parallel controls were performed by adding
20 mM HEPES-NaOH, pH 7.4, to the cells to rule out a possible effect of the buffer on bacterial cell survival.
Finally, we assessed the antibacterial activities of both lysins in human serum. For this, we started with a prelimi-
nary experiment to test the antibacterial activity of eLysMK34 in 100% human serum (MP Biomedicals, Belgium)
as described before (21). Exponentially growing A. baumannii strains (MK34, RUH134, Greek46, and Greek47) in
LB were pelleted, washed twice, and then 100-fold diluted in 100% human serum. Next, 100 ml cells was mixed
with 100 ml of eLysMK34 (diluted in 20 mM HEPES-NaOH, 150 mM NaCl, pH 7.4) to obtain a final concentration
of 20� the MIC (15 to 24 mM) in 50% serum. The mixture was incubated for 120 min at 37°C. The treated cells
were then diluted in either 20 mM HEPES-NaOH, pH 7.4, to induce a hypotonic shock or intact human serum
prior to being plated. The plates were incubated for 18 h at 37°C before the cell counting. To exclude any possi-
ble inference of serum antibacterial proteins with the overall result of the assay, we repeated the experiment
using the complement-deactivated human serum (56°C, 15 min) and evaluated the antibacterial activities of 20
mM concentrations of both LysMK34 and eLysMK34.

HaCaT epithelial cell line and culture conditions. HaCaT cells were cultured in DMEM containing
heat-inactivated fetal bovine serum (FBS) (10%, vol/vol), 4.5 g/liter glucose, 2 mM L-glutamine, and a mixture of
antibiotics (50 mg/mL of penicillin, streptomycin, and gentamicin) and a fungicide (1.25 mg/mL amphotericin
B) at 37°C in a 5% CO2 atmosphere in a CO2-Series Shel-Lab incubator (Sheldon Manufacturing Inc., OR, USA).
All media and reagents were purchased from Sigma-Aldrich. Maintenance of the cell line was performed two
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times per week. When cells reached approximately 90% confluence, they were harvested with TrypLE Express
solution and were used to carry out the further assays.

Cytotoxicity analysis. The potential cytotoxicity of eLysMK34 against epithelial cells (a monolayer of
human skin keratinocytes, HaCaT) was analyzed using a real-time cell analyzer (RTCA) on the basis of imped-
ance measurements, revealing major cytotoxic events, such as cell lysis, detachment, rounding up, variations in
cell morphology, and receptor activity (47). The procedure followed was identical to that of the cytotoxicity
analysis of LysMK34 reported before (15). Briefly, RTCA xCELLigence equipment (ACEA Bioscience Inc., San
Diego, CA; currently belonging to Agilent) was placed into a Heracell-240 incubator (Thermo Electron LDD
GmbH, Langenselbold, Germany) at 37°C and a 5% CO2 atmosphere. A HaCaT cell suspension up to 105 cells/
mL was grown in DMEM (ThermoFisher Scientific, Madrid, Spain), and 100 mL was added to each well of 16-
well E plates. The plates were then connected to the equipment and incubated at 37°C with 5% CO2 to record
the cell index (CI; impedance measurement) every 10 min. When the monolayer of HaCaT cells was formed,
indicated by a plateau of the cell index (after 20 h of incubation), different concentrations (2-fold dilutions) of
eLysMK34 ranging from 0.28 to 18 mM were added. Every condition was tested in triplicate. As a control, 100
mL of DMEM was used. The recording of the CI was carried out for an extra 30 h in order to determine HaCaT
changes in short- and long-term exposure. Data normalization was performed with the RTCA software as previ-
ously described (45). First, normalization of the CI was obtained by dividing the CI of a measurement by the CI
at a specific time (in this case, 10 min after the addition of the protein). Then, all data were referred to the base-
line CI, which is the result of subtracting the normalized CI of each well to the normalized CI of the control.
With these settings, the baseline of the control is 0. The cytotoxicity of a protein is described as the decrease
below the control in CI after normalization.

Additionally, to confirm the lack of toxicity observed in the previous experiment, HaCaT monolayers were sub-
jected to treatment with the maximum concentration of eLysMK34 (18 mM) and were analyzed by confocal laser
scanning microscopy (CLSM) after 6 h of exposure, as described before with some modifications (47). To achieve
this, 300mL of HaCaT cell suspension (105 cells/mL) in DMEM was added to the wells of an 8-wellm-Slide chamber
(IbiTreat; Ibidi GmbH, Gräfelfing, Germany). Plates were then incubated at 37°C with 5% CO2 for 20 h. After this, me-
dium was removed, and the same volume of DMEM with the diluted protein was poured into the well.
Experiments were performed in duplicate. As a control, 300 mL DMEM was added. After 6 h, the liquid was
removed, cell monolayers were fixed with 4% paraformaldehyde (Sigma-Aldrich) in phosphate-buffered saline (PBS)
for 10 min, and then washed with PBS, permeabilized for 5 min with 0.3% Triton X-100 (Sigma-Aldrich) in PBS, and
blocked for unspecific binding with 2% bovine serum albumin (BSA; Fisher BioReagents) in PBS for 30 min. For
staining, cells were incubated with anti-ZO-1-Alexa Fluor 488 (Invitrogen, ThermoFisher Scientific) and phalloidin-
Alexa Fluor 568 (Invitrogen) in 0.5% BSA buffer for 1 h at room temperature. After the cells were washed, a second-
ary antibody was used to amplify the signal from the ZO-1 primary antibody using goat anti-mouse-fluorescein
isothiocyanate (FITC; Invitrogen) at a 1:400 dilution factor in 0.5% BSA buffer for an additional 1 h at room temper-
ature. DAPI (49,6-diamidino-2-phenylindole; Sigma-Aldrich) was used for nucleic acid staining at 1 mM for 5 min.
Finally, images were acquired using a Leica DMi4 confocal microscope using a 63�/1.4-numerical aperture (NA) oil
objective and Leica LAS X image software version 3.0.11, with the excitation lasers and emission filters specified for
the fluorescent components in the suppliers’ instructions. ImageJ version 1.52 was used for image analysis.

Statistical analysis. SPSS Statistics for Windows v. 22.0 (IBM Corp.) was used for all calculations.
Student's t test was used to compare the differences between the treated and untreated bacterial cul-
tures at a level of significance of,0.05 (unless otherwise stated).
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