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Abstract: The rising antimicrobial resistance is particularly alarming for Acinetobacter baumannii,
calling for the discovery and evaluation of alternatives to treat A. baumannii infections. Some bacterio-
phages produce a structural protein that depolymerizes capsular exopolysaccharide. Such purified
depolymerases are considered as novel antivirulence compounds. We identified and characterized a
depolymerase (DpoMK34) from Acinetobacter phage vB_AbaP_PMK34 active against the clinical
isolate A. baumannii MK34. In silico analysis reveals a modular protein displaying a conserved
N-terminal domain for anchoring to the phage tail, and variable central and C-terminal domains
for enzymatic activity and specificity. AlphaFold-Multimer predicts a trimeric protein adopting an
elongated structure due to a long α-helix, an enzymatic β-helix domain and a hypervariable 4 amino
acid hotspot in the most ultimate loop of the C-terminal domain. In contrast to the tail fiber of
phage T3, this hypervariable hotspot appears unrelated with the primary receptor. The functional
characterization of DpoMK34 revealed a mesophilic enzyme active up to 50 ◦C across a wide pH
range (4 to 11) and specific for the capsule of A. baumannii MK34. Enzymatic degradation of the
A. baumannii MK34 capsule causes a significant drop in phage adsorption from 95% to 9% after 5 min.
Although lacking intrinsic antibacterial activity, DpoMK34 renders A. baumannii MK34 fully suscepti-
ble to serum killing in a serum concentration dependent manner. Unlike phage PMK34, DpoMK34
does not easily select for resistant mutants either against PMK34 or itself. In sum, DpoMK34 is a
potential antivirulence compound that can be included in a depolymerase cocktail to control difficult
to treat A. baumannii infections.
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1. Introduction

Acinetobacter baumannii is a notorious opportunistic pathogen responsible for up to 10%
of the nosocomial infections caused by Gram-negative pathogens, including wound, blood,
and urinary tract infections, and ventilator-associated pneumonia [1]. These infections
generally have a poor prognosis, high morbidity, and high mortality [1]. Their treatment
is hampered by the emergence and increasing spread of multi- and pandrug-resistant
strains, leaving a limited number of therapeutic options available [2]. The overall fitness
and virulence of this species is determined by the presence of a high molecular weight
capsular polysaccharide (CPS) that surrounds the outer membrane (OM) [3]. CPS plays a
key role in the pathogenicity of A. baumannii by acting as a protective barrier against harsh
environmental conditions such as desiccation, assisting in the evasion of the host immune
system, increasing resistance to antimicrobial compounds (antibiotics and disinfectants) [3]
and being a major factor for exopolysaccharide (extracellularly secreted sugars contributing
in biofilm formation) and biofilm formation [4], the latter contributing to recalcitrant and
persistent infections. The A. baumannii capsule composition is highly diverse, determined
by the specific capsule loci with more than 125 unique variants described for A. baumannii
strains [5]. Previous studies have shown that CPS removal sensitizes A. baumannii to
components of the immune system and reduces bacterial virulence in murine infection
models [4,6,7], whereas upregulation of CPS production increases serum resistance and
virulence [8].

In the search for alternative or complementary therapeutics, bacteriophage-encoded
enzymes targeting the CPS have received increasing attention [5,9]. Many phages are
equipped with tail-associated depolymerases that degrade CPS. The specificity of its cap-
sular depolymerase is a primary determinant for the host spectrum of the phage [10].
Consistently, most characterized recombinant depolymerases have an overlapping spec-
trum with the phages they are derived from [11–14]. Nevertheless, a few studies report
depolymerases that are also active on strains that are non-sensitive to the phage [15,16].
The antivirulence activity of capsule depolymerases, based on capsule removal, has been
demonstrated both in vitro and in vivo [11,12,14–22]. Furthermore, in vivo application of
capsule depolymerase sensitized Klebsiella pneumoniae strains to the action of standard-
of-care antibiotics [23]. Purified depolymerase has also enhanced antibiofilm activity of
polymyxin against K. pneumoniae [24].

In our previous work, we have isolated and characterized a lytic phage
(vB_AbaP_PMK34) that specifically infects the extensively drug-resistant strain A. bau-
mannii MK34 [25]. The plaques of phage PMK34 are surrounded by growing halos, a
hallmark feature indicating depolymerase activity. This observation was further supported
by the detection of a gene encoding a tailspike (orf45) with a pectate lyase conserved
domain, which can act as a depolymerase [25]. In this study, we carried out an in-depth
bioinformatic and functional characterization of this putative depolymerase, referred to
as DpoMK34. Moreover, we assessed the antibacterial and antivirulence potential of
DpoMK34. In addition, we evaluated the probability of resistance development against
DpoMK34 upon repeated exposure.

2. Results
2.1. Identification and In Silico Characterization of DpoMK34

In our previous work, Acinetobacter phage PMK34 (vB_AbaP_PMK34) was isolated
from the sewage water collecting system of the hospital of Beni-Suef (Egypt) [25]. Phage
PMK34 produces clear lysis plaques surrounded by growing turbid halos upon prolonged
incubation, suggesting the presence of phage-encoded depolymerase activity (Figure 1A,B).
In the current study, negative staining of A. baumannii MK34 cells within the halo zone
showed the removal of the capsule layer and disaggregation of the cell clumps, demon-
strating that the halo zone results from capsule rather than lipopolysaccharide removal
(Figure 1C,D).
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Figure 1. Cells in the turbid halo surrounding clear plaques lack their capsule. Acinetobacter phage
PMK34 stock (1011 PFU/mL) was serially diluted in SM buffer pH 7.4 to a final concentration of
102 PFU/mL. Then, 100 µL of the diluted phage was mixed with an equal volume of A. baumannii
MK34 overnight culture in 4 mL soft agar overlaying LB agar. The plate was incubated at 30 ◦C
for (A) 20 h and (B) 48 h. Growing halos surrounding each plaque are visible. Maneval’s staining
(specific capsular negative staining) of (C) A. baumannii MK34 bacterial lawn and (D) cells inside the
halo zone showed removal of the capsular polysaccharide layer (white shells surrounding dark rods)
as visualized by light microscopy using an oil immersion lens (100×) (scale bar of 20 µm).

Analysis of the open reading frames of the phage PMK34 genome (MN433707.1)
resulted in the identification of a putative tailspike (orf45; QGF20174.1) encoding a putative
depolymerase (DpoMK34) with a predicted molecular weight of 76 kDa and isoelectric
point of 5.2. [25]. Multiple protein sequence alignment and domain analysis (Figure 2)
revealed a three-domain architecture, which is featured by several other tail fibers and
tailspikes from diverse phages [26]. The N-terminus of DpoMK34 (amino acids 15 to 110)
is conserved among other tailspikes of A. baumannii phages and shows low similarity to
the well-characterized N-terminus of the phage T7 tail fiber protein (PF03906; bit score
13.2; E-value 0.053). This so-called anchor domain is responsible for attachment of the T7
tail fiber to the phage tail, more specifically to the interphase of the adaptor (gp11) and
nozzle protein (gp12) of the short tail complex [27]. Since phage PMK34 also belongs to
the Autographiviridae family (T7 supergroup) [25], a similar role may be anticipated for the
N-terminus of DpoMK34. The central domain of DpoMK34 (from amino acid 225 to 433)
is predicted to belong to the pectate lyase_3 superfamily (PF12708; bit score 33.0; E-value
5.1× 10−8, Figure 2). This domain is closely related to glycosyl hydrolase family 28 and has
reported activities on CPS [11,12,14,15,18,28]. The C-terminus (from amino acid 434 to 699)
does not show homology to a conserved domain (Figure 2). Other tailspikes or tail fibers
with a three-domain architecture most commonly encode a C-terminal domain involved in
host recognition or a chaperone domain for folding and trimerization. Chaperone domains
are often autoproteolytically cleaved off [29–33].
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Figure 2. Multiple protein sequence alignment of DpoMK34 and tailspikes of highly ho-
mologous phages. Amino acid sequence alignment of phage PMK34 tailspike (DpoMK34)
with tailspikes of homologous phages including APK2 (AZU99242.1), Abp1 (YP_008058239),
phiAB1(YP_009189380.1), Fri1 (YP_009203055.1), IME200 (YP_009216489.1), phiAB6 (YP_009288671.1),
SH-Ab 15519 (YP_009598268.1), AS12 (YP_009599229.1), AS11 (YP_009599281.1), WCHABP5
(YP_009604582.1), B3 (YP_009610379.1), P1 (YP_009610482.1) and D2 (YP_009624618.1) using
Geneious® 7.1.3. Per protein, the darkness per amino acid position indicates the level of simi-
larity. The alignment shows a conserved N-terminal T7 phage tail fiber-like domain (amino acids
15 to 110), a variable central pectate lyase domain (amino acids 225 to 433) and variable C-terminal
domain (amino acids 434 to 699) for DpoMK34. The amino acid consensus is shown on top with the
level of conservation ranging from high to low, ranging from green to red, correspondingly.

The complete trimeric structure of DpoMK34 predicted by AlphaFold-Multimer [34],
provides a more detailed insight in its modular composition (Figure 3). The elongated
trimeric protein has three identical monomers with each monomer displaying a small
N-terminal anchoring domain separated by a long α-helix from the central and C-terminal
domain. The central domain comprises right-handed β-sheets orthogonal to the long
axis that are packed together to create a β-helical domain, which is a typical topology for
depolymerases [9] and is also observed in the crystal structure of the N-terminally truncated
ϕAB6 tailspike protein (identity of 95.24%, query coverage of 100%; PDB accession number
5js4.1). The nomenclature of phage depolymerases as either tailspike or tail fiber (referring
to the shape of the protein) is somewhat ambiguous. DpoMK34 appears to have hybrid
properties with the typical elongated, fibrous structure similar to the T7 tail fiber (due
to the long α-helix albeit shorter than in T7), and the enzymatic activity predicted in the
central domain typical for tailspikes. For reasons of simplicity, we classify DpoMK34 here
as a tailspike.

Figure 3. Predicted 3D model of DpoMK34 using AlphaFold-Multimer. The predicted DpoMK34
structure adopts an elongated trimeric protein with three distinct domains, including (A) an
N-terminal anchor domain for attachment to the phage tail, connected via a long α-helix to (B) a
central pectate lyase for enzymatic activity and (C) a C-terminal domain. The visualization was made
with Mol* 3D (https://www.rcsb.org/3d-view, accessed on 4 March 2022). Different colors represent
individual monomers composing the full structure of DpoMK34.

https://www.rcsb.org/3d-view
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Many structural studies of tail fibers and tailspikes are often limited to the N-terminal
or C-terminal fragments due to the difficulty to obtain crystals of the full-length protein (for
example, the highly similar phiAB6 tailspike protein) [35]. AlphaFold-Multimer [34] thus
offers new opportunities to explore the full, predicted modular structure. Nevertheless,
access to supercomputing resources was needed to obtain predictions for this long and
trimeric protein. While AlphaFold excels in accurate predictions of the structure of domains,
a further limitation of AlphaFold we experienced here (and with other modular proteins)
was the correct positioning of the respective modules. In the case of DpoMK34, the first
89 amino acids (which form the conserved N-terminal domain) appear to be folded inwards,
in relation to the rest of the structure (Figure 3). This is not something we would have
expected, based on its resemblance to the T7 tail fiber. However, AlphaFold’s output
includes confidence measures for the position of each amino acid in the predicted structure
relative to all other amino acids (Figure 4). These so-called predicted alignment errors
show high predicted errors for every of the three N-terminal ends in the trimeric structure,
relative to the rest of the structure (indicated by the red bands on the heat map). The
high predicted errors show that AlphaFold is not certain about the position of those three
N-terminal ends with respect to the position of the rest of the structure (Figure 4).

Figure 4. Predicted Local Distance Difference Test (LDDT) and alignment error per position of the
3D structure of DpoMK34 generated by AlphaFold-Multimer. (A) The predicted LDDT scores of the
predicted trimeric structure by AlphaFold. These scores are a per-residue measure of how confident
AlphaFold is about its prediction. Note that the position axis refers to the concatenation of the three
monomers. (B) The predicted alignment error, which can be used to interpret the relative position of
domains. A low predicted alignment error (blue) between the residues of different domains indicates
that AlphaFold predicts the relative positions of these domains well. When the predicted alignment
error between domains is high (red), the relative position of these domains is uncertain.

BLASTp analysis of DpoMK34 shows a low identity with tailspikes of phages having
genomes highly similar to the genome of phage PMK34 (MN433707), including Acinetobac-
ter phage vB_AbaP_APK81 (96.45% genome similarity; QNO11418.1), Acinetobacter phage
IME-200 (96.12% genome similarity; YP_009216489.1), Acinetobacter phage vB_AbaP_AS12
(90.59% genome similarity; YP_009599229.1), Acinetobacter phage vB_AbaP_AS11 (82.13%
genome similarity; YP_009599281.1) and Acinetobacter phage vB_ApiP_P1 (87% genome
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similarity; YP_009610482.1). More specifically, only the N-terminal anchor domains are
conserved among those phages, whereas the C-terminal domains are divergent. On the
other hand, the C-terminal domains of DpoMK34 are present in other phage tailspikes or
tail fibers with a different N-terminal domain (e.g., predicted tail fiber of Acinetobacter
phage SH-Ab 15599 belonging to the Ackermannviridae family; AXF41547.1). The chimeric
orf45 thus appears to result from a horizontal transfer event. Such mosaic evolution is a
hallmark feature of the evolution of tailspikes and tail fibers [26].

The function of the most distal domain in the C-terminus is not yet known. Seven
phage tailspike proteins (originating from phages: vB_AbaP_WCHABP5, vB_AbaP_B3,
vB_AbaP_WU2001, vB_AbaP_D2, vB_AbaP_D2M, phiAB6 and SWH-Ab-3 corresponding
to accession numbers: YP_009604582.1, YP_009610379.1, QVQ34730.1, YP_009624618.1,
QFG15400.1, YP_009288671.1, YP_009949108.1, respectively) with at least 94% identity over
the whole length of the protein were found. Remarkably, a short tetrapeptide (AAGT,
aa 681-684 in DpoMK34) with high diversity was identified in a highly conserved region
of the C-terminal domain (Figure 5A). A consensus sequence S/A–S/A/R–N/G–A/T
was established. Strikingly, this variable region is located in the most distal, protruding
loop of the protein (Figure 5B). This position hints at a biological role in the very early
interaction with the host and is reminiscent of the corresponding ultimate loops of the
tail fiber of Escherichia coli podophage T3 (T3gp17) [36]. These loops are coined host-
determining regions and have been shown to be involved in tail fiber specificity targeting
the O-antigen. The host-determining regions of T3gp17 were found to function similar to
the complementarity-determining regions involved in antigen recognition of antibodies.
In addition, Yehl et al. [36] showed that T3 phages change their host specificity by muta-
tions in these particular loops of T3gp17, representing hotspots of evolution to counteract
resistance development.

2.2. DpoMK34 Is a Specific Enzyme with Mesophilic Properties

For experimental validation of the predicted depolymerase activity of DpoMK34, orf45
was cloned into expression vector pVTD3 [37], which introduces a C-terminal
6 × His. Recombinant DpoMK34 was produced in E. coli BL21(DE3) CodonPlus-RIL
cells and purified by nickel affinity chromatography to electrophoretic homogeneity with
a yield of 1 mg/L expression culture (Figure 6A). Volumes of 10 µL purified protein (or
PBS as control) from a two-fold dilution series starting from 1.32 µM (100 µg/mL) were
spotted onto soft agar seeded with A. baumannii MK34 cells in the exponential growth phase.
After 16 h at 35 ◦C, zones with a reduced turbidity were observed starting from 0.08 µM
(6.25 µg/mL) DpoMK34, indicative for depolymerase activity (Figure 6B). The spots are not
fully cleared (as would be the case for example when dropping a phage lysin, lysing and
thus killing the cells) but shows reduced turbidity (similar to the reduced turbidity of halos
growing around phage plaques). This loss in turbidity is a hallmark feature for all depoly-
merase linked to capsule loss. No turbidity reduction was seen on plates with a multidrug-
resistant strain (A. baumannii RUH134) and two colistin-resistant (A. baumannii Greek46,
Greek47) strains that were included as additional controls (data not shown). Equal agar
blocks (4 mm× 4 mm) were excised from the spots dropped with PBS, 1.32 µM (100 µg/mL)
and 0.08 µM (6.25 µg/mL) DpoMK34 for bacterial cell counting. No significant difference
(p > 0.05) in bacterial count was observed between the different treatments, excluding any
antibacterial activity of DpoMK34 against A. baumannii MK34 (Figure 6C). For this small
panel, the specificity of DpoMK34 thus corresponds to the narrow host spectrum of phage
PMK34, which has been reported previously [25]. The capsular serotype of A. baumannii
MK34 is not known. The high level of identity (97%) between DpoMK34 and the tailspike
of Acinetobacter phage B3 suggests capsular serotype K2 [11] as the target for DpoMK34,
but the divergence in the tetrapeptide of DpoMK34 (aa 681-684; AAGT) and the tailpike of
Acinetobacter phage B3 (SSNA) may rather suggest a different host specificity, given the
role of the hypervariable loop in host specificity in the case of phage T3. We show here that
DpoMK34 and phage PMK34 are active on A. baumannii CIP 110467 having the K2 serotype,
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confirming that (at least) the K2 serotype is susceptible for the action of DpoMK34, thereby
excluding a role for the divergent tetrapeptide in capsular serotype recognition.

Figure 5. Consensus sequence S/A-S/A/R-N/G-A/T in the most ultimate loops of the C-terminal
domain of DpoMK34. (A) Sequence identity with a variable region of 4 amino acids, visualized with
WebLogo. (B) Predicted 3D model of DpoMK34 with the variable 4 amino acids located at C-terminal
loop (Cyan colored residues; side and bottom views).

A semi-quantitative assay was conducted to evaluate the thermal and pH stability of
DpoMK34. The minimum halo-forming concentration (MHFC) of DpoMK34 was 0.08 µM
(6.25 µg/mL) for DpoMK34 incubated at 4 ◦C. Elevating incubation temperature to 30,
40, and 50 ◦C for 30 min increases the MHFC to 0.16 (12.5 µg/mL), 0.33 (25 µg/mL) and
0.66 µM (50 µg/mL), respectively (Figure 7A). However, no activity was observed up to
1.32 µM (100 µg/mL, at least 16-fold increase) after incubation at higher temperatures
(60 and 70 ◦C). Accordingly, we conclude that DpoMK34 is a typical mesophilic enzyme
that retains approximately 10% of its activity at 50 ◦C. DpoMK34 is stable within a pH
range from 6 to 9 (MHFC = 0.08 µM, 6.25 µg/mL). Reduced activity is observed after
exposure to buffer with pH 4 and 5 (MHFC = 0.16 µM, 12.5 µg/mL) and pH 10 and 11
(MHFC = 0.33 µM, 25 µg/mL). Enzymatic activity is completely abolished after exposure
to extreme acidic (pH 3) and alkaline (pH 12) buffers (Figure 7B).
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Figure 6. Activity of DpoMK34. (A) SDS-PAGE analysis of purified C-terminal 6×His-tagged
DpoMK34. Lane (M) represents Roti®-Mark standard (Carl-Roth, Karlsruhe, Germany), whereas lane
D represents purified DpoMK34. (B) Spot-on-lawn assay using different DpoMK34 concentrations on
A. baumannii MK34 in the exponential growth phase. PBS pH 7.4 was used as control. (C) Bacterial
counts from 4 × 4 mm excised squares treated with PBS, 1.32 µM DpoMK34, and 0.08 µM DpoMK34.
Bars represent means ± standard deviation of three independent replicates.

2.3. DpoMK34 Is a Primary Determinant for Phage PMK34 Adsorption and Responsible for
Its Specificity

Phage PMK34 shows a fast adsorption of approximately 95% of the phage particles
within 5 min when incubated with untreated A. baumannii MK34. However, its adsorption
capacity significantly (p < 0.01) drops to 9% after 5 min when the A. baumannii MK34
cells are pre-incubated (2 h) with 1.32 µM (100 µg/mL) DpoMK34 and subsequently
washed (Figure 8). The maximum adsorption is 16% of the phage particles after 20 min.
These findings further corroborate that strain-specific CPS serves as a primary receptor for
DpoMK34 of phage PMK34. Preceding removal of the capsule thus limits the capacity to
adsorb to the cell surface.

2.4. Decapsulating A. baumannii MK34 Cells with DpoMK34 Does Not Sensitize Them to the
Action of Imipenem, Amikacin, and Colistin

Exopolysaccharide has been reported as barrier that impedes penetration of different
antibiotics, which could mediate resistance [38,39]. Therefore, we evaluated whether
DpoMK34 pre-treatment or co-treatment of A. baumannii MK34 with DpoMK34 could
improve susceptibility to different antibiotics. For this goal, we selected imipenem (cell
wall biosynthesis inhibitor), amikacin (protein synthesis inhibitor), and colistin (outer
membrane permeabilizer and inner membrane disruptor) based on their different cellular
targets [40]. As expected, DpoMK34 alone did not exhibit inhibitory activity [minimum
inhibitory concentration (MIC) > 6.6 µM equivalent to 500 µg/mL]. The MIC values of
imipenem, amikacin, and colistin against A. baumannii MK34 are 107 µM (32 µg/mL),
874 µM (512 µg/mL) and 0.87 µM (1 µg/mL), respectively, classifying the MK34 strain
as resistant to both imipenem and amikacin, while sensitive to colistin. Neither pre-
treatment nor co-treatment of A. baumannii MK34 with DpoMK34 (up to 6.6 µM equivalent
to 500 µg/mL) changed the MIC value of the tested antibiotics. DpoMK34 thus does not
improve the response of A. baumannii MK34 to the tested antibiotics.
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Figure 7. Semi-quantitative stability analysis of DpoMK34. (A) Thermal stability was assessed by
incubating 2.64 µM (200 µg/mL) DpoMK34 at different temperatures (4–70 ◦C) for 30 min, followed
by cooling down on ice for 10 min, two-fold serial dilution in PBS pH 7.4 and spotting on a lawn of
A. baumannii MK34. The lowest concentration of DpoMK34 showing turbidity reduction was taken
as the minimum halo-forming concentration. No activity was observed after incubation at 60 and
70 ◦C. (B). At temperature points of 4, 40, 50 ◦C the standard deviation equals zero. pH stability was
analyzed by exchanging buffer of 2.64 µM (200 µg/mL) to universal buffer adjusted to different pH
values ranging from 4 to 11, followed by further dilution in universal buffer with the respective pH
and spotting on soft agar seeded with A. baumannii MK34 cells. At pH points of 5, 6, 7, 8, the standard
deviation equals zero. Bars represent means ± standard deviation two independent experiments
with three technical replicates.

2.5. DpoMK34 Sensitizes A. baumannii MK34 to Serum Killing

CPS serves as a virulence factor that helps the pathogen to escape from phagocyto-
sis and complement-mediated killing. Hence, removal of the bacterial capsule of strain
MK34 may sensitize bacteria to immune components of human serum. In this regard, we
investigated the effect of different serum concentrations on DpoMK34-treated A. baumannii
MK34 cells (Figure 9). Pretreated cells (1.32 µM DpoMK34 equivalent to 100 µg/mL; 2 h)
show a 1.8 ± 0.34 log unit reduction in 25% (v/v) serum compared to PBS treated cells,
which were resistant. This reduction further increases to a maximal reduction of 5.05 log
units (below detection limit) in 50% (v/v) human serum, which is also observed in 75%
(v/v) human serum. When DpoMK34-treated A. baumannii MK34 cells are exposed to heat-
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inactivated serum, no bacterial cell number reductions were observed up to the highest
tested serum concentration [75% (v/v)]. This highlights the role of serum complement to
kill DpoMK34-treated A. baumannii MK34.

Figure 8. Phage MK34 adsorption after capsule removal. Intact (dark grey) and 1.32 µM DpoMK34
treated (light grey) A. baumannii MK34 cells were used for an adsorption assay by incubating expo-
nentially growing cells with phage MK34 at MOI of 0.01. Bars represent means ± standard deviation
of three independent replicates. Asterisks show statistical differences compared to phage MK34
adsorption to intact A. baumannii MK34 cells (Student’s t-test; * p < 0.01, ** p < 0.001).

2.6. Phage Resistant Mutants Are Insusceptible for DpoMK34, but DpoMK34 Exposure Does Not
Easily Trigger Resistance

Emergence of phage resistant mutants is a common observation upon phage expo-
sure, and we made a similar observation upon incubation of phage PMK34 with its host
strain [25]. Spotting DpoMK34 (1.32 µM equivalent to 100 µg/mL) and phage PMK34 on
lawns of three phage resistant clones that previously emerged within a plaque, did not
yield zones of reduced turbidity or plaques, demonstrating insensitivity of the mutants
to DpoMK34 and phage PMK34. An attempt to induce a similar phenotype by repeated
exposure of the same wildtype strain to purified DpoMK34 did not easily yield insensitive
mutants. Specifically, cells from a DpoMK34 spot-on-lawn were picked and incubated in
LB broth supplemented with either DpoMK34 (final concentration of 1.32 µM equivalent to
100 µg/mL) or PBS for three consecutive sub-cultures (24 h for each). Then, the serially ex-
posed cells were subjected to 1.32 µM DpoMK34 and phage PMK34 in a new spot-on-lawn
assay. The cells remained sensitive to both DpoMK34 and phage PMK34 (data not shown).
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Figure 9. Sensitization to serum after DpoMK34 pretreatment. Exponentially growing A. baumannii
MK34 cells are pelleted and diluted to 106 CFU/mL using PBS pH 7.4. The cells were then treated
with 100 µg/mL DpoMK34 for 2 h in 35 ◦C, washed and subjected to different serum concentrations
[expressed in % (v/v)], followed by a 2 h incubation at 37 ◦C for 2 h. The bacterial cell count was
subsequently determined. Both the effect of normal human serum (dark grey) and heat-inactivated
serum (56 ◦C; 30 min) serum (light grey) were evaluated. Bars represent means ± standard deviation
of three independent replicates. Asterisks show statistical differences compared to treatment in heat-
inactivated serum, or between different serum concentrations (Student’s t-test; * p < 0.05, ** p < 0.01).

3. Discussion

We have previously isolated lytic phage PMK34 that specifically infects the extensively
drug-resistant A. baumannii strain MK34 [25]. Phage PMK34 plating results in clear lysis
plaques with surrounding turbid zones (Figure 1), which are commonly observed for
phages equipped with depolymerases [11–16,28]. In this study, we have identified and
characterized the phage PMK34 capsule depolymerase DpoMK34 encoded by orf45.

Depolymerases are mostly present as part of phage tail structures (tail fiber, tailspike
or baseplate) as reported for phages infecting A. baumannii [11,12,15], E. coli [17,41], and
Klebsiella spp. [14,28]. However, another study described a Dpo7 depolymerase with a
pectate lyase domain being part of the vB_SepiS-phiIPLA7 capsid as a predicted pre-neck
appendage [42]. The conserved N-terminal domain of DpoMK34 is highly similar to its
equivalent in other homologous phages (Figure 2), whereas the similarity to the N-terminus
of the T7 tail fiber (gp17) is lower. Nonetheless, the classification of PMK34 as member
of the Autographiviridae suggests that DpoMK34 is present as a tailspike anchored by
its N-terminus similar to the canonical Autographiviridae phage T7. On the other hand,
variation of pectate lyase domains among the aligned depolymerases (Figure 2) along
with different host spectra of their parental phages corroborates the role of this central
domain in determining the host spectrum based on different capsule serotypes or other
surface receptors. More than 100 capsular serotypes have been identified in A. baumannii,
explaining the tremendous variation among pectate lyase domains in A. baumannii phages
as a result of phage–host co-evolution [5]. In the current study, we followed a sequential
in silico and experimental analysis to confirm both identity and activity of DpoMK34 as a
depolymerase. BlastP analysis revealed putative depolymerases with query coverage up
to 100% and similarities >95%, but with a hypervariable 4 aa hotspot in the most ultimate
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loop. Structure modelling predicted an elongated protein structure with a typical right-
handed β-helical topology (Figure 2), suitable for capsule puncturing. Moreover, this shape
allows better scanning and recognition of complementary receptors expressed on the host
surface [43]. The initial in silico annotation of DpoMK34 as a putative depolymerase is
confirmed by observing zones of reduced turbidity (not clear zones) upon spotting purified
DpoMK34 on soft agar seeded with A. baumannii MK34 (Figure 6). The resulting zones
have a reduced turbidity similar to the turbidity of halos surrounding Acinetobacter phage
PMK34 plaques (Figure 1B). Bacterial cell counting in the spots showed the absence of
bacterial killing as would happen when the cells are lysed by a lysin.

DpoMK34 has a specific polysaccharide depolymerase activity against A. baumannii
MK34 (which is the host strain for phage PMK34) within submicromolar ranges (0.08 µM
equivalent to 6.25 µg/mL, Figure 6) and is also active against strain CIP110467 with
a K2 capsular serotype (data not shown). This highlights the differences in specificity
determinants between a tail fiber that binds its receptor and a tailspike with enzymatic
activity. Indeed, whereas the specificity of the T3gp17 tail fiber binding to the O-antigen
could be explained by these distal loops [36], other determinants are responsible for the
capsular serotype specificity of tailspikes with depolymerase activity. Residues located
in cavities and groves located on intra- or intersubunit surfaces of the trimeric tailspikes
have been reported to be involved in serotype specificity [44,45]. Therefore, we speculate
that the highly divergent tetrapeptide might be involved in binding a possible secondary
receptor (e.g., LPS, in analogy to T3gp17). Generally, the function of the C-terminal domain
in depolymerases remains largely understood, except when encoding a chaperone domain
needed for folding and trimerization [28]. Further investigation is required to understand
the highly divergent loop in the case of tailspikes with depolymerase activity.

Furthermore, DpoMK34 is stable across a wide range of temperatures (4 to 50 ◦C)
and pH values (4 to 11, Figure 7). Such robustness is consistent with the function of
tailspikes as structural proteins, naturally evolved to work from without under different
temperatures and pH values [11,14,15,17,28]. Based on the coinciding and limited spectrum
of bacteriophage PMK34 and its depolymerase (DpoMK34) and the disappearance of the
capsule in cells within the halo zone (Figure 1), we conclude that phage PMK34 utilizes a
specific capsule serotype as a receptor to initiate infection. This hypothesis was supported
by a significant drop (p < 0.01) in the percentage of adsorbed phage PMK34 particles
from >95% to 9% after treatment of bacterial cells with DpoMK34 (Figure 8). Diminished
adsorption of parental phages after exposing bacterial hosts to respective recombinant
depolymerases has been reported for a few phages. For example, treating A. baumannii
NIPH 2061 (K2 capsular serotype) with K2 depolymerase significantly decreased percentage
of adsorbed A. baumannii phage B3 particles from 100 to less than 20% [11]. Similarly, phage
B9 adsorption dropped to 20% when host bacteria were pre-treated with specific K30
and K45 depolymerases [15]. The observed remaining adsorption may be explained by a
recovery of CPS, or a less effective adsorption process on exopolysaccharide remnants that
remained after a preceding DpoMK34 treatment.

BlastP analysis revealed more than ten homologous putative depolymerases deposited
at NCBI (Figure 2). Three of them (K2, Dpo48, ϕAB6 tailspike protein) have been assessed
in terms of thermal and pH dependency [11,12]. For example, K2 and Dpo48 depolymerases
were found to have a similar pH activity range of 5–9, being a more narrow pH range than
that of DpoMK34. On the other hand, both depolymerases (K2 and Dpo48) showed higher
thermal stability with retained activity up to 70 ◦C than the DpoMK34 and ϕAB6 tailspike
proteins (activity retained up to ~50 ◦C). The thermal stability of DpoMK34 was evaluated
using a semi-quantitative spot-on-lawn assay while thermal stability of the others (K2,
Dpo48, phiAB6 tailspike protein) was assessed using the 3, 5-dinitrosalicylic acid assay
measuring the release of reducing sugars.

The capsule depolymerase from Klebsiella pneumoniae phage KP36 (DepoKP36) shows
no synergy with oxytetracycline, chloramphenicol, or ciprofloxacin against K. pneumo-
niae [14], whereas another Klebsiella-specific phage depolymerase is synergistic with
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polymyxin when treating biofilms [24]. In addition, a bacterial depolymerase isolated
from Aeromonas punctate is synergistic in vivo with gentamycin in a murine infection
model [23]. To our knowledge, the synergy between antibiotics and a depolymerase was
not yet evaluated against A. baumannii. In this study, we have selected different antibiotics
with different molecular targets located in different cellular sites. The antibiotics tested and
DpoMK34 were neither synergistic nor antagonistic. These findings indicate that the CPS
of A. baumannii MK34 does not affect the response of the host strain to the tested antibiotics
and are in line with the in vitro findings of DepoKP36. It remains to be investigated whether
the bacterial Aeromonas origin of the depolymerase, the in vivo evaluation, biofilm mode or
the specific antibiotic explains the previously observed synergies.

CPS is an important virulence factor that helps bacteria to evade host immunity. Ac-
cordingly, sensitization to serum killing upon removal of the CPS has previously been
reported for different pathogens including A. baumannii, K. pneumoniae, and Providencia
stuartii, following an apparently similar mechanism [11,12,14,16]. Moreover, depolymeriza-
tion of the O-antigen polysaccharide by a phage tail-associated depolymerase sensitizes
E. coli to serum [17]. DpoMK34 sensitizes A. baumannii MK34 to serum killing in a serum
concentration-dependent manner (Figure 9) with a full eradication (5 log unit reductions,
detection limit) from 50% (v/v) serum concentration. This effect was completely abolished
after heat inactivation of serum complement, highlighting the role of the capsule polysac-
charide in shielding off the access to serum complement. This is further corroborated
by a previous report comparing the effect of both intact and heat-inactivated serum on
A. baumanni strains pre-treated with specific depolymerases [11,12]. For instance, stationary
growing bacterial cells treated with Dpo48 showed a 3 log unit reduction in bacterial count
after mixing with 25% (v/v) serum, whereas a 5 log unit reduction was obtained when
the serum proportion increased to 50% (v/v). Serum sensitizing was completely absent
when stripped bacterial cells were exposed to complement-inactivated serum [12]. Simi-
larly, A. baumannii treated with K2 depolymerase shows a serum-dependent bacterial count
reduction (below detection limit), which is reversed when complement was inactivated [12].

DpoMK34 (and other phage-encoded depolymerases) can thus be classified as an
antivirulence compound. Antivirulence compounds reduce or eliminate the pathogen’s
virulence, which can be sufficient to eliminate the infection of the disarmed pathogens by a
potent immune system. Since such compounds do not exert killing of the bacterial cells, the
selection pressure to develop resistance is believed to be significantly reduced [46]. This
agrees with our observations for DpoMK34. Whereas resistance development can be easily
found for the parental phage PMK34 after single exposure (with co-resistance to DpoMK34),
serially DpoMK34-exposed cells retained their susceptibility to both DpoMK34 and phage
PMK34, which is in line with previous reports about depolymerases targeting different
pathogens [11,16,17]. Phage resistance can occur by a large diversity of mechanisms
(reviewed in [47]) and was also found for phage PMK34 [25]. The most plausible mechanism
of phage resistance observed in this work is capsule loss or modification of its composition,
causing the loss of the primary phage receptor, and consistently also caused resistance to
DpoMK34. The latter resistance mechanism was not induced by the DpoMK34 itself in our
simple in vitro setup. Either the capsule integrity was insufficiently affected (e.g., impartial
removal of the capsule, regain of a capsule during prolonged exposures) or the selection
pressure was too low because capsule loss does not result in a fitness cost under laboratory
conditions with rich nutrients. It is unclear whether this finding will hold true in vivo.
There, the mode-of-action of DpoMK34 may effectively result in cell killing and clearance
in concert with the immune system. The selection pressure in this environment is thus
different. Loss of the capsule comes at the cost of its virulence, but if the strain is able
to modify its capsule polysaccharide composition without losing its virulence, it will
be positively selected. Analogously, resistance mechanisms against other antivirulence
compounds have been reported as well [48–50]. The narrow specificity of DpoMK34 and
other phage-encoded depolymerases is thus their Achilles heel. Therapeutic application
would necessitate a large arsenal of depolymerases to make cocktails similar to the approach
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of phage cocktails, or a depolymerase with broadened specificity produced by protein
engineering, if possible.

In conclusion, depolymerases constitute an alternative approach that could be used for
control of antibiotic unresponsive pathogens. Their ability to support the immune system
to eliminate virulent pathogens with reduced probability of selecting resistant mutants are
main features that set them apart from other antibacterials. DpoMK34 of Acinetobacter
phage vB_AbaP_PMK34 has been extensively characterized as a specific depolymerase (K2
serotype). Whereas this high specificity limits collateral damage, it will also complicate
broad application, necessitating cocktail compositions or protein engineering to broaden
the specificity. At the structural level, DpoMK34 is predicted to adopt a fibrous structure as
in a tail fiber (although shorter than in T7), but with a typical β-helix and depolymerase
activity, usually associated with tailspikes. In addition, DpoMK34 has an unexpected
hypervariable ultimate loop which at least does not affect K2 serotype specificity.

4. Materials and Methods
4.1. Phage, Bacterial Strains, Culturing Conditions, and Capsular Staining

E. coli BL21(DE3) CodonPlus-RIL cells (Agilent Technologies, Inc., Santa Clara, Cali-
fornia, USA) were used for protein expression. Acinetobacter baumannii strains RUH134 [51],
MK34, Greek46, Greek47 [25], and CIP 110467 (K2) were used to analyze the specificity
of the purified depolymerase. All strains were grown in LB broth [1% (w/v) tryptone,
0.5% (w/v) yeast extract and 1% (w/v) NaCl] at 37 ◦C while shaking (250 rpm), or on LB
agar plates (LB supplemented with 2% agar). Kanamycin (50 µg/mL), chloramphenicol
(25 µg/mL), and sucrose 5% (w/v) were added to LB broth or agar for selection of the trans-
formed E. coli cells. Acinetobacter phage vB_AbaP_PMK34 (phage PMK34) was previously
isolated, characterized, and sequenced. A double layer assay [52] was used to produce
plaques against overnight culture of A. baumannii MK34 using phage PMK34 diluted to
(102 PFU/mL) in SM buffer (10 mM Tris-HCl, 10 mM MgSO4, and 100 mM NaCl, pH 7.5).
The plates with the plaques were further incubated for additional 24 h at 30 ◦C to observe
the expansion of the halo zones around the plaques. Negative staining of the capsular
polysaccharide surrounding bacterial cells inside and outside halo zones was performed
using Maneval’s solution [5% (v/v) acetic acid, 4% (v/v) phenol, 5% (w/v) FeCl3·6H2O and
0.05% (w/v) acid fuchsin] as described before [53]. The stained cells were then visualized
using light microscopy with an oil immersion lens (100×) (Leica Microsystems, Wetzlar,
Germany). The phage genomic sequence was deposited in NCBI gene bank under accession
number MN433707 [23]. The accession number of DpoMK34 is QGF20174.1.

4.2. In Silico Analysis of orf45

Previous phage PMK34 genome annotation and BLASTx analysis [54] showed a
putative tailspike (orf45) with a central pectate lyase conserved domain among the lately
expressed proteins preceding the host lysis module [25]. For further bioinformatic analysis
of the putative tailspike, we carried out conserved domain analysis using the Protein
family database (Pfam) online server [55]. Moreover, amino acid sequence alignment
of the putative depolymerase (DpoMK34) with other homologous proteins was carried
out using Geneious® 7.1.3 software (https://www.geneious.com, accessed on 20 January
2021). Isoelectric point (pI) and the theoretical molecular weight were predicted using the
ProtParam tool of the Expasy server (https://web.expasy.org/protparam/, accessed on
20 January 2021) [56]. The trimeric structure was predicted using AlphaFold-Multimer
using Ghent University’s supercomputing resources (more specifically, two NVIDIA Volta
V100 GPUs with 32GB graphics processing unit (GPU) memory) [57]. Predicted Local
Distance Difference Test (LDDT) scores and alignment errors were visualized using code
from ColabFold [58]. BlastP (protein–protein Blast) of the DpoMK34 amino acid sequence
was performed against the non-redundant protein sequences (nr) database using standard
parameters (expect threshold: 0.05, word size: 6, MATRIX: BLOSUM62, Gap cost: existence
11, extension 1, conditional compositional score matrix adjustment). Hits with 100% query

https://www.geneious.com
https://web.expasy.org/protparam/
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coverage and at least 94% identity (E-value 0.0) were selected for multiple alignment with
expected value better than 0.001. Multiple alignment of query and target sequences was
visualized with WebLogo, the online available tool [59].

4.3. Cloning, Expression, and Purification of the Putative Depolymerase

Amplification of the putative depolymerase coding sequence (orf45) was carried out
using specific primers (forward 5′-GTCGGTCTCACCATGAATATACTACGCTCATTTA-
CAGAGACAGTGG-3′ and reverse 5′-GTCGGTCTCATACTTACTCGTTGCTGTAAATGC-
3′; IDT, Leuven, Belgium) with BsaI restriction sites (bold) using the phage PMK34 genome
as template and PHUSION DNA polymerase (Thermo Fisher Scientific, Waltham, MA,
USA). Afterwards, the amplicon was purified, digested using 1 U of BsaI (Thermo Fisher
Scientific, Waltham, MA, USA), and introduced into expression vector pVTD3 [37] using
T4 DNA ligase (Thermo Fisher Scientific, Waltham, MA, USA) to add a 6×His tag at
the C-terminus [37]. Heat shock was carried out to transform chemical competent E.
coli BL21(DE3) CodonPlus-RIL cells (Agilent Technologies, Inc, Santa Clara, CA, USA)
with pVTD3/orf45. Isolated recombinant plasmid was validated using Sanger sequencing
(LGC, Berlin, Germany). Recombinant E. coli cells were then grown up to the exponential
phase (OD655nm = 0.6) in LB broth supplemented with 50 µg/mL kanamycin, followed by
addition of 0.5 mM of isopropyl-®-D-thiogalactopyranoside (IPTG; Thermo Fisher Scientific,
Waltham, MA, USA) and 18 h incubation at 16 ◦C. The cells were then collected (4000× g
for 30 min) and lysed as described before to release His-tagged DpoMK34 [37]. Purification
was performed using His GraviTrap™ columns (GE Healthcare, Chicago, IL, USA) using
the manufacturer’s instructions. Finally, the purified protein was dialyzed against PBS
pH 7.4 (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4) using
3.5 K molecular weight-cutoff (MWCO) Slide-A-Lyzer MINI Dialysis Devices (Thermo
Fisher Scientific, Waltham, MA, USA) and sterilized using a 0.22 µM filter (PES, Novolab,
Geraardsbergen, Belgium). Protein purity was assessed using 12 (w/v) % sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) whereas its quantification was
performed by UV measurement at 280 nm with a DS-11 spectrophotometer (DeNovix Inc.,
Wilmington, DE, USA).

4.4. DpoMK34 Enzymatic Activity and Stability Assessment

The enzymatic activity of DpoMK34 was analyzed using a spot-on-lawn assay as
described before [14]. Hundred microliters of exponentially growing (OD655nm = 0.6) cells
of different A. baumannii strains (MK34, RUH134, Greek46, Greek47) were mixed with 4 mL
LB soft agar [0.5% (w/v)] and then spread over the surface of plain LB agar [2% (w/v)]. After
solidification, 10 µL of a two-fold serial dilution of DpoMK34 (1.32–0.04 µM, equivalent to
100–3.1 µg/mL) was spotted on a bacterial lawn, left for air drying and incubated for 16 h at
35 ◦C. A positive result was visible as a halo zone of reduced turbidity. PBS pH 7.4 (10 µL)
was spotted as a control. The minimum halo-forming concentration (MHFC) was defined
as the lowest concentration that causes a zone of reduced turbidity visible with the naked
eye. Bacterial cell counts for zones spotted with 100 µg/mL and 6.25 µg/mL of purified
DpoMK34 were performed by suspending excised agar blocks (4 × 4 mm) from the treated
surfaces, or PBS as control, in 2 mL of PBS pH 7.4 followed by vigorous vortexing for 1 min.
Afterwards, the bacterial suspensions were serially diluted in the same buffer and plated
for counting.

Thermal stability was assessed by incubating 2.64 µM (200 µg/mL) DpoMK34 at
different temperatures (4, 30, 40, 50, 60, and 70 ◦C) using a water bath for 30 min, followed
by cooling down on ice during 10 min. A two-fold dilution series of the incubated protein
solutions were then spotted as described above. Similarly, pH stability was evaluated
by dialyzing stock solution of DpoMK34 (2.64 µM) against Britton Robinson universal
buffer (0.04 M H3PO4, 0.04 M H3BO3, 0.04 M CH3COOH, and 0.15 M NaCl) adjusted to
the pH test range (4–11). After 30 min incubation, dilutions were prepared using the same
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universal buffer with the respective pH and spotted on a bacterial lawn. A drop (10 µL) of
the universal buffer with the respective pH was used as control.

4.5. Phage Adsorption Assay

A phage adsorption assay was carried out as described previously [16] using both wild
and stripped A. baumannii MK34 phenotypes. Briefly, exponentially grown (OD655nm = 0.6)
A. baumannii MK34 cells were resuspended in either PBS pH 7.4 or DpoMK34 (final concen-
tration of 1.32 µM, equivalent to 100 µg/mL). After two hours incubation at 35 ◦C, cells
were pelleted (16,000× g for 5 min) and washed twice using LB broth. The cells were then
diluted to 106 CFU/mL with LB broth and incubated with phage PMK34 at multiplicity of
infection (MOI) of 0.01 and incubated at 35 ◦C. At specific time intervals (5, 10, and 20 min)
100 µL samples were added to 900 µL cold LB and spun down (16,000× g for 5 min). The
number of non-adsorbed phage particles was counted using a double layer assay [48].
Then, the number of adsorbed phage particles was calculated by subtracting the count of
non-adsorbed phages in the supernatants from the initial number (104 PFU/mL). Finally,
the percentage of adsorbed phage particles was calculated relative to the initial number
(104 PFU/mL).

4.6. MIC Detection and Checkerboard Analysis

The broth microdilution method in Mueller–Hinton broth (MHB) was used to measure
minimum inhibitory concentrations (MICs) of DpoMK34 along with different antibiotics
including imipenem, amikacin, and colistin within test ranges of 0–6.6 µM (0–500 µg/mL),
0–214 µM (0–64 µg/mL), 0–874 µM (0–512 µg/mL), and 0–56 µM (0–64 µg/mL), respec-
tively [60]. This assay was performed with exponentially growing cells (OD655nm = 0.6)
of A. baumannii MK34 with final density of 106 CFU/mL. Subsequently, we followed a
checkerboard approach [61] to assess the combinatorial outcome of two-fold dilution series
of DpoMK34 with each antibiotic at concentration ranges of 0–6.6 µM (0–500 µg/mL) for
DpoMK34 and 0–2 × MIC for the antibiotic. In addition, we assessed the MIC value of
each antibiotic against DpoMK34-treated A. baumannii MK34 cells. Therefore, exponentially
grown A. baumannii cells (OD655nm = 0.6) with final density of 106 CFU/mL were incubated
with either PBS pH 7.4 or 1.32 µM DpoMK34 (final concentration equivalent to 100 µg/mL)
for 2 h at 35 ◦C. Afterwards, the cells were pelleted (16,000× g for 5 min), washed twice us-
ing Mueller–Hinton broth and used for MIC assays using the same antibiotic concentration
ranges as mentioned above.

4.7. In Vitro Serum Sensitizing Assay

The ability of DpoMK34 to render serum-resistant A. baumannii MK34 prone to serum
killing was assessed as described elsewhere [16]. Briefly, A. baumannii MK34 cells were
grown to the exponential phase (OD655nm = 0.6) in LB, spun down (16,000× g for 5 min),
washed twice and diluted 100 times, to reach final bacterial count of 106 CFU/mL using
PBS pH 7.4. Subsequently, these cells were treated with DpoMK34 (final concentration
1.32 µM equivalent to 100 µg/mL) at 35 ◦C for 2 h. The treated cells were then mixed in
different proportions with human serum (MP Biomedicals, Leuven , Belgium), including
[1:3 (25% v/v serum), 1:1 (50% v/v serum), and 3:1 (75% v/v serum)]. These mixtures
were then incubated at 37 ◦C for additional 2 h, serially diluted in 100% human serum
and plated on LB agar plates for bacterial cell counting. PBS pH 7.4 treated A. baumannii
MK34 cells were included as control. In parallel, a similar experiment was conducted using
heat-inactivated serum (56 ◦C for 30 min).

4.8. Resistance Development Assay

Three phage PMK34 resistant mutants (colonies growing within plaques) were sub-
cultured in LB for 24 h at 35 ◦C then dropped with 10 µL of 1.32 µM DpoMK34 or phage
PMK34 (108 PFU/mL) to assess their sensitivity. In addition, the possibility of resistance
development after repeated exposures to DpoMK34 and phage PMK34 was investigated as
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described previously [11] with some modifications. In the case of DpoMK34, an overnight
culture was prepared from A. baumannii MK34 cells picked up with a sterile loop from a
zone of reduced turbidity in soft agar spotted with 10 µL of 1.32 µM DpoMK34 equivalent to
100 µg/mL). Subsequently, this overnight culture was 100-fold diluted in LB supplemented
with either DpoMK34 (final concentration of 1.32 µM equivalent to 100 µg/mL) or PBS and
incubated for 24 h at 35 ◦C. Afterwards, the cells were spun down (16,000× g for 5 min),
washed twice with LB and sub-cultured two more times in LB with either DpoMK34 or
PBS for 24 h at 35 ◦C. After the three rounds of exposure, the treated cells were spun down
(16,000× g for 5 min), washed twice and allowed to grow in LB till reaching OD655nm = 0.6.
Subsequently, the sensitivity of the cells to DpoMK34 and phage PMK34 was evaluated
using the same spot-on-lawn assay as described above.

4.9. Statistical Analysis

Statistical significance between means of different groups was assessed by two-tailed
Student’s t-test using SPSS Statistics for Windows V. 22.0 (IBM Corp., Endicott, New York
USA) Unless otherwise stated, statistical significance was considered when p < 0.05.
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14. Majkowska-Skrobek, G.; Łątka, A.; Berisio, R.; Maciejewska, B.; Squeglia, F.; Romano, M.; Lavigne, R.; Struve, C.; Drulis-Kawa, Z.
Capsule-Targeting Depolymerase, Derived from Klebsiella KP36 Phage, as a Tool for the Development of Anti-Virulent Strategy.
Viruses 2016, 8, 324. [CrossRef]

15. Oliveira, H.; Costa, A.R.; Ferreira, A.; Konstantinides, N.; Santos, S.B.; Boon, M.; Noben, J.-P.; Lavigne, R.; Azeredo, J. Functional
Analysis and Antivirulence Properties of a New Depolymerase from a Myovirus That Infects Acinetobacter baumannii Capsule
K45. J. Virol. 2018, 93, e01163-18. [CrossRef]

16. Oliveira, H.; Pinto, G.; Mendes, B.; Dias, O.; Hendrix, H.; Akturk, E.; Noben, J.-P.; Gawor, J.; Łobocka, M.; Lavigne, R.; et al.
A Tailspike with Exopolysaccharide Depolymerase Activity from a New Providencia stuartii Phage Makes Multidrug-Resistant
Bacteria Susceptible to Serum-Mediated Killing. Appl. Environ. Microbiol. 2020, 86, e00073-20. [CrossRef]

17. Chen, Y.; Li, X.; Wang, S.; Guan, L.; Li, X.; Hu, D.; Gao, D.; Song, J.; Chen, H.; Qian, P. A Novel Tail-Associated O91-Specific
Polysaccharide Depolymerase from a Podophage Reveals Lytic Efficacy of Shiga Toxin-Producing Escherichia coli. Appl. Environ.
Microbiol. 2020, 86, e00145-20. [CrossRef]

18. Hsieh, P.-F.; Lin, H.-H.; Lin, T.-L.; Chen, Y.-Y.; Wang, J.-T. Two T7-like Bacteriophages, K5-2 and K5-4, Each Encodes Two Capsule
Depolymerases: Isolation and Functional Characterization. Sci. Rep. 2017, 7, 4624. [CrossRef]

19. Lin, T.-L.; Hsieh, P.-F.; Huang, Y.-T.; Lee, W.-C.; Tsai, Y.-T.; Su, P.-A.; Pan, Y.-J.; Hsu, C.-R.; Wu, M.-C.; Wang, J.-T. Isolation of a
Bacteriophage and Its Depolymerase Specific for K1 Capsule of Klebsiella Pneumoniae: Implication in Typing and Treatment. J.
Infect. Dis. 2014, 210, 1734–1744. [CrossRef]

20. Hernandez-Morales, A.C.; Lessor, L.L.; Wood, T.L.; Migl, D.; Mijalis, E.M.; Cahill, J.; Russell, W.K.; Young, R.F.; Gill, J.J. Genomic
and Biochemical Characterization of Acinetobacter Podophage Petty Reveals a Novel Lysis Mechanism and Tail-Associated
Depolymerase Activity. J. Virol. 2018, 92, e01064-17. [CrossRef]

21. Ferriol-González, C.; Domingo-Calap, P. Phages for Biofilm Removal. Antibiotics 2020, 9, 268. [CrossRef] [PubMed]
22. Pires, D.P.; Oliveira, H.; Melo, L.D.R.; Sillankorva, S.; Azeredo, J. Bacteriophage-Encoded Depolymerases: Their Diversity and

Biotechnological Applications. Appl. Microbiol. Biotechnol. 2016, 100, 2141–2151. [CrossRef] [PubMed]
23. Bansal, S.; Harjai, K.; Chhibber, S. Depolymerase Improves Gentamicin Efficacy during Klebsiella pneumoniae Induced Murine

Infection. BMC Infect. Dis. 2014, 14, 456. [CrossRef]
24. Wu, Y.; Wang, R.; Xu, M.; Liu, Y.; Zhu, X.; Qiu, J.; Liu, Q.; He, P.; Li, Q. A Novel Polysaccharide Depolymerase Encoded by the

Phage SH-KP152226 Confers Specific Activity Against Multidrug-Resistant Klebsiella pneumoniae via Biofilm Degradation. Front.
Microbiol. 2019, 10, 2768. [CrossRef]

25. Abdelkader, K.; Gutiérrez, D.; Grimon, D.; Ruas-Madiedo, P.; Lood, C.; Lavigne, R.; Safaan, A.; Khairalla, A.S.; Gaber, Y.; Dishisha,
T.; et al. Lysin LysMK34 of Acinetobacter baumannii Bacteriophage PMK34 Has a Turgor Pressure-Dependent Intrinsic Antibacterial
Activity and Reverts Colistin Resistance. Appl. Environ. Microbiol. 2020, 86, e01311-20. [CrossRef]

26. Latka, A.; Leiman, P.G.; Drulis-Kawa, Z.; Briers, Y. Modeling the Architecture of Depolymerase-Containing Receptor Binding
Proteins in Klebsiella phages. Front. Microbiol. 2019, 10, 2649. [CrossRef]

27. Cuervo, A.; Pulido-Cid, M.; Chagoyen, M.; Arranz, R.; González-García, V.A.; Garcia-Doval, C.; Castón, J.R.; Valpuesta, J.M.;
van Raaij, M.J.; Martín-Benito, J.; et al. Structural Characterization of the Bacteriophage T7 Tail Machinery. J. Biol. Chem. 2013, 288,
26290–26299. [CrossRef]

http://doi.org/10.1128/mBio.00113-12
http://doi.org/10.4049/jimmunol.1700877
http://doi.org/10.1371/journal.ppat.1004691
http://doi.org/10.1007/s00253-017-8224-6
http://doi.org/10.3390/v11020096
http://doi.org/10.1128/AEM.00934-19
http://doi.org/10.7717/peerj.6173
http://doi.org/10.1111/1462-2920.13970
http://doi.org/10.3390/v8120324
http://doi.org/10.1128/JVI.01163-18
http://doi.org/10.1128/AEM.00073-20
http://doi.org/10.1128/AEM.00145-20
http://doi.org/10.1038/s41598-017-04644-2
http://doi.org/10.1093/infdis/jiu332
http://doi.org/10.1128/JVI.01064-17
http://doi.org/10.3390/antibiotics9050268
http://www.ncbi.nlm.nih.gov/pubmed/32455536
http://doi.org/10.1007/s00253-015-7247-0
http://www.ncbi.nlm.nih.gov/pubmed/26767986
http://doi.org/10.1186/1471-2334-14-456
http://doi.org/10.3389/fmicb.2019.02768
http://doi.org/10.1128/AEM.01311-20
http://doi.org/10.3389/fmicb.2019.02649
http://doi.org/10.1074/jbc.M113.491209


Antibiotics 2022, 11, 677 19 of 20

28. Majkowska-Skrobek, G.; Latka, A.; Berisio, R.; Squeglia, F.; Maciejewska, B.; Briers, Y.; Drulis-Kawa, Z. Phage-Borne Depoly-
merases Decrease Klebsiella pneumoniae Resistance to Innate Defense Mechanisms. Front. Microbiol. 2018, 9, 2517. [CrossRef]

29. Weigele, P.R.; Scanlon, E.; King, J. Homotrimeric, β-Stranded Viral Adhesins and Tail Proteins. J. Bacteriol. 2003, 185, 4022–4030.
[CrossRef]

30. Schwarzer, D.; Buettner, F.F.R.; Browning, C.; Nazarov, S.; Rabsch, W.; Bethe, A.; Oberbeck, A.; Bowman, V.D.; Stummeyer, K.;
Muhlenhoff, M.; et al. A Multivalent Adsorption Apparatus Explains the Broad Host Range of Phage Phi92: A Comprehensive
Genomic and Structural Analysis. J. Virol. 2012, 86, 10384–10398. [CrossRef]

31. Yan, J.; Mao, J.; Xie, J. Bacteriophage Polysaccharide Depolymerases and Biomedical Applications. BioDrugs 2014, 28, 265–274.
[CrossRef]

32. Cornelissen, A.; Ceyssens, P.-J.; Krylov, V.N.; Noben, J.-P.; Volckaert, G.; Lavigne, R. Identification of EPS-Degrading Activity
within the Tail Spikes of the Novel Pseudomonas Putida Phage AF. Virology 2012, 434, 251–256. [CrossRef]

33. Seul, A.; Müller, J.J.; Andres, D.; Stettner, E.; Heinemann, U.; Seckler, R. Bacteriophage P22 Tailspike: Structure of the Complete
Protein and Function of the Interdomain Linker. Acta Crystallogr. D Biol. Crystallogr. 2014, 70, 1336–1345. [CrossRef]

34. Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Žídek, A.; Potapenko,
A.; et al. Highly Accurate Protein Structure Prediction with AlphaFold. Nature 2021, 596, 583–589. [CrossRef]

35. Lee, I.-M.; Tu, I.-F.; Yang, F.-L.; Ko, T.-P.; Liao, J.-H.; Lin, N.-T.; Wu, C.-Y.; Ren, C.-T.; Wang, A.H.-J.; Chang, C.-M.; et al. Structural
Basis for Fragmenting the Exopolysaccharide of Acinetobacter baumannii by Bacteriophage ΦAB6 Tailspike Protein. Sci. Rep. 2017,
7, 42711. [CrossRef]

36. Yehl, K.; Lemire, S.; Yang, A.C.; Ando, H.; Mimee, M.; Torres, M.T.; de la Fuente-Nunez, C.; Lu, T.K. Engineering Phage
Host-Range and Suppressing Bacterial Resistance through Phage Tail Fiber Mutagenesis. Cell 2019, 179, 459–469.e9. [CrossRef]

37. Gerstmans, H.; Grimon, D.; Gutiérrez, D.; Lood, C.; Rodríguez, A.; van Noort, V.; Lammertyn, J.; Lavigne, R.; Briers, Y. A
VersaTile-Driven Platform for Rapid Hit-to-Lead Development of Engineered Lysins. Sci. Adv. 2020, 6, eaaz1136. [CrossRef]

38. Stewart, P.S. Theoretical Aspects of Antibiotic Diffusion into Microbial Biofilms. Antimicrob. Agents Chemother. 1996, 40, 2517–2522.
[CrossRef]

39. Bayer, A.S.; Speert, D.P.; Park, S.; Tu, J.; Witt, M.; Nast, C.C.; Norman, D.C. Functional Role of Mucoid Exopolysaccharide
(Alginate) in Antibiotic-Induced and Polymorphonuclear Leukocyte-Mediated Killing of Pseudomonas aeruginosa. Infect. Immun.
1991, 59, 302–308. [CrossRef]

40. O’Rourke, A.; Beyhan, S.; Choi, Y.; Morales, P.; Chan, A.P.; Espinoza, J.L.; Dupont, C.L.; Meyer, K.J.; Spoering, A.; Lewis, K.; et al.
Mechanism-of-Action Classification of Antibiotics by Global Transcriptome Profiling. Antimicrob. Agents Chemother. 2020, 64,
e01207-19. [CrossRef]

41. Guo, Z.; Huang, J.; Yan, G.; Lei, L.; Wang, S.; Yu, L.; Zhou, L.; Gao, A.; Feng, X.; Han, W.; et al. Identification and Characterization
of Dpo42, a Novel Depolymerase Derived from the Escherichia coli Phage VB_EcoM_ECOO78. Front. Microbiol. 2017, 8, 1460.
[CrossRef] [PubMed]

42. Gutiérrez, D.; Briers, Y.; Rodríguez-Rubio, L.; Martínez, B.; Rodríguez, A.; Lavigne, R.; García, P. Role of the Pre-Neck Appendage
Protein (Dpo7) from Phage VB_SepiS-PhiIPLA7 as an Anti-Biofilm Agent in Staphylococcal Species. Front. Microbiol. 2015, 6,
1315. [CrossRef] [PubMed]

43. Oliveira, H.; Melo, L.D.R.; Santos, S.B. Bacteriophage Proteins as Antimicrobials to Combat Antibiotic Resistance. In Antibiotic
Drug Resistance; Capelo-Martínez, J., Igrejas, G., Eds.; Wiley: Hoboken, NJ, USA, 2019; pp. 343–406, ISBN 978-1-119-28252-5.

44. Leiman, P.G.; Molineux, I.J. Evolution of a New Enzyme Activity from the Same Motif Fold. Mol. Microbiol. 2008, 69, 287–290.
[CrossRef]

45. Plattner, M.; Shneider, M.M.; Arbatsky, N.P.; Shashkov, A.S.; Chizhov, A.O.; Nazarov, S.; Prokhorov, N.S.; Taylor, N.M.I.; Buth, S.A.;
Gambino, M.; et al. Structure and Function of the Branched Receptor-Binding Complex of Bacteriophage CBA120. J. Mol. Biol.
2019, 431, 3718–3739. [CrossRef] [PubMed]

46. Calvert, M.B.; Jumde, V.R.; Titz, A. Pathoblockers or Antivirulence Drugs as a New Option for the Treatment of Bacterial Infections.
Beilstein J. Org. Chem. 2018, 14, 2607–2617. [CrossRef] [PubMed]

47. Maciejewska, B.; Olszak, T.; Drulis-Kawa, Z. Applications of Bacteriophages versus Phage Enzymes to Combat and Cure Bacterial
Infections: An Ambitious and Also a Realistic Application? Appl. Microbiol. Biotechnol. 2018, 102, 2563–2581. [CrossRef] [PubMed]

48. García-Contreras, R.; Martínez-Vázquez, M.; Velázquez Guadarrama, N.; Villegas Pañeda, A.G.; Hashimoto, T.; Maeda, T.;
Quezada, H.; Wood, T.K. Resistance to the Quorum-Quenching Compounds Brominated Furanone C-30 and 5-Fluorouracil in
Pseudomonas aeruginosa Clinical Isolates. Pathog. Dis. 2013, 68, 8–11. [CrossRef] [PubMed]

49. García-Contreras, R.; Peréz-Eretza, B.; Jasso-Chávez, R.; Lira-Silva, E.; Roldán-Sánchez, J.A.; González-Valdez, A.; Soberón-
Chávez, G.; Coria-Jiménez, R.; Martínez-Vázquez, M.; Alcaraz, L.D.; et al. High Variability in Quorum Quenching and Growth
Inhibition by Furanone C-30 in Pseudomonas aeruginosa Clinical Isolates from Cystic Fibrosis Patients. Pathog. Dis. 2015, 73, ftv040.
[CrossRef]

50. Maeda, T.; García-Contreras, R.; Pu, M.; Sheng, L.; Garcia, L.R.; Tomás, M.; Wood, T.K. Quorum Quenching Quandary: Resistance
to Antivirulence Compounds. ISME J. 2012, 6, 493–501. [CrossRef]

51. De Vos, D.; Pirnay, J.-P.; Bilocq, F.; Jennes, S.; Verbeken, G.; Rose, T.; Keersebilck, E.; Bosmans, P.; Pieters, T.; Hing, M.; et al.
Molecular Epidemiology and Clinical Impact of Acinetobacter calcoaceticus-baumannii Complex in a Belgian Burn Wound Center.
PLoS ONE 2016, 11, e0156237. [CrossRef]

http://doi.org/10.3389/fmicb.2018.02517
http://doi.org/10.1128/JB.185.14.4022-4030.2003
http://doi.org/10.1128/JVI.00801-12
http://doi.org/10.1007/s40259-013-0081-y
http://doi.org/10.1016/j.virol.2012.09.030
http://doi.org/10.1107/S1399004714002685
http://doi.org/10.1038/s41586-021-03819-2
http://doi.org/10.1038/srep42711
http://doi.org/10.1016/j.cell.2019.09.015
http://doi.org/10.1126/sciadv.aaz1136
http://doi.org/10.1128/AAC.40.11.2517
http://doi.org/10.1128/iai.59.1.302-308.1991
http://doi.org/10.1128/AAC.01207-19
http://doi.org/10.3389/fmicb.2017.01460
http://www.ncbi.nlm.nih.gov/pubmed/28824588
http://doi.org/10.3389/fmicb.2015.01315
http://www.ncbi.nlm.nih.gov/pubmed/26635776
http://doi.org/10.1111/j.1365-2958.2008.06241.x
http://doi.org/10.1016/j.jmb.2019.07.022
http://www.ncbi.nlm.nih.gov/pubmed/31325442
http://doi.org/10.3762/bjoc.14.239
http://www.ncbi.nlm.nih.gov/pubmed/30410623
http://doi.org/10.1007/s00253-018-8811-1
http://www.ncbi.nlm.nih.gov/pubmed/29442169
http://doi.org/10.1111/2049-632X.12039
http://www.ncbi.nlm.nih.gov/pubmed/23620228
http://doi.org/10.1093/femspd/ftv040
http://doi.org/10.1038/ismej.2011.122
http://doi.org/10.1371/journal.pone.0156237


Antibiotics 2022, 11, 677 20 of 20

52. Kropinski, A.M.; Mazzocco, A.; Waddell, T.E.; Lingohr, E.; Johnson, R.P. Enumeration of Bacteriophages by Double Agar Overlay
Plaque Assay. In Bacteriophages; Methods in Molecular Biology; Clokie, M.R.J., Kropinski, A.M., Eds.; Humana Press: Totowa, NJ,
USA, 2009; Volume 501, pp. 69–76, ISBN 978-1-58829-682-5.

53. Shahed-Al-Mahmud, M.; Roy, R.; Sugiokto, F.G.; Islam, M.N.; Lin, M.-D.; Lin, L.-C.; Lin, N.-T. Phage ΦAB6-Borne Depolymerase
Combats Acinetobacter baumannii Biofilm Formation and Infection. Antibiotics 2021, 10, 279. [CrossRef]

54. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic Local Alignment Search Tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef]

55. El-Gebali, S.; Mistry, J.; Bateman, A.; Eddy, S.R.; Luciani, A.; Potter, S.C.; Qureshi, M.; Richardson, L.J.; Salazar, G.A.; Smart, A.;
et al. The Pfam Protein Families Database in 2019. Nucleic Acids Res. 2019, 47, D427–D432. [CrossRef]

56. Gasteiger, E. ExPASy: The Proteomics Server for in-Depth Protein Knowledge and Analysis. Nucleic Acids Res. 2003, 31, 3784–3788.
[CrossRef]

57. Evans, R.; Michael, O.; Pritzel, A.; Antropova, N.; Senior, A.; Green, T.; Zidek, A.; Bates, R.; Blackwell, S.; Yim, J.; et al. Protein
complex prediction with AlphaFold-Multimer. bioRxiv 2022. [CrossRef]

58. Mirdita, M.; Schütze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov, S.; Steinegger, M. ColabFold—Making protein folding accessible to
all. bioRxiv 2021. [CrossRef]

59. Crooks, G.E.; Hon, G.; Chandonia, J.M.; Brenner, S.E. WebLogo: A sequence logo generator. Genome Res. 2014, 14, 1188–1190.
[CrossRef]

60. Weinstein, M.P. Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically; Clinical and Laboratory
Standards Institute: Malvern, PA, USA, 2018.

61. Sopirala, M.M.; Mangino, J.E.; Gebreyes, W.A.; Biller, B.; Bannerman, T.; Balada-Llasat, J.-M.; Pancholi, P. Synergy Testing by
Etest, Microdilution Checkerboard, and Time-Kill Methods for Pan-Drug-Resistant Acinetobacter baumannii. Antimicrob. Agents
Chemother. 2010, 54, 4678–4683. [CrossRef]

http://doi.org/10.3390/antibiotics10030279
http://doi.org/10.1016/S0022-2836(05)80360-2
http://doi.org/10.1093/nar/gky995
http://doi.org/10.1093/nar/gkg563
http://doi.org/10.1101/2021.10.04.463034
http://doi.org/10.1101/2021.08.15.456425
http://doi.org/10.1101/gr.849004
http://doi.org/10.1128/AAC.00497-10

	Introduction 
	Results 
	Identification and In Silico Characterization of DpoMK34 
	DpoMK34 Is a Specific Enzyme with Mesophilic Properties 
	DpoMK34 Is a Primary Determinant for Phage PMK34 Adsorption and Responsible for Its Specificity 
	Decapsulating A. baumannii MK34 Cells with DpoMK34 Does Not Sensitize Them to the Action of Imipenem, Amikacin, and Colistin 
	DpoMK34 Sensitizes A. baumannii MK34 to Serum Killing 
	Phage Resistant Mutants Are Insusceptible for DpoMK34, but DpoMK34 Exposure Does Not Easily Trigger Resistance 

	Discussion 
	Materials and Methods 
	Phage, Bacterial Strains, Culturing Conditions, and Capsular Staining 
	In Silico Analysis of orf45 
	Cloning, Expression, and Purification of the Putative Depolymerase 
	DpoMK34 Enzymatic Activity and Stability Assessment 
	Phage Adsorption Assay 
	MIC Detection and Checkerboard Analysis 
	In Vitro Serum Sensitizing Assay 
	Resistance Development Assay 
	Statistical Analysis 

	References

