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Abstract: Acinetobacter baumannii is a critical priority nosocomial pathogen that produces a variety of
capsular polysaccharides (CPSs), the primary receptors for specific depolymerase-carrying phages.
In this study, the tailspike depolymerases (TSDs) encoded in genomes of six novel Friunaviruses,
APK09, APK14, APK16, APK86, APK127v, APK128, and one previously described Friunavirus phage,
APK37.1, were characterized. For all TSDs, the mechanism of specific cleavage of corresponding
A. baumannii capsular polysaccharides (CPSs) was established. The structures of oligosaccharide
fragments derived from K9, K14, K16, K37/K3-v1, K86, K127, and K128 CPSs degradation by the
recombinant depolymerases have been determined. The crystal structures of three of the studied
TSDs were obtained. A significant reduction in mortality of Galleria mellonella larvae infected with
A. baumannii of K9 capsular type was shown in the example of recombinant TSD APK09_gp48. The
data obtained will provide a better understanding of the interaction of phage–bacterial host systems
and will contribute to the formation of principles of rational usage of lytic phages and phage-derived
enzymes as antibacterial agents.

Keywords: bacteriophage; Acinetobacter baumannii; tailspike depolymerase; capsular polysaccharide;
glycosidase; capsular type; crystal structure

1. Introduction

Acinetobacter baumannii is an important nosocomial pathogen listed by the World
Health Organization as one of the highest-priority microorganisms for the development of
new antibacterial agents [1]. In this regard, the use of virulent bacteriophages, as well as
enzymes encoded in their genomes, is one of the possible approaches to control the spread
of multidrug-resistant strains of A. baumannii.
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The capsular polysaccharides (CPSs) surrounding the A. baumannii cells are the pri-
mary receptors for bacteriophages encoding specific structural depolymerases that deter-
mine the initial step of phage–host interaction [2–4]. The CPS is a high-molecular-weight
carbohydrate polymer composed of repeated oligosaccharide units (K units) that are linked
together by a Wzy polymerase [5,6]. Nowadays, more than 240 different gene clusters
responsible for capsule biosynthesis (K loci, KL) have been identified, and each cluster is
assigned a corresponding KL number [7–9].

The genus Friunavirus of the family Autographiviridae, subfamily Beijerinckvirinae, is
the largest group of A. baumannii phages, which comprises over 50 phages with genomes
deposited to NCBI GenBank [10]. The genomes of Friunaviruses encode only one tailspike
depolymerase (TSD) specific to a certain K type or several K types with similar structures
or linkages between K units [2,4]. In this group, viruses specific to K1, K2, K3-v1, K9, K19,
K26, K27, K32, K37, K44, K48, K87, K89, K93, and K116 capsular types of A. baumannii have
already been described [2–5,11–13].

In this work, we present the characterization and study of enzymatic activities of
the TSDs encoded in the genomes of novel Friunaviruses APK09, APK14, APK16, APK86,
APK127v, APK128, and previously described Friunavirus phage APK37.1 [11] isolated on
A. baumannii strains belonging to K9, K14, K16, K86, K127, K128, and K37 capsular types,
respectively. Three of the TSDs were also characterized by means of X-ray crystallography,
revealing the structural features of these proteins. The possible antivirulence potential and
therapeutic efficacy of the Friunavirus phage-encoded enzymes were demonstrated in the
example of the TSD APK09_gp48 using a Galleria mellonella model.

This work is a continuation of our previous studies on the characterization of A.
baumannii phages encoding polysaccharide-degrading/modifying enzymes [4,5,12,14–16].

2. Results
2.1. Characterization of Phages Encoding the Studied Depolymerases

Bacteriophages APK09, APK14, APK16, APK86, APK127v, and APK128 are novel
bacterial viruses that were isolated from sewage and environmental (river water) samples
collected in 2018 from the Moscow region in Russia on the lawns of A. baumannii strains
B05, AB5256, D4, MAR55-66, 36-1454, and KZ-1093, which produce K9 [14], K14, K16 [17],
K86 [18,19], K127 [6], and K128 [20] capsular polysaccharides (CPSs), respectively. The
phages were named according to the nomenclature proposed in our previous work [4],
where APK means Acinetobacter phage and the number of the K type to which the A.
baumannii strain infected by the phage belongs. The designation APK127v indicates that
the phage infects only the variant of K127 CPS-producing A. baumannii strain that carries
prophage-encoded Wzy polymerase, forming the linkage between K units [6].

All the phages form clear plaques with big haloes on the host bacterial lawns, which
indicates the presence of phage structural depolymerases degrading corresponding
CPSs [4,12,21]. Interestingly, phage APK86 initially isolated on A. baumannii MAR55-66
(K86 capsular type) also infects A. baumannii LUH5547 (K87 capsular type), which can be
explained by the fact that the depolymerase encoded in APK86 genome recognizes and
degrades a similar/same linkage in CPS structures of these strains. This has already been
shown for TSD of phage APK2 cleaving the same linkage in the K2 and K93 A. baumannii
CPSs [4].

It has been demonstrated that the previously described Friunavirus phage APK37.1
also possesses a broad K-specificity and infects A. baumannii strains that carry KL37, KL116
CPS biosynthesis loci, and a subset of A. baumannii isolates that carry the KL3/KL22 with a
single-base deletion in the gtr6 gene, causing loss of the Gtr6 glycosyltransferase (capsular
type designated as K3-v1) [11]. In this work, it was shown that APK37.1 was also able to
infect A. baumannii 36-1454, the bacterial host for phage APK127v.

Phages APK09, APK14, APK16, APK86, APK127v, and APK128 have linear double-
stranded DNA (dsDNA) genomes ranging in size from 41,135 to 42,013 bp and containing
from 52 to 56 predicted genes located in one direction (Table 1). The genomes are flanked
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by direct terminal repeats (DTRs) of 357–428 bp in length. The GC content of the genomes
is 39.2–39.4% and is close to the typical GC content of A. baumannii genomes [22]. No tRNA
genes were identified.

Table 1. Characteristics of phage genomes encoding the TSDs.

Phage Name Genome
Length (bp)

DTR Length
(bp)

G+C
Content (%)

Total No of
Genes

Genbank
Accession
Number

TSD
Designation

(ID)
Reference

APK09 41477 409 39.2 56 MZ868724 APK09_gp48
(UAW09804) this work

APK14 41767 405 39.2 55 MK089780 APK14_gp49
(AYR04394) this work

APK16 41135 357 39.4 54 MZ868725 APK16_gp47
(UAW09859) this work

APK37.1 40966 339 39.2 56 MZ967493 APK37.1_gp49
(UAW07728) [11]

APK86 41297 383 39.2 56 MZ936314 APK86_gp49
(UAW09972) this work

APK127v 41380 422 39.2 53 ON210142 APK127v_gp47
(URQ05189) this work

APK128 42013 428 39.2 52 MW459163 APK128_gp45
(QVD48888) this work

The APK37.1 linear dsDNA genome was annotated and described previously [11].
Novel phages APK09, APK14, APK16, APK86, APK127v, and APK128 shared similar

genome organization with the phages of the genus Friunavirus of the subfamily Beijerinck-
virinae, family Autographiviridae (Figure 1). The genome comparison revealed that the most
variable regions fall in the central and 3′-parts of the genes encoding TSDs responsible
for recognizing and cleaving different A. baumannii CPSs and, in the early gene regions,
essential for the first steps of phage infection [23,24]. It is notable that the putative DNA
polymerase protein of phages APK127v and APK86 is encoded by two parts split by the
HNH homing endonuclease gene.

The comparison of nucleotide intergenomic similarity (Figure S1) and the results of
the phylogenetic analysis of conservative proteins (Figure 2) also clearly indicated that the
novel A. baumannii phages belong to the genus Friunavirus.

2.2. Phage Tailspike Depolymerases

Like in other described phages of the genus Friunavirus [2,4,12], TSDs of novel phages
APK09, APK14, APK16, APK86, APK127v, and APK128 and previously described phage
APK37.1 [11] were formed by single proteins encoded by the genes located at the end of
structural modules of the phage genomes (Figure 1).

At the amino acid level, all studied TSDs share the highest degree of similarity in their
N-terminal domains (approximately the first 140–150 amino acids of the proteins) responsi-
ble for the attachment of variable CPS-recognizing/degrading parts of the tailspikes to the
phage particles. At the same time, CPS-recognizing/degrading parts, which determine the
K specificity of Friunaviruses, differ significantly from each other.
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Figure 1. Comparison of the genome sequences of phages APK09, APK14, APK16, APK86, APK127v,
APK128, and genomes of other representatives of Beijerinckvirinae subfamily infecting A. baumannii.
The percentage of sequence similarity is indicated by the intensity of the gray color shown in the
legend in the upper right corner. Vertical blocks between analyzed sequences indicate regions with at
least 21% similarity.
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Figure 2. Best-scoring tree obtained with RAxML-NG based on concatenated amino acid sequences
of major capsid protein, large subunit of terminase, head-to-tail connector protein, DNA polymerase,
and RNA polymerase encoded in the genomes of 60 Beijerinckvirinae phages. Percentage of bootstrap
support is shown near corresponding branches. The scale bar shows 0.5 estimated substitutions per
site. Pettyvirus petty was used as an outgroup.

According to BLASTp analysis, TSD APK09_gp48 was almost identical to the pro-
tein encoded by another Friunavirus vB_AbaP_B1 (gp45; GenBank accession number:
YP_009610331) isolated in Portugal [2]. The bacterial hosts of both phages belong to the
same K9 capsular type.

Noteworthy, Friunavirus APK09 and previously described Myovirus AM24 [14] were
isolated and propagated on the same bacterial host, A. baumannii B05. This means that TSDs
encoded in APK09 and AM24 genomes can specifically recognize and degrade the CPS of
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the same structure at the initial step of phage–host interaction. However, TSD APK09_gp48
does not share a high level of similarity with TSD AM24_gp50 (APD20249, the coverage
obtained to an E-value of 8 × 10−40 was 76%, with an identity of 28.57%) at the amino
acid level. Moreover, APK09_gp48 differs from TSD gp47 of Myovirus BS46 (QEP53229,
the coverage obtained to an E-value of 3 × 10−37 was 79% with an identity of 27.79%)
isolated on the bacterial lawn of A. baumannii AC54 [25] also having K9 CPS structure [26].
The lack of homology between N-terminal parts of APK09_gp48 and TSDs of Myoviruses
AM24 and BS46 can be explained by the fact that these structurally conserved parts of
the proteins are very different in bacteriophages representing distant taxonomic groups.
Despite the low level of similarity of APK09_gp48 with AM24_gp50 at the amino acid
level, the CPS-recognizing/degrading parts of these proteins share the structural similarity
according to HHpred analysis.

BLASTp analysis revealed that the closest homologs of TSD APK14_gp49 were tail-
spike protein of Acinetobacter phage AB_SZ6 (URQ05102, the coverage obtained to an
E-value of 0 was 100% with an identity of 90.36%), which also belongs to the genus Friu-
navirus and protein of Acinetobacter phage MD-2021a (CAH1066870, the coverage obtained
to an E-value of 0 was 79% with an identity of 66.96%). The similarity of amino acid se-
quences of CPS-recognizing/degrading parts of APK14_gp49 with the listed above proteins
indicates that they, most likely, specifically interact with CPS of the same structure.

CPS-recognizing/degrading part of APK16_gp47 has no homologs among phage
proteins deposited in GenBank but shares amino acid similarity with hypothetical protein
(WP_228157370) encoded in A. baumannii genome.

Analysis of the similarity of APK37.1_gp49 with the other proteins deposited to Gen-
bank has already been performed [11]. The TSD is homologous to TSD gp44 (AZU99445) of
Friunavirus vB_AbaP_APK37 described in our previous work [4] and gp48 of Friunavirus
AbTP3phi1 (UNI74976). The bacterial hosts of phages APK37 and vB_AbaP_APK37, A.
baumannii KZ-1101, and NIPH146, respectively, belong to the same K37 capsular type.

Interestingly, TSD APK86_gp49 was almost identical to TSD APK87_gp48 (QGK90498)
of previously characterized phage vB_AbaP_APK87 [4]. This means that these depoly-
merases are likely specific to both K86 and K87 CPSs.

According to BLASTp analysis, CPS-recognizing/degrading part of APK127v_gp47
was homologous to the corresponding parts of the protein of Acinetobacter Myovirus
vB_AbaM_IME512 (AYP69084, the coverage obtained to an E-value of 1 × 10−168 was
76% with an identity of 54.01%) and the protein of Acinetobacter Myovirus WCHABP1
(YP_009604496, the coverage obtained to an E-value of 1 × 10−160 was 76% with an identity
of 52.33%).

APK128_gp45 was almost identical to the protein gp41 of Friunavirus phiAB1
(YP_009189380), indicating, most likely, the same K specificity of phages APK128 and
phiAB1. APK128_gp45 also shares some amino acid similarities with TSD AS12_gp42 of
Friunavirus vB_AbaP_AS12 (YP_009599229), specific to K19 capsular type [12], and TSD
APK116_gp43 of Friunavirus vB_AbaP_APK116 (QHS01530), specific to K116 capsular
type [4].

According to HHpred analysis, the amino acid sequences of all TSDs had the pectate
lyase 3 and Glyco_hydro_28 conserved Pfam motifs. The N-terminal parts of APK09_gp48,
APK14_gp49, APK16_gp47, APK37.1_gp49, APK86_gp49, APK127v_gp47, and APK128_gp45
share structural similarity with the N-terminal part of Escherichia bacteriophage T7 tail fiber
protein (PDB ID: 7EY9). The remaining parts of all analyzed TSDs contain the regions which
show structural similarities with different phage tailspikes.

APK09_gp48, APK14_gp49, APK16_gp47, APK37.1_gp49, APK86_gp49, APK127v_gp47,
APK128_gp45 are 760-, 851-, 785-, 824-, 720-, 663-, and 878-amino-acid proteins with predicted
molecular weights of 82.52 kDa, 95.4 kDa, 84.42 kDa, 90.81 kDa, 77.83 kDa, 71.87 kDa, and
96.94 2 kDa, respectively.

In order to avoid possible TSD aggregation due to the hydrophobicity of their N-
termini, the latter were deleted, yielding fragments corresponding to only CPS-recognizing/
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degrading parts listed in Table S1. The TSD genes without regions responsible for particle-
binding N-terminal domains were cloned, expressed, and purified by immobilized metal
ion affinity chromatography, followed by ion-exchange chromatography. The enzymatic
activity of N-deletion mutants of different A. baumannii-phage TSDs toward corresponding
CPSs has already been demonstrated in our previous works [4,12,14,15]. An example
of serial 10-fold titration of one of the purified recombinant N-deletion TSD mutants
(hereinafter, recombinant TSD) on the bacterial lawn of a host strain after 16 h of incubation
is presented in Figure 3.
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2.3. Mechanism of Cleavage of A. baumannii CPSs by Specific Phage TSDs

To elucidate the mechanisms of depolymerase action, the purified CPSs of A. bau-
mannii host strains B05 (K9 capsular type), AB5256 (K14), D4 (K16), MAR55-66 (K86),
36-1454 (K127), and KZ-1093 (K128) were cleaved with recombinant TSDs APK09_gp48,
APK14_gp49, APK16_gp47, APK86_gp49, APK127v_gp47, and APK128_gp45, respectively.
Considering that phage APK37.1 infects A. baumannii strains assigned to several different
K types, the enzymatic activity of TSD APK37.1_gp49 was studied toward CPSs of A.
baumannii strain KZ-1101 (K37) and AB5001 (K3-v1).

The resulting oligosaccharide products were fractionated by Fractogel TSK HW-40S
gel permeation chromatography. Their structures were established by one- and two-
dimensional 1H and 13C NMR spectroscopy and were confirmed by high-resolution elec-
trospray ionization mass spectrometry (HR ESI-MS) (Table S2).

All oligosaccharides had the same monosaccharide composition as the CPSs they were
derived from. The 1H and 13C NMR spectra of the oligosaccharides that corresponded
to the K unit monomers were fully assigned by two-dimensional shift-correlated exper-
iments (1H-1H correlation spectroscopy [COSY], 1H-1H total correlation spectroscopy
[TOCSY], and 1H-13C heteronuclear single-quantum coherence [HSQC] spectroscopy) and
compared with the data of the corresponding CPSs. Linkage and sequence analyses by
two-dimensional 1H-1H rotating-frame nuclear Overhauser effect (ROESY) and 1H-13C
heteronuclear multiple-bond correlation (HMBC) experiments enabled elucidation of full
structures of the oligosaccharides, as shown in Figures 4–10.
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The 13C NMR chemical shifts of all but two monosaccharide residues in the K unit
monomers were essentially the same in the oligosaccharides and the corresponding CPSs,
whereas those of the residues at the reducing and nonreducing ends of the oligosaccharides
were different. On this basis, the glycosidic linkages that were cleaved in the K9, K14, K16,
K37/K3-v1, K86, K127, and K128 CPSs by recombinant TSDs APK09_gp48, APK14_gp49,
APK16_gp47, APK37.1_gp49, APK86_gp49, APK127v_gp47, APK128_gp45, respectively,
could be identified (Table 2).

Table 2. Cleavage of A. baumannii CPSs with specific TSDs.

Phage TSDs
A.

baumannii
Host Strain

K Type Linkage in CPS Cleaved by a
Depolymerase

Depolymerization
Products

Mono-
mer

Di-
mer

Tri-
mer

Struc-
tures

APK09 APK09_gp48 B05 K9 β-D-GlcpNAc-(1→3)-α-D-GalpNAcA 1 2 Figure 4

APK14 APK14_gp49 AB5256 K14 α-D-GalpNAc-(1→4)-β-D-GalpNAc 3 4 Figure 5

APK16 APK16_gp47 D4 K16 β-D-Galp-(1→3)-β-D-GalpNAc 5 Figure 6

APK37.1 APK37.1_gp49
KZ-1101 K37 β-D-GalpNAc-(1→3)-α-D-Galp 6 7 8 Figure 7A

AB5001 K3-v1 β-D-GalpNAc-(1→3)-α-D-Galp 9 10 Figure 7B

APK86 APK86_gp49 MAR55-66 K86 β-D-GalpNAc-(1→3)-α-L-Rhap 11 12 13 Figure 8

APK127v APK127v_gp47 36-1454 K127 β-D-GalpNAc-(1→3)-α-D-Galp 14 Figure 9

APK128 APK128_gp45 KZ-1093 K128 β-D-GalpNAc-(1→4)-α-D-Galp 15 Figure 10

As expected, the monosaccharides that occupy the reducing end of the oligosaccha-
rides (D-GlcNAc in 1, 2, 12, 13, and 15, D-GalNAc in 3, 4, 6-10, 14, and 15, D-Gal in 5)
were present in two anomeric forms (α and β), which showed in the 13C NMR spectrum
the C-1 signals characteristic for nonlinked monosaccharides at δ 92.3–92.5 for α anomers
and δ 95.7–96.5 for β anomers. Significant upfield displacements (by 7.3 to 10.2 ppm) were
observed for the signals for C-4 of units A and C in oligosaccharides derived by cleavage
of the CPSs of A. baumannii AB5256 and KZ1093, and the signals for C-3 of units A and D
in oligosaccharides from the CPSs of A. baumannii B05, D4, KZ1101, AB5001, 36-1454 and
MAR55-66 (Figures 4–10). Therefore, these carbons that were linked in the CPSs became
nonlinked in the oligosaccharides. These data defined the structures of the oligosaccharides
obtained by depolymerization of the CPSs (Figures 4–10) and, as a result, identified the
linkages that were cleaved by phage TSDs (Table 2).

2.3.1. Cleavage of the A. baumannii B09 CPS by Recombinant TSD APK09_gp48

The structure of CPS produced by A. baumannii B05 was identical to the structure
of A. baumannii MDR_TJ assigned to the K9 capsular type [27,28]. The CPS of strain B05
has a tetrasaccharide K unit, which contains one residue each of α-D-GalpNAcA (unit
A) and β-D-GlcpNAc (unit C) and two residues of 2-acetamido-3,6-dideoxy-D-galactose
(α-FucpNAc, units B and D). No K unit monomer, but dimer 1 and trimer 2 were obtained
from the B05 CPS upon cleavage by depolymerase APK09_gp48 (Figure 4).
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Figure 4. Cleavage of the K9 CPS of A. baumannii B05 with recombinant TSD APK09_gp48, giving
rise to oligosaccharides 1 and 2 corresponding to dimer (1) and trimer (2) of the K unit, respectively.

2.3.2. Cleavage of the A. baumannii AB5256 CPS by Recombinant TSD APK14_gp49

The CPS of A. baumannii AB5256 was found to be identical to the K14 CPS of A.
baumannii O11 [29] and D46 [30]. It has a branched pentasaccharide K unit containing
one residue each of α-D-GalpNAc (unit A), β-D-Galp (unit B), α-D-Galp (unit C), β-D-
GalpNAc (unit D), and β-D-Glcp (unit E). Cleavage of the A. baumannii AB5256 CPS with
depolymerase APK14_gp49 resulted in monomer 3 and dimer 4 of the K unit.
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Figure 5. Cleavage of the K14 CPS of A. baumannii AB5256 with recombinant TSD APK14_gp49,
giving rise to oligosaccharides 3 and 4 corresponding to a monomer and a dimer of the K unit,
respectively.

2.3.3. Cleavage of the A. baumannii D4 CPS by Recombinant TSD APK16_gp47

The structure of A. baumannii D4 was established earlier [17]. It has a trisaccharide
K-unit containing common monosaccharides β-D-GalpNAc (unit A) and β-D-Galp (unit C).
The K16 CPS also includes a di-N-acetyl derivative of a higher aldulosonic acid, namely,
5,7-diamino-3,5,7,9-tetradeoxy-L-glycero-L-manno-non-2-ulosonic (pseudaminic) acid (Pse)
(unit B). Treatment of the CPS with depolymerase APK16_gp47 resulted only in monomer
(5) of the K unit (Figure 6).
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Figure 6. Cleavage of the K16 CPS of A. baumannii D4 with recombinant TSD APK16_gp47, giving
rise to oligosaccharide 5 corresponding to monomer of the K unit.

2.3.4. Cleavage of the A. baumannii KZ-1101 and AB5001 CPSs by Recombinant TSD
APK37.1_gp49

The CPS of A. baumannii KZ-1101 was identical to the K37 CPS of A. baumannii
NIPH146 [31]. It has a pentasaccharide K unit containing common monosaccharides α-D-
Galp (unit A), β-D-Glcp (units B and D), and β-D-GalpNAc (units C and E). Upon cleavage
with TSD APK37.1_gp49, the CPS of KZ1101 gave oligosaccharides 6-8 corresponding to
monomer (6), dimer (7), and trimer (8) of the K unit (Figure 7A).

The structure of the CPS of A. baumannii AB5001 assigned to the K3-v1 type was
determined earlier [11]. The CPS has a branched tetrasaccharide repeating unit containing
one residue each of α-D-Galp (unit A), β-D-Glcp (unit B), β-D-GalpNAc (unit C), and β-
D-GlcpNAc3Ac (unit D). Depolymerization of the CPS with TSD APK37.1_gp49 led to
monomer (9) and dimer (10) of the K unit (Figure 7B).
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Figure 7. (A) Cleavage of the K37 CPS of A. baumannii KZ-1101 with recombinant TSD APK37.1_gp49,
giving rise to oligosaccharides 6-8 corresponding to monomer (6), dimer (7), and trimer (8) of the
K unit, respectively. (B) Cleavage of K3-v1 CPS of A. baumannii AB5001 with recombinant TSD
APK37.1_gp49, giving rise to oligosaccharides 9 and 10 corresponding to monomer (9) and dimer
(10) of the K unit, respectively.

2.3.5. Cleavage of the A. baumannii MAR55-66 CPS by Recombinant TSD APK86_gp49

The structure of the A. baumannii MAR55-66 CPS was established earlier [18,19]. The
CPS of MAR55-66 is distinguished by the presence of β-D-GlcpA (unit E), β-D-GalpNAc
(unit D), and five residues of α-L-rhamnose (α-L-Rhap, units A, B, C, F, G) in a heptasac-
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charide K unit. Treatment of the CPS with depolymerase APK86_gp49 resulted in monomer
(11), dimer (12), and trimer (13) of the repeating unit (Figure 8).
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2.3.6. Cleavage of the A. baumannii 36-1454 CPS by Recombinant TSD APK127v_gp47

The structure of the A. baumannii 36-1454 CPS has been established recently [6]. The
CPS is built up of pentasaccharide K unit containing common monosaccharides β-D-Glcp
(units B and E), β-D-GalpNAc (units C and D), and α-D-Galp (unit A). Treatment of the CPS
with depolymerase APK127v_gp47 resulted in only monomer (14) of the K unit (Figure 9).
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Figure 9. Cleavage of the K127 CPS of A. baumannii 36-1454 with recombinant TSD APK127v_gp47,
giving rise to oligosaccharide 14 corresponding to monomer of the K unit.

2.3.7. Cleavage of the A. baumannii KZ-1093 CPS by Recombinant TSD APK128_gp45

The structure of the CPS of A. baumannii KZ-1093 was established earlier [20]. It
has a branched hexasaccharide repeating unit composed of α-D-Galp (unit A), β-D-Glcp
(units B and F), and β-D-GlcpNAc (units C and E). Upon cleavage with depolymerase
APK128_gp45, the CPS gave a single oligosaccharide (15), which corresponded to a K unit
dimer (Figure 10).

The data obtained indicated that oligosaccharides 1–15 were derived from the CPSs
by specific hydrolytic cleavage of a linkage between the K units. Therefore, depolymerases
APK09_gp48, APK14_gp49, APK16_gp47, APK37.1_gp49, APK86_gp49, APK127v_gp47,
and APK128_gp45 are glycosidases that cleave the certain linkages (Table 2) in the CPSs
of A. baumannii B05, AB5256, D4, KZ-1101/AB5001, MAR55-66, 36-1454, and KZ-1093,
respectively.
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2.4. The Structure of the TSDs

Three different TSDs, APK09_gp48, APK14_gp49, and APK16_gp47, have been chosen
for structural studies. All three proteins displayed a common depolymerase three-domain
architecture (Figure 11A–C). The asymmetric unit of each studied TSD contains one protein
chain, but contact analysis demonstrated that these proteins form common trimers in a
crystal (Figure 11D–F).
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Figure 11. Crystal structures of the TSDs. Monomers of APK16_gp47 (A), APK14_gp49 (B), and
APK09_gp48 (C) from the corresponding asymmetric units are in similar orientation and colored
by domains: N-terminal—green; central β-helix domain—red; and C-terminal—blue. Part of the
particle-binding domain of APK16_gp47 is colored gray. Crystallographic trimers of APK16_gp47 (D),
APK14_gp49 (E), and APK09_gp48 (F) are colored by chains and are similarly oriented.

2.4.1. Crystal Structure of TSD APK16_gp47

In the case of APK16_gp47, the protein includes a part of N-terminal particle-binding
domain (residues 154–213), which has three antiparallel β-strands, the following N-terminal
helix-turn-helix domain (214–252), a large central right-handed β-helix domain (253–661)
having 15 rungs, as well as a C-terminal seven-stranded β-sandwich domain (662–785)
(Figure 11A).

Rungs 7–9 (numbering starts from N-terminus) of the β-helix domain are complete
rungs and are formed by three β-strands B1, B2, and B3, separated by turns T1, T2, and T3,
where B1, B3, and T3 are solvent-exposed, and T2 faces the three-fold symmetry axis of
the trimer. Rungs 1–3 have only two β-strands, B2 and B3, while the B1 region represents
a loop. Rungs 4, 14, and 15 lack B2 and possess only B1 and B3. Finally, rungs 5–6
and 10–13 have B1 and a long β-strand combining B2 and B3. Besides β-sheet hydrogen
bonding, the β-helix domain is additionally fastened by 18 salt bridges and hydrophobic
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interactions between inward-facing stacks of side chains of valine, leucine, isoleucine, and
phenylalanine. Noteworthy, none of the pairs of stacked cysteines C348, C381, C413, and
C434 form disulfide bonds, in spite of their location proximity.

APK16_gp47 crystallographic trimer has a diameter of 75Å and a length of about 150Å
(without N-terminal particle-binding domain) (Figure 11D). Each subunit of the trimer has
an interface area of about 4928Å2 (16% of the total subunit area). The trimer is stabilized
by a total of 201 hydrogen bonds, 27 salt bridges and hydrophobic interactions, mainly
between the β-helix domains of three subunits (formed by the side chains of L226, F253,
I259, V279, I591, I614, I621, I643, and V650) and between the β-sandwich domain of three
subunits (formed by the side chains of I689, I708, L722, L724, I728, V741, I746, and V748).
The trimer has two cavities—a small one in the N-terminal domain and a large protruding
cavity in the central β-helix domains, which, however, lack solvent molecules.

2.4.2. Crystal Structure of TSD APK14_gp49

APK14_gp49 structure consists of an N-terminal domain (residues 153–277) that
possesses two α-helices (167–173 and 261–274) as well as four stranded β-sheet (176–241), a
central β-helix domain (278–730) having 14 rungs and a C-terminal six-stranded β-barrel
domain (731–851) (Figure 11B).

Rungs 6–12 of the central β-helix domain are rungs, where B1, B3, and T3 are solvent-
exposed, and T2 faces the three-fold symmetry axis of the trimer. Rungs 1–5 have only
two β-strands, B2 and B3, and rungs 13–14 lack B2 and possess only B1 and B3. The
APK14_gp49 β-helix domain is stabilized by 10 salt bridges, 79 hydrogen bonds, and
hydrophobic interactions in a manner similar to those of APK16_gp47.

APK14_gp49 crystallographic trimer has a diameter of 75Å and a length of about 150Å
(Figure 11E). Each subunit of the trimer has an interface area of about 2948Å2 (11% of the
total subunit area). The trimer is dominantly stabilized by polar interactions, including a
total of 105 hydrogen bonds and 15 salt bridges, while the hydrophobic impact is relatively
small. The trimer has two non-interacting cavities in the central β-helix domain and one
cavity in the N-terminal domain. In contrast to TSD APK16_gp47, in the APK14_gp49
trimer, the central cavities contain solvent molecules.

2.4.3. Crystal Structure of TSD APK09_gp48

APK09_gp48 structure has an N-terminal four-stranded β-sheet domain (residues
155-270), a central β-helix domain (271–568) having 11 rungs, as well as a C-terminal
nine-stranded β-barrel domain (569–760) (Figure 11C). The latter domain of APK09_gp48
is about to be perpendicular to the long axis of the central domain, which is in contrast to
APK14_gp49, where these domains are almost aligned along the same axis.

Each of the rungs 2, 3, 7–9 of the central β-helix domain have three β-strands (B1–B3),
where B1, B3, and T3 are solvent-exposed, and T2 faces the three-fold symmetry axis of
the trimer. Rungs 1 and 4 have only two β-strands, B2 and B3, rung 10 lacks B3, and rung
11 lacks both B1 and B3. Finally, rungs 5 and 6 have four strands, B1–B4, with B3 and
T3 being faced toward the three-fold symmetry axis. The β-helix domain is stabilized by
26 salt bridges, 116 hydrogen bonds, and hydrophobic interactions in a manner similar to
those of APK16_gp47 and APK14_gp49.

APK09_gp48 crystallographic trimer has a diameter of 65Å and a length of about 140Å
(Figure 11F). Each subunit of the trimer has an interface area of about 4462Å2 (17% of the
total subunit area). The trimer is dominantly stabilized by polar interactions, including a
total of 204 hydrogen bonds, 36 salt bridges, and hydrophobic interactions via side chains
of V504, V544, I546, L562, and I564. The trimer has one cavity in the central β-helix domain.
However, the moderate resolution did not allow us to model most of the solvent molecules
in the APK09_gp48 structure, including the intra-trimer cavity.
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The comparative analysis demonstrated that the APK09_gp48 structure is similar to
the TSD from Acinetobacter phage AM24 (AM24_gp50, PDB ID: 5W5P) with a corresponding
RMSD of 1.3Å. Both TSDs are specific to the same CPS. The superposition of AM24_gp50
to APK09_gp48 structures revealed high similarity. The major difference was found within
the N-terminal domains, where main chains diverge to more than 10Å (Figure 12).
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2.5. Evaluation of the Antivirulence Potential of TSD APK09_gp48 in a G. mellonella larvae Model
of A. baumannii Infection

The antivirulence potential of the recombinant TSDs was evaluated on the example
of APK09_gp48. The antivirulence potential of the TSDs was evaluated on the example
of APK09_gp48 using the A. baumannii B05-induced infection in the G. mellonella larvae
model.

The infectious dose of 3 × 105 CFU of A. baumannii B05, resulting gradual reduction
in larval survival rates over the 7-day experiment, was selected. At the end of the 7-day
follow-up period, 83.3% of the larvae died after inoculation with A. baumannii B05. At
the same time, a single dose of enzyme APK09_gp48 injected together with the bacterial
suspension significantly inhibited A. baumannii-induced death of G. mellonella larvae in a
time-dependent manner (Figure 13). The injection of 2 µg of depolymerase with the infect-
ing bacteria resulted in 66.7% survival of the larvae. Protection of the G.mellonella larvae by
the depolymerase APK09_gp48 was found to be statistically significant (p-values < 0.0001).

No mortality of larvae was observed in the controls among uninfected larvae, larvae
injected with saline solution, and larvae injected with depolymerase APK09_gp48 only.
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Figure 13. Kaplan–Meier survival curves following injection of G. mellonella larvae with A. baumannii
B05 simultaneously with the depolymerase enzyme. Larvae (n = 30) were injected with either 3 × 105

CFU of A. baumannii B05 (red line) or the same bacteria simultaneously with APK09_gp48 (2µg/larva)
(blue line). The experiment was controlled by the observation of uninfected larvae, larvae injected
with saline solution, and larvae receiving depolymerase only (green lines). Survival for each control
group was 100 %, so for simplicity, only group of depolymerase-injected larvae was included in
the figure. Statistically significant differences in survival between larvae infected with bacteria only
and larvae infected with bacteria simultaneously with APK09_gp48 were estimated by the log-rank
(Mantel–Cox) test.

3. Discussion

The polymorphism of the K loci in A. baumannii genomes results in variability of CPS
structures and, consequently, determines a diversity of phage receptor-binding/recognizing
proteins. Therefore, the identification of genes encoding TSDs in the genomes of capsular-
specific A. baumannii phages, obtaining recombinant polysaccharide-depolymerizing en-
zymes, and studying their substrate specificity and mechanism of action expands our
knowledge about the initial steps of the phage–host interaction. Moreover, the unique
ability of specific phage-encoded depolymerases to recognize and degrade corresponding
CPSs makes them an attractive and promising tool for combating pathogenic bacteria.

In this work, the TSDs encoded in the genomes of six novel Friunaviruses APK09,
APK14, APK16, APK86, APK127v, APK128, and one previously described Friunavirus
phage APK37.1 [11] were characterized and recombinantly produced. In the obtained
trimeric structures of the TSDs APK09_gp48, APK14_gp49, and APK16_gp47, each chain
contains a particle-binding N-terminal domain and a central β-helix domain, as well as a C-
terminal domain (Figure 11) forming CPS-recognizing/degrading parts. All depolymerases
studied were specific glycosidases that cleaved the corresponding CPSs by the hydrolytic
mechanism with the production of monomers or/and oligomers (dimers and trimers) of
the repeating K units (Table 2, Figures 4–10).

Four of the TSDs, namely, APK14_gp49, APK16_gp47, APK127v_gp47, and APK128_
gp45, are the first reported phage-derived enzymes specific to the K14, K16, K127, and
K128 A. baumannii CPSs, respectively.

APK09_gp48 is specific to the K9 CPS, similar to the TSDs encoded in the genomes
of Friunavirus vB_AbaP_B1 [2], Myoviruses AM24 [14], and BS46 [25]. The enzymatic
activity of TSD BS46_gp47 has been studied earlier [26]. Both APK09_gp48 and BS46_gp47
cleaved A. baumannii B05 CPS by the β1→3 glycosidic linkage between the GlcNAc and
GalNAcA residues of the neighboring K units. Digestion of the K9 CPS by both recombinant
TSDs resulted in the formation of dimers and trimers of the repeating K unit. Therefore,
despite the fact that depolymerases APK09_gp48 and BS46_gp47 do not share a high level
of similarity at the amino acid level, the mechanism of their enzymatic activities is the
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same. Structure APK09_gp48 is also very similar to the structure of TSD AM24_gp50 from
Acinetobacter phage AM24 (PDB ID: 5W5P), infecting the same bacterial host (Figure 12).

TSD APK86_gp49 is a structural protein of the phage APK86, initially isolated on
the A. baumannii strain with the K86 CPS structure. BLASTp analysis revealed that the
depolymerase was almost identical to TSD APK87_gp48 (QGK90498) of the previously char-
acterized phage vB_AbaP_APK87 [4]. The structures of the K86 and K87 CPSs are presented
by heptasaccharide K units distinguished from each other by only two monosaccharides.
The linkages between the K86 and K87 units that are cleaved by the TSDs APK86_gp49 and
APK87_gp48 are the same (Table 2; [4]). Therefore, the depolymerases are specific to both
K86 and K87 CPSs.

TSD APK37.1_gp49 was also found to digest the same linkages between K37 and
K3-v1 units (Table 2; Figure 7A,B). Moreover, Friunavirus APK37.1 was shown to infect
the A. baumannii strain having K116 [11] and K127 CPS structures with the same linkages
between the oligosaccharide K units as in the K37/K3-v1 CPSs ([11]; Table 2). Interestingly,
phage APK127v was found to be specific only to the K127 CPS-producing A. baumannii
strain that carries prophage-encoded Wzy polymerase but was not able to infect strains
with the similar K37/K3-v1 CPS structures, which requires further investigation.

Over recent years, the antivirulence efficacy of several phage- and prophage-derived
depolymerases specific to A. baumannii CPSs has been explored using a G. mellonella
model [32–34]. In our experiments, recombinant TSD APK09_gp48 significantly inhibited
A. baumannii-induced death of G. mellonella larvae. No mortality was observed in the
control group of larvae injected with TSD APK09_gp48 only, demonstrating the safety of
the depolymerase in this model. The results suggest that the depolymerase APK09_gp48
has the potential as therapeutics to prevent infections caused by A. baumannii.

4. Materials and Methods
4.1. Phage Isolation, Propagation, and Purification

Phages APK09, APK14, APK16, APK86, APK127v, and APK128 were isolated from
sewage and river water samples collected in the Moscow region in 2018 on bacterial lawns
of A. baumannii strains B05 (capsular type K9), AB5256 (K14), D4 (K16), MAR55-66 (K86), 36-
1454 (K127), and KZ-1093 (K128). A. baumannii B05 was obtained from the State Collection
of Pathogenic Microorganisms and Cell Cultures «SCPM-Obolensk» («SCPM-Obolensk»
accession number B-7705). The other A. baumannii strains were kindly provided by the
members of research groups from different countries (see Acknowledgements). For phage
isolation, sewage and environmental samples were cleared by low-speed centrifugation at
7000× g for 15 min; then, the supernatants supplemented with LB medium were incubated
in the presence of growing A. baumannii strains belonging to different capsular types
overnight at 37 ◦C with shaking. After that, a portion of chloroform was added. Bacterial
debris was pelleted by centrifugation at 7000× g for 30 min. Supernatants were then
filtered through 0.45-µm-pore-size membrane filters (Merck Millipore, Cork, Ireland), and
the purified filtrates were concentrated by ultracentrifugation at 85,000× g (Beckman
SW50.1 Ti rotor, Beckman Coulter Inc., Brea, CA, USA) at 4 ◦C for 2 h.

The search for lytic phages in the resultant concentrated preparations was conducted
by a spot test, as well as plaque assay [35], on the lawns of the target A. baumannii strains.
Single plaques with haloes found on the lawn of A. baumannii strains B05, AB5256, D4,
MAR55-66, 36-1454, and KZ-1093 were picked up and suspended in the SM buffer (50 mM
Tris-HCl pH 7.7, 8 mM MgSO4, 100 mM NaCl). The resulting solutions were replated three
times to obtain pure phage stock.

The A. baumannii strains B05, AB5256, D4, MAR55-66, 36-1454, and KZ-1093 were used
as bacterial hosts for further phage propagation. The process was executed using liquid
culture of corresponding A. baumannii strains (OD600 = 0.3) at a multiplicity of infection
(MOI) of 0.1 at 37 ◦C until lysis, and then chloroform was added. Bacterial debris was
pelleted by centrifugation at 7000× g for 30 min. Phage particles were precipitated by
polyethylene glycol (PEG) 8000 (added to a final concentration of 10% w/v) and 500 mM
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NaCl for 24 h at 4 ◦C. Further purification of the phages was performed by centrifugation in
CsCl step gradient [36] at 100,000× g (Beckman SW50.1 Ti rotor, Beckman Coulter Inc., Brea,
CA, USA) for 2 h; opalescent bands containing phages were collected, dialyzed against SM
buffer, and stored at 4 ◦C.

4.2. Phage DNA Isolation and Sequencing

Phage DNAs were isolated from concentrated and purified high titer phage stocks
by phenol-chloroform method [36] after the incubation of the samples in 0.5% SDS and
50 µg/mL proteinase K at 65 ◦C for 20 min. The MiSeq platform and Nextera DNA library
preparation kit (Illumina, San Diego, CA, USA) were used for phage genome sequencing.
The generated reads were assembled de novo into a single contig using SPAdes v. 3.13 [37]
with default parameters. The position and length of terminal repeats were identified by
searching a region of greater coverage of sequencing reads in comparison to the average
read depth along the whole genome of the phage. Physical termini were next verified
directly by Sanger sequencing with outward-directed primers listed in Table S3.

4.3. Phage Genome Analysis

Potential open reading frames (ORFs) were identified using the RAST tool [38] and
then manually inspected. The functions of genes were predicted using a BLAST search
against the NR (non-redundant) database of the NCBI [39] and HHpred [40]. The tRNA
coding regions were checked with tRNAscan-SE [41]. Comparative analysis of phage
genome sequences was performed and visualized using Easyfig [42]. The intergenomic
comparison was made with the Virus Intergenomic Distance Calculator (VIRIDIC) [43].
Phylogenetic analysis was performed using the amino acid sequences of major capsid
proteins, large terminase subunits, head-to-tail connector proteins, DNA polymerases, and
RNA polymerases encoded in related bacterial viruses deposited in the NCBI GenBank
database. The alignments were made with MAFFT 7.48, with default settings, using the
L-INS-i algorithm [44,45]. The phylogenetic tree was constructed with RAxML by rapid
bootstrapping (bootstrap 1000) using the GAMMA LG F protein model [46].

4.4. Nucleotide Sequences Accession Numbers

The genome sequences of A. baumannii phages APK09, APK14, APK16, APK86,
APK127v, and APK128 were deposited in GenBank under accession numbers MZ868724,
MK089780, MZ868725, MZ936314, ON210142, and MW459163, respectively.

4.5. Cloning, Expression, and Purification of the Recombinant Depolymerases

The phage DNA sequences corresponding to the TSDs lacking N-terminal domains
were amplified using PCR with the primers listed in Table S4 and then cloned into pTSL plas-
mid [47]. Expression vectors were transformed into chemically competent Escherichia coli
B834(DE3) cells. Protein expression was performed in an LB medium supplemented with
ampicillin at 100 µg/mL. Transformed cells were grown at 37 ◦C until the optical density
reached a value of 0.6 at 600 nm. The medium was cooled to the temperature of 18 ◦C, fol-
lowed by expression induction by the addition of isopropyl-1-thio-β-d-galactopyranoside
(IPTG) to a final concentration of 1.0 mM. The cells were harvested by centrifugation at
4000× g for 20 min at 4 ◦C. Then, the cell pellets were resuspended in buffer A (20 mM
Tris pH 8.0, 0.4 M NaCl) and sonicated (Virsonic, VirTis, France). The lysates were cleared
by centrifugation at 13,000× g for 25 min and then loaded into 5-mL Ni2+-charged GE
HisTrap columns (GE Healthcare Life Sciences, Chicago, IL, USA) equilibrated with buffer
A. The proteins were eluted by a 0–200 mM imidazole step gradient in buffer A. His-tag and
SlyD digestion was realized by incubation with tobacco etch virus (TEV) protease at a pro-
tease/protein ratio of 1/100 (wt/wt) overnight with simultaneous dialysis against 10 mM
Tris pH 8.0 containing 1.0 mM 2-mercaptoethanol. Each cleaved protein was loaded onto a
5 mL SourceQ 15 (GE Healthcare Life Sciences, Chicago, IL, USA) column and eluted with a
linear gradient of 0–600 mM NaCl in 20 mM Tris-HCl (pH 8.0). Protein-containing fractions
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were combined and concentrated using Sartorius ultrafiltration devices with a molecular
mass weight cutoff of 50 kDa (Sartorius AG, Gottingen, Germany) to ∼10 mg/mL. Protein
concentration was determined using the Bradford method with BSA as a standard.

4.6. Lawn Spot Assay

The enzymatic activity of TSDs was tested by spotting protein solutions onto the
bacterial lawns of corresponding A. baumannii strains using the double-layer method [35].
For this, mixtures of A. baumannii host strain cultures grown in LB medium at 37 ◦C to
OD600 of 0.3 with soft agar (LB broth supplemented with 0.6% agarose) were plated onto
nutrient agar. Then, 10 µL aliquots of solutions containing N-deletion mutants of TSDs,
and their tenfold dilutions were spotted on the soft agar lawns and incubated at 37 ◦C for
12–24 h.

4.7. Isolation, Purification, and Depolymerization of the CPSs by Recombinant Proteins

The A. baumannii strains B05 (K9), AB5256 (K14), D4 (K16), KZ-1101 (K37), AB5001
(K3-v1), MAR55-66 (K86), 36-1454 (K127), and KZ-1093 (K128) were cultivated in 2TY (16 g
Bacto tryptone, 10 g Bacto yeast extract, 5 g NaCl) media overnight at 37 ◦C. Bacterial cells
were harvested by centrifugation at 10,000× g for 20 min, washed with phosphate-buffered
saline, suspended in aqueous 70% acetone, precipitated, and dried on air.

Samples of CPSs (K9, K14, K16, K37, K3-v1, K86, K127, K128) were isolated with
phenol–water extraction protocol [48]. Dried A. baumannii cells were incubated with 45%
aqueous phenol for 60 min at 70 ◦C. The extract was cooled and dialyzed. Insoluble
contaminations were removed by centrifugation at 4000× g for 60 min. Aqueous 50%
CCl3CO2H was added to CPS solutions in water at 4 ◦C; precipitates were removed by
centrifugation at 4000× g for 60 min, and the supernatants were dialyzed with distilled
water and freeze-dried. CPS preparations were heated with 2% HOAc at 100 ◦C for 2 h.
Then, a lipid precipitate was removed by centrifugation at 12,000× g for 20 min. Purified
CPS samples were isolated from the supernatant by gel permeation chromatography on
an XK 26-mm (depth) by 70-cm (height) column (gel layer, 560 mm) (GE Healthcare Life
Sciences, Chicago, IL, USA) of Sephadex G-50 Superfine (Amersham Biosciences, Uppsala,
Sweden) in 0.05 M pyridinium acetate buffer, pH 4.5.

Purified CPSs were solubilized at 20 mM TrisHCl pH 8.0 buffer, and 200–500 µg of
recombinant TSDs were added for digestion. The reaction mixtures were incubated at
37 ◦C. CPS digestion products were fractionated by gel permeation chromatography on
an XK 16-mm (depth) by 100-cm (height) column (gel layer, 800 mm) (GE Healthcare Life
Sciences, Chicago, IL, USA) of Fractogel TSK HW-40S (Toyo Soda, Tokyo, Japan) in 1%
acetic acid.

4.8. NMR Spectroscopy

Samples of purified CPSs were deuterium-exchanged and examined as solutions in
99,95% D2O on a Bruker Avance II 600 MHz spectrometer (Bruker, Karlsruhe, Germany).
Sodium 3-trimethylsilylpropanoate-2,2,3,3-d4 (δH 0, δC −1.6) was used as an internal
reference for calibration. Two-dimensional 1H-1H correlation spectroscopy (COSY), 1H-
1H total correlation spectroscopy (TOCSY), 1H-1H rotating-frame nuclear Overhauser
effect spectroscopy (ROESY), 1H-13C heteronuclear single-quantum coherence (HSQC),
and 1H-13C heteronuclear multiple-bond correlation (HMBC) experiments were performed
using standard Bruker software. Bruker TopSpin 2.1 program was used to acquire and
process the NMR data. A spin-lock time of 60 ms and mixing time of 200 ms were used in
1H-1H TOCSY and 1H-1H ROESY experiments, respectively. A 1H-13C HMBC experiment
was recorded with a 60 ms delay for the evolution of long-range couplings to optimize the
spectrum for coupling constant JH,C 8 Hz.
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4.9. Crystallization, Data Collection, Processing, Structure Solution, and Refinement for the
Recombinant TSDs

An initial crystallization screening of the recombinant TSDs was performed with a
robotic crystallization system (Rigaku, Woodlands, TX, USA) and commercially available
96-well crystallization screens (Hampton Research and Anatrace, Aliso Viejo, CA, USA) at
20 ◦C using the sitting drop vapor diffusion method. The protein concentrations were as
follows: APK09_gp48-10 mg/mL; APK14_gp49—6.0 mg/mL; APK16_gp47–8.5 mg/mL.
Diffraction quality crystals were obtained by optimizing the initial crystallization condition
using the vapor diffusion method (hanging drop) in 24-well VDX plates in the following
conditions: APK09_gp48—2% PEG200, 100mM HEPES pH 7.5, 20% tacsimate pH 7.0;
APK14_gp49—50mM CaCl2, 100mM Bis-tris pH 6.5, 30% PEG 550 MME; APK16_gp47–
100 mM Tris pH 8.5, 2.0M ammonium sulfate 2.0 M.

Depolymerase crystals were briefly soaked in a mother liquor containing 20% glycerol
(APK14_gp49 and APK16_gp47) or 100% parathone oil (APK09_gp48) immediately prior
to diffraction data collection and flash-frozen in liquid nitrogen. The data were collected at
100K at BL41XU beamline (SPring8, Waco, Japan). The data were indexed, integrated, and
scaled using the Dials [49] or XDS [50] programs (Table S5). The program Pointless [51]
was used to suggest the corresponding space groups and detected twinning in the case of
the APK16_gp47 structure.

The structures of APK14_gp49 and APK16_gp47 were solved at 2.12 Å and 2.59 Å,
respectively, via the SAD method using SeMet derivatives. The location of the selene ions,
solution of the phase ambiguity, density modification, and initial model building were
made with the CRANK2 pipeline [52]. The high-resolution remote datasets for the native
proteins were further used for refinement (Table S5). The structure of the APK09_gp48
was solved at 2.59 Å resolution by the molecular replacement method using the MOLREP
program [53], and the corresponding domain models were prepared with AlphaFOLD [54].

The refinement of all structures was carried out using the REFMAC5 program of the
CCP4 suite [55]. The visual inspection of electron density maps and the manual rebuilding
of the model were carried out using the COOT interactive graphics program [56].

For APK09_gp48, the isotropic B-factor and hydrogen atoms in the fixed positions
were used during refinement. In the final model, an asymmetric unit contained one copy of
the protein (606 visible residues), 13 water molecules, and two PEG molecules from the
crystallization solution. Seven N-terminal acids have no electron density.

For APK16_gp47, the refinement was performed using the detwinning option of
Refmac5. The resolution was gradually increased to 1.50 Å using the isotropic B-factor and
hydrogen atoms in the fixed positions. In the final model, an asymmetric unit contained one
copy of the protein (632 visible residues), 78 water molecules, and one glycerol molecule
from the cryo solution. Seven N-terminal acids have no electron density.

For APK14_gp49, the resolution was gradually increased to 1.55 Å using the isotropic
B-factor and hydrogen atoms in fixed positions. In the final model, an asymmetric unit
contained one copy of the protein (699 visible residues), 350 water molecules, one PEG
molecule, one glycerol molecule, and one chloride ion from the crystallization solution.
Nine N-terminal acids have no electron density.

The visual inspection of the structures was carried out using the COOT program and
the PyMOL Molecular Graphics System, Version 1.9.0.0 (Schrödinger, New York, NY, USA).
The structure comparison and superposition were made using the PDBeFold program [57],
while contacts were analyzed using the PDBePISA [58].

4.10. Galleria mellonella Larvae Infection Experiments

Greater Wax moth larvae (G. mellonella) were obtained from a laboratory culture main-
tained at State Research Center for Applied Microbiology and Biotechnology, Obolensk.
Injections of larvae with A. baumannii cells and the estimation of the survival rate of infected
larvae were performed as described [59]. Briefly, larvae were injected with 3 × 105 CFU A.
baumannii B05 cells, and bacteria at the same doses were administered together with the
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depolymerase APK09_gp48 (2 µg per larvae). Three control groups were used: uninfected
larvae; larvae injected with saline solution; and larvae injected with depolymerase only.
Infected larvae were incubated at 37 ◦C for 7 days, and mortality was recorded daily. Each
test was performed in triplicate, with 10 larvae per trial. The GraphPad Prism software
(GraphPad Software, Inc., San Diego, CA, USA) was used for statistical analysis performed
for pairwise comparisons between larvae infected with bacteria only and larvae infected
with bacteria simultaneously with depolymerase using log-rank (Mantel–Cox) test.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms24109100/s1.

Author Contributions: Conceptualization, M.M.S., Y.A.K., A.V.P. and K.A.M.; methodology, A.A.K.,
M.M.S., O.Y.T., I.O.M., A.Y.N., P.V.E., N.P.A., A.S.S., A.O.C., Y.V.M. and A.A.S.; software, P.V.E.
and A.A.S.; formal analysis, A.A.K., P.V.E., K.M.B., N.V.V. and A.V.P.; investigation, O.Y.T., A.A.K.,
I.O.M., M.M.S., A.Y.N., N.P.A., P.V.S. and A.V.P.; resources, A.V.P., Y.A.K., K.M.B. and K.A.M.; data
curation, A.V.P., A.A.K., Y.A.K., K.M.B., P.V.E. and N.V.V.; writing—original draft preparation, A.V.P.,
A.A.K., K.M.B., N.V.V. and P.V.E.; writing—review and editing, K.A.M., Y.A.K., N.V.V., and A.V.P.;
visualization, A.V.P., A.A.K., K.M.B., P.V.E. and N.V.V.; supervision, K.A.M., M.M.S., A.V.P., Y.A.K.
and K.M.B.; project administration, A.V.P.; funding acquisition, A.V.P., K.M.B. and Y.A.K. All authors
have read and agreed to the published version of the manuscript.

Funding: the investigation of TSDs APK86_gp49, APK127v_gp47, and elucidation of the mecha-
nism of action of TSD APK37.1_gp49 were supported by the Russian Science Foundation (grant
No 20-75-10113); the investigation of enzymatic activities of TSDs APK14_gp49, APK16_gp47, and
APK128_gp45 was supported by the Russian Science Foundation (grant No 19-14-00273); the struc-
tural studies (for TSDs APK09_gp48, APK14_gp49, and APK16_gp47) were funded by the Ministry of
Science and Higher Education in the framework of the Agreement No 075-15-2021-1354 (07.10.2021);
the investigation of properties of TSD APK APK09_gp48 was supported by the Ministry of Science
and Higher Education of the Russian Federation, grant No 075-15-2019-1671 (Agreement dated 31
October 2019).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Annotated genomes of A. baumannii phages APK09, APK14, APK16,
APK86, APK127v, and APK128 were deposited in GenBank under accession numbers MZ868724,
MK089780, MZ868725, MZ936314, ON210142, and MW459163, respectively. Crystal structures
of the TSDs APK16_gp47, APK09_gp48, and APK14_gp49 were deposited in the protein data
bank (www.rcsb.org) with accession codes 8OPZ, 8OQ0 and 8OQ1, respectively.

Acknowledgments: We thank Mikhail Edelshtein, Ilya Azizov, Johanna Kenyon, Ruth Hall, and
Dean Scholl for providing A. baumannii strains.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Health Organisation. Global Priority List of Antibiotic-Resistant Bacteria to Guide Research, Discovery and Development of New

Antibiotics; WHO Press: Geneva, Switzerland, 2017; pp. 7–526. Available online: http://remed.org/wp-content/uploads/2017/0
3/lobal-priority-list-of-antibiotic-resistant-bacteria-2017.pdf (accessed on 2 April 2023).

2. Oliveira, H.; Costa, A.R.; Konstantinides, N.; Ferreira, A.; Akturk, E.; Sillankorva, S.; Nemec, A.; Shneider, M.; Dötsch, A.;
Azeredo, J. Ability of phages to infect Acinetobacter calcoaceticus-Acinetobacter baumannii complex species through acquisition of
different pectate lyase depolymerase domains. Environ. Microbiol. 2017, 19, 5060–5077. [CrossRef] [PubMed]

3. 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] [PubMed]

4. Popova, A.V.; Shneider, M.M.; Arbatsky, N.P.; Kasimova, A.A.; Senchenkova, S.N.; Shashkov, A.S.; Dmitrenok, A.S.; Chizhov,
A.O.; Mikhailova, Y.V.; Shagin, D.A.; et al. Specific Interaction of Novel Friunavirus Phages Encoding Tailspike Depolymerases
with Corresponding Acinetobacter baumannii Capsular Types. J. Virol. 2021, 95, e01714-20. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms24109100/s1
www.rcsb.org
http://remed.org/wp-content/uploads/2017/03/lobal-priority-list-of-antibiotic-resistant-bacteria-2017.pdf
http://remed.org/wp-content/uploads/2017/03/lobal-priority-list-of-antibiotic-resistant-bacteria-2017.pdf
https://doi.org/10.1111/1462-2920.13970
https://www.ncbi.nlm.nih.gov/pubmed/29076652
https://doi.org/10.1038/srep42711
https://www.ncbi.nlm.nih.gov/pubmed/28209973
https://doi.org/10.1128/JVI.01714-20
https://www.ncbi.nlm.nih.gov/pubmed/33268523


Int. J. Mol. Sci. 2023, 24, 9100 23 of 25

5. Kasimova, A.A.; Arbatsky, N.P.; Timoshina, O.Y.; Shneider, M.M.; Shashkov, A.S.; Chizhov, A.O.; Popova, A.V.; Hall, R.M.;
Kenyon, J.J.; Knirel, Y.A. The K26 capsular polysaccharide from Acinetobacter baumannii KZ-1098: Structure and cleavage by a
specific phage depolymerase. Int. J. Biol. Macromol. 2021, 191, 182–191. [CrossRef] [PubMed]

6. Arbatsky, N.P.; Kasimova, A.A.; Shashkov, A.S.; Shneider, M.M.; Popova, A.V.; Shagin, D.A.; Shelenkov, A.A.; Mikhailova, Y.V.;
Yanushevich, Y.G.; Hall, R.M.; et al. Involvement of a Phage-Encoded Wzy Protein in the Polymerization of K127 Units to Form
the Capsular Polysaccharide of Acinetobacter baumannii Isolate 36-1454. Microbiol. Spectr. 2022, 10, e0150321. [CrossRef] [PubMed]

7. Wyres, K.L.; Cahill, S.M.; Holt, K.E.; Hall, R.M.; Kenyon, J.J. Identification of Acinetobacter baumannii loci for capsular polysaccha-
ride (KL) and lipooligosaccharide outer core (OCL) synthesis in genome assemblies using curated reference databases compatible
with Kaptive. Microb. Genom. 2020, 6, e000339. [CrossRef]

8. Kenyon, J.J.; Hall, R.M. Updated Analysis of the Surface Carbohydrate Gene Clusters in a Diverse Panel of Acinetobacter baumannii
Isolates. Antimicrob. Agents Chemother. 2022, 66, e0180721. [CrossRef]

9. Cahill, S.M.; Hall, R.M.; Kenyon, J.J. An update to the database for Acinetobacter baumannii capsular polysaccharide locus typing
extends the extensive and diverse repertoire of genes found at and outside the K locus. Microb. Genom. 2022, 8, mgen000878.
[CrossRef]

10. Oliveira, H.; Domingues, R.; Evans, B.; Sutton, J.M.; Adriaenssens, E.M.; Turner, D. Genomic Diversity of Bacteriophages Infecting
the Genus Acinetobacter. Viruses 2022, 14, 181. [CrossRef]

11. Timoshina, O.Y.; Kasimova, A.A.; Shneider, M.M.; Arbatsky, N.P.; Shashkov, A.S.; Shelenkov, A.A.; Mikhailova, Y.V.; Popova, A.V.;
Hall, R.M.; Knirel, Y.A.; et al. Loss of a Branch Sugar in the Acinetobacter baumannii K3-Type Capsular Polysaccharide Due to
Frameshifts in the gtr6 Glycosyltransferase Gene Leads to Susceptibility To Phage APK37.1. Microbiol. Spectr. 2023, 11, e0363122.
[CrossRef]

12. Popova, A.; Lavysh, D.; Klimuk, E.; Edelstein, M.; Bogun, A.; Shneider, M.; Goncharov, A.; Leonov, S.; Severinov, K. Novel Fri1-
like Viruses Infecting Acinetobacter baumannii—vB_AbaP_AS11 and vB_AbaP_AS12—Characterization, Comparative Genomic
Analysis, and Host-Recognition Strategy. Viruses 2017, 9, 188. [CrossRef] [PubMed]

13. Liu, M.; Hernandez-Morales, A.; Clark, J.; Le, T.; Biswas, B.; Bishop-Lilly, K.A.; Henry, M.; Quinones, J.; Voegtly, L.J.; Cer, R.Z.;
et al. Comparative genomics of Acinetobacter baumannii and therapeutic bacteriophages from a patient undergoing phage therapy.
Nat. Commun. 2022, 13, 3776. [CrossRef] [PubMed]

14. Popova, A.V.; Shneider, M.M.; Myakinina, V.P.; Bannov, V.A.; Edelstein, M.V.; Rubalskii, E.O.; Aleshkin, A.V.; Fursova, N.K.;
Volozhantsev, N.V. Characterization of myophage AM24 infecting Acinetobacter baumannii of the K9 capsular type. Arch. Virol.
2019, 164, 1493–1497. [CrossRef] [PubMed]

15. Shchurova, A.S.; Shneider, M.M.; Arbatsky, N.P.; Shashkov, A.S.; Chizhov, A.O.; Skryabin, Y.P.; Mikhaylova, Y.V.; Sokolova, O.S.;
Shelenkov, A.A.; Miroshnikov, K.A.; et al. Novel Acinetobacter baumannii Myovirus TaPaz Encoding Two Tailspike Depolymerases:
Characterization and Host-Recognition Strategy. Viruses 2021, 13, 978. [CrossRef] [PubMed]

16. Timoshina, O.Y.; Shneider, M.M.; Evseev, P.V.; Shchurova, A.S.; Shelenkov, A.A.; Mikhaylova, Y.V.; Sokolova, O.S.; Kasimova,
A.A.; Arbatsky, N.P.; Dmitrenok, A.S.; et al. Novel Acinetobacter baumannii Bacteriophage Aristophanes Encoding Structural
Polysaccharide Deacetylase. Viruses 2021, 13, 1688. [CrossRef] [PubMed]

17. Kenyon, J.J.; Arbatsky, N.P.; Sweeney, E.L.; Shashkov, A.S.; Shneider, M.M.; Popova, A.V.; Hall, R.M.; Knirel, Y.A. Production of
the K16 capsular polysaccharide by Acinetobacter baumannii ST25 isolate D4 involves a novel glycosyltransferase encoded in the
KL16 gene cluster. Int. J. Biol. Macromol. 2019, 128, 101–106. [CrossRef] [PubMed]

18. Arbatsky, N.P.; Shashkov, A.S.; Chizhov, A.O.; Timoshina, O.Y.; Shneider, M.M.; Knirel, Y. A Structure of the capsular polysaccha-
ride of Acinetobacter baumannii MAR 55–66. Russ. Chem. Bull. 2021, 70, 592–599. [CrossRef]

19. Kenyon, J.J.; Kasimova, A.A.; Sviridova, A.N.; Shpirt, A.M.; Shneider, M.M.; Mikhaylova, Y.V.; Shelenkov, A.A.; Popova, A.V.;
Perepelov, A.V.; Shashkov, A.S.; et al. Correlation of Acinetobacter baumannii K144 and K86 capsular polysaccharide structures
with genes at the K locus reveals the involvement of a novel multifunctional rhamnosyltransferase for structural synthesis. Int. J.
Biol. Macromol. 2021, 193, 1294–1300. [CrossRef]

20. Arbatsky, N.P.; Kasimova, A.A.; Shashkov, A.S.; Shneider, M.M.; Popova, A.V.; Shagin, D.A.; Shelenkov, A.A.; Mikhailova, Y.V.;
Yanushevich, Y.G.; Azizov, I.S.; et al. Structure of the K128 capsular polysaccharide produced by Acinetobacter baumannii KZ-1093
from Kazakhstan. Carbohydr Res. 2019, 485, 107814. [CrossRef]

21. Pires, D.P.; Oliveira, H.; Melo, L.; Sillankorva, S.; Azeredo, J. Bacteriophage-encoded depolymerases: Their diversity and
biotechnological applications. Appl. Microbiol. Biotechnol. 2016, 100, 2141–2151. [CrossRef]

22. Farrugia, D.N.; Elbourne, L.D.H.; Hassan, K.A.; Eijkelkamp, B.A.; Tetu, S.G.; Brown, M.H.; Shah, B.S.; Peleg, A.Y.; Mabbutt, B.C.;
Paulsen, I.T. The Complete Genome and Phenome of a Community-Acquired Acinetobacter baumannii. PLoS ONE 2013, 8, e58628.
[CrossRef] [PubMed]

23. Roucourt, B.; Lavigne, R. The role of interactions between phage and bacterial proteins within the infected cell: A diverse and
puzzling interactome. Environ. Microbiol. 2009, 11, 2789–2805. [CrossRef] [PubMed]

24. Latka, A.; Maciejewska, B.; Majkowska-Skrobek, G.; Briers, Y.; Drulis-Kawa, Z. Bacteriophage-encoded virion-associated enzymes
to overcome the carbohydrate barriers during the infection process. Appl. Microbiol. Biotechnol. 2017, 101, 3103–3119. [CrossRef]
[PubMed]

25. Popova, A.V.; Shneider, M.M.; Mikhailova, Y.V.; Shelenkov, A.A.; Shagin, D.A.; Edelstein, M.V.; Kozlov, R.S. Complete Genome
Sequence of Acinetobacter baumannii Phage BS46. Microbiol. Resour. Announc. 2020, 9, e00398-20. [CrossRef]

https://doi.org/10.1016/j.ijbiomac.2021.09.073
https://www.ncbi.nlm.nih.gov/pubmed/34537298
https://doi.org/10.1128/spectrum.01503-21
https://www.ncbi.nlm.nih.gov/pubmed/35475638
https://doi.org/10.1099/mgen.0.000339
https://doi.org/10.1128/AAC.01807-21
https://doi.org/10.1099/mgen.0.000878
https://doi.org/10.3390/v14020181
https://doi.org/10.1128/spectrum.03631-22
https://doi.org/10.3390/v9070188
https://www.ncbi.nlm.nih.gov/pubmed/28714913
https://doi.org/10.1038/s41467-022-31455-5
https://www.ncbi.nlm.nih.gov/pubmed/35773283
https://doi.org/10.1007/s00705-019-04208-x
https://www.ncbi.nlm.nih.gov/pubmed/30895405
https://doi.org/10.3390/v13060978
https://www.ncbi.nlm.nih.gov/pubmed/34070371
https://doi.org/10.3390/v13091688
https://www.ncbi.nlm.nih.gov/pubmed/34578271
https://doi.org/10.1016/j.ijbiomac.2019.01.080
https://www.ncbi.nlm.nih.gov/pubmed/30664967
https://doi.org/10.1007/s11172-021-3130-6
https://doi.org/10.1016/j.ijbiomac.2021.10.178
https://doi.org/10.1016/j.carres.2019.107814
https://doi.org/10.1007/s00253-015-7247-0
https://doi.org/10.1371/journal.pone.0058628
https://www.ncbi.nlm.nih.gov/pubmed/23527001
https://doi.org/10.1111/j.1462-2920.2009.02029.x
https://www.ncbi.nlm.nih.gov/pubmed/19691505
https://doi.org/10.1007/s00253-017-8224-6
https://www.ncbi.nlm.nih.gov/pubmed/28337580
https://doi.org/10.1128/MRA.00398-20


Int. J. Mol. Sci. 2023, 24, 9100 24 of 25

26. Knirel, Y.A.; Shneider, M.M.; Popova, A.V.; Kasimova, A.A.; Senchenkova, S.N.; Shashkov, A.S.; Chizhov, A.O. Mechanisms of
Acinetobacter baumannii Capsular Polysaccharide Cleavage by Phage Depolymerases. Biochemistry 2020, 85, 567–574. [CrossRef]

27. Vinogradov, E.V.; Pantophlet, R.; Dijkshoorn, L.; Brade, L.; Holst, O.; Brade, H. Structural and serological characterisation of two
O-specific polysaccharides of Acinetobacter. Eur. J. Biochem. 1996, 239, 602–610. [CrossRef]

28. Kenyon, J.J.; Hall, R.M. Variation in the Complex Carbohydrate Biosynthesis Loci of Acinetobacter baumannii Genomes. PLoS ONE
2013, 8, e62160. [CrossRef]

29. Haseley, S.R.; Wilkinson, S.G. Structural studies of the putative O-specific polysaccharide of Acinetobacter baumannii O11. Eur. J.
Biochem. 1996, 237, 266–271. [CrossRef]

30. Kenyon, J.J.; Hall, R.M.; De Castro, C. Structural determination of the K14 capsular polysaccharide from an ST25 Acinetobacter
baumannii isolate, D46. Carbohydr. Res. 2015, 417, 52–56. [CrossRef]

31. Shashkov, A.S.; Cahill, S.M.; Arbatsky, N.P.; Westacott, A.C.; Kasimova, A.A.; Shneider, M.M.; Popova, A.V.; Shagin, D.A.;
Shelenkov, A.A.; Mikhailova, Y.V.; et al. Acinetobacter baumannii K116 capsular polysaccharide structure is a hybrid of the K14 and
revised K37 structures. Carbohydr. Res. 2019, 484, 107774. [CrossRef]

32. Oliveira, H.; Mendes, A.; Fraga, A.G.; Ferreira, A.; Pimenta, A.I.; Mil-Homens, D.; Fialho, A.M.; Pedrosa, J.; Azeredo, J. K2
Capsule Depolymerase Is Highly Stable, Is Refractory to Resistance, and Protects Larvae and Mice from Acinetobacter baumannii
Sepsis. Appl. Environ. Microbiol. 2019, 85, e00934-19. [CrossRef] [PubMed]

33. Liu, Y.; Leung, S.S.Y.; Guo, Y.; Zhao, L.; Jiang, N.; Mi, L.; Li, P.; Wang, C.; Qin, Y.; Mi, Z.; et al. The Capsule Depolymerase Dpo48
Rescues Galleria mellonella and Mice from Acinetobacter baumannii Systemic Infections. Front. Microbiol. 2019, 10, 545. [CrossRef]
[PubMed]

34. Drobiazko, A.Y.; Kasimova, A.A.; Evseev, P.V.; Shneider, M.M.; Klimuk, E.I.; Shashkov, A.S.; Dmitrenok, A.S.; Chizhov, A.O.;
Slukin, P.V.; Skryabin, Y.P.; et al. Capsule-Targeting Depolymerases Derived from Acinetobacter baumannii Prophage Regions. Int.
J. Mol. Sci. 2022, 23, 4971. [CrossRef]

35. Adams, M.D. Bacteriophages; Interscience Publishers, Inc.: New York, NY, USA, 1959.
36. Sambrook, J.; Fritsch, E.F.; Maniatis, T. Molecular Cloning: A Laboratory Manual, 2nd ed.; Cold Spring Harbor Laboratory Press:

Cold Spring Harbor, NY, USA, 1989; ISBN 0-87969-309-6.
37. Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prjibelski,

A.D.; et al. SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell Sequencing. J. Comput. Biol. 2012,
19, 455–477. [CrossRef]

38. Aziz, R.K.; Bartels, D.; Best, A.A.; DeJongh, M.; Disz, T.; Edwards, R.A.; Formsma, K.; Gerdes, S.; Glass, E.M.; Kubal, M.; et al. The
RAST server: Rapid annotations using subsystems technology. BMC Genomics 2008, 9, 550. [CrossRef]

39. Marchler-Bauer, A.; Anderson, J.B.; Chitsaz, F.; Derbyshire, M.K.; DeWeese-Scott, C.; Fong, J.H.; Geer, L.Y.; Geer, R.C.; Gozales,
N.R.; Gwadz, M.; et al. CDD: Specific functional annotation with the Conserved Domain Database. Nucleic Acids Res. 2009, 37,
D205–D210. [CrossRef] [PubMed]

40. Söding, J.; Biegert, A.; Lupas, A.N. The HHpred interactive server for protein homology detection and structure prediction.
Nucleic Acids Res. 2005, 33, W244–W248. [CrossRef]

41. Schattner, P.; Brooks, A.N.; Lowe, T.M. The TRNAscan-SE, Snoscan and SnoGPS Web Servers for the Detection of TRNAs and
SnoRNAs. Nucleic Acids Res. 2005, 33, W686–W689. [CrossRef]

42. Sullivan, M.J.; Petty, N.K.; Beatson, S.A. Easyfig: A Genome Comparison Visualizer. Bioinformatics 2011, 27, 1009–1010. [CrossRef]
43. Moraru, C.; Varsani, A.; Kropinski, A.M. VIRIDIC—A Novel Tool to Calculate the Intergenomic Similarities of Prokaryote-

Infecting Viruses. Viruses 2020, 12, 1268. [CrossRef]
44. Katoh, K.; Misawa, K.; Kuma, K.I.; Miyata, T. MAFFT: A Novel Method for Rapid Multiple Sequence Alignment Based on Fast

Fourier Transform. Nucleic Acids Res. 2002, 30, 3059–3066. [CrossRef] [PubMed]
45. Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability.

Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef] [PubMed]
46. Kozlov, A.M.; Darriba, D.; Flouri, T.; Morel, B.; Stamatakis, A. RAxML-NG: A Fast, Scalable and User-Friendly Tool for Maximum

Likelihood Phylogenetic Inference. Bioinformatics 2019, 35, 4453–4455. [CrossRef] [PubMed]
47. Taylor, N.M.I.; Prokhorov, N.S.; Guerrero-Ferreira, R.C.; Shneider, M.M.; Browning, C.; Goldie, K.N.; Stahlberg, H.; Leiman, P.G.

Structure of the T4 Baseplate and Its Function in Triggering Sheath Contraction. Nature 2016, 533, 346–352. [CrossRef]
48. Westphal, O.; Jann, K. Bacterial lipopolysaccharides. Extraction with phenol-water and further applications of the procedure.

Methods Carbohydr. Chem. 1965, 5, 83–91.
49. Winter, G.; Waterman, D.G.; Parkhurst, J.M.; Brewster, A.S.; Gildea, R.J.; Gerstel, M.; Fuentes-Montero, L.; Vollmar, M.; Michels-

Clark, T.; Young, I.D.; et al. DIALS: Implementation and evaluation of a new integration package. Acta Crystallogr. D Struct. Biol.
2018, 74, 85–97. [CrossRef]

50. Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 2010, 66, 125–132. [CrossRef]
51. Evans, P. Scaling and assessment of data quality. Acta Crystallogr. D Biol. Crystallogr. 2006, 62, 72–82. [CrossRef]
52. Skubák, P.; Pannu, N.S. Automatic protein structure solution from weak X-ray data. Nat. Commun. 2013, 4, 2777. [CrossRef]
53. Vagin, A.; Teplyakov, A. MOLREP: An Automated Program for Molecular Replacement. J. Appl. Cryst. 1997, 30, 1022–1025.

[CrossRef]

https://doi.org/10.1134/S0006297920050053
https://doi.org/10.1111/j.1432-1033.1996.0602u.x
https://doi.org/10.1371/journal.pone.0062160
https://doi.org/10.1111/j.1432-1033.1996.0266n.x
https://doi.org/10.1016/j.carres.2015.09.002
https://doi.org/10.1016/j.carres.2019.107774
https://doi.org/10.1128/AEM.00934-19
https://www.ncbi.nlm.nih.gov/pubmed/31227554
https://doi.org/10.3389/fmicb.2019.00545
https://www.ncbi.nlm.nih.gov/pubmed/30936862
https://doi.org/10.3390/ijms23094971
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1093/nar/gkn845
https://www.ncbi.nlm.nih.gov/pubmed/18984618
https://doi.org/10.1093/nar/gki408
https://doi.org/10.1093/nar/gki366
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.3390/v12111268
https://doi.org/10.1093/nar/gkf436
https://www.ncbi.nlm.nih.gov/pubmed/12136088
https://doi.org/10.1093/molbev/mst010
https://www.ncbi.nlm.nih.gov/pubmed/23329690
https://doi.org/10.1093/bioinformatics/btz305
https://www.ncbi.nlm.nih.gov/pubmed/31070718
https://doi.org/10.1038/nature17971
https://doi.org/10.1107/S2059798317017235
https://doi.org/10.1107/S0907444909047337
https://doi.org/10.1107/S0907444905036693
https://doi.org/10.1038/ncomms3777
https://doi.org/10.1107/S0021889897006766


Int. J. Mol. Sci. 2023, 24, 9100 25 of 25

54. 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] [PubMed]

55. Collaborative Computational Project, Number 4 The CCP4 suite: Programs for protein crystallography. Acta Crystallogr. D Biol.
Crystallogr. 1994, 50, 760–763. [CrossRef] [PubMed]

56. Emsley, P.; Cowtan, K. Coot: Model-building tools for molecular graphics. Acta Crystallogr. D Biol. Crystallogr. 2004, 60, 2126–2132.
[CrossRef]

57. Krissinel, E.; Henrick, K. Secondary-structure matching (SSM), a new tool for fast protein structure alignment in three dimensions.
Acta Crystallogr. D Biol. Crystallogr. 2004, 60, 2256–2268. [CrossRef] [PubMed]

58. Krissinel, E.; Henrick, K.J. Inference of macromolecular assemblies from crystalline state. Mol. Biol. 2007, 372, 774–797. [CrossRef]
[PubMed]

59. Gorodnichev, R.B.; Volozhantsev, N.V.; Krasilnikova, V.M.; Bodoev, I.N.; Kornienko, M.A.; Kuptsov, N.S.; Popova, A.V.;
Makarenko, G.I.; Manolov, A.I.; Slukin, P.V.; et al. Novel Klebsiella pneumoniae K23-Specific Bacteriophages from Different
Families: Similarity of Depolymerases and Their Therapeutic Potential. Front. Microbiol. 2021, 12, 669618. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41586-021-03819-2
https://www.ncbi.nlm.nih.gov/pubmed/34265844
https://doi.org/10.1107/S0907444994003112
https://www.ncbi.nlm.nih.gov/pubmed/15299374
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444904026460
https://www.ncbi.nlm.nih.gov/pubmed/15572779
https://doi.org/10.1016/j.jmb.2007.05.022
https://www.ncbi.nlm.nih.gov/pubmed/17681537
https://doi.org/10.3389/fmicb.2021.669618
https://www.ncbi.nlm.nih.gov/pubmed/34434173

	Introduction 
	Results 
	Characterization of Phages Encoding the Studied Depolymerases 
	Phage Tailspike Depolymerases 
	Mechanism of Cleavage of A. baumannii CPSs by Specific Phage TSDs 
	Cleavage of the A. baumannii B09 CPS by Recombinant TSD APK09_gp48 
	Cleavage of the A. baumannii AB5256 CPS by Recombinant TSD APK14_gp49 
	Cleavage of the A. baumannii D4 CPS by Recombinant TSD APK16_gp47 
	Cleavage of the A. baumannii KZ-1101 and AB5001 CPSs by Recombinant TSD APK37.1_gp49 
	Cleavage of the A. baumannii MAR55-66 CPS by Recombinant TSD APK86_gp49 
	Cleavage of the A. baumannii 36-1454 CPS by Recombinant TSD APK127v_gp47 
	Cleavage of the A. baumannii KZ-1093 CPS by Recombinant TSD APK128_gp45 

	The Structure of the TSDs 
	Crystal Structure of TSD APK16_gp47 
	Crystal Structure of TSD APK14_gp49 
	Crystal Structure of TSD APK09_gp48 

	Evaluation of the Antivirulence Potential of TSD APK09_gp48 in a G. mellonella larvae Model of A. baumannii Infection 

	Discussion 
	Materials and Methods 
	Phage Isolation, Propagation, and Purification 
	Phage DNA Isolation and Sequencing 
	Phage Genome Analysis 
	Nucleotide Sequences Accession Numbers 
	Cloning, Expression, and Purification of the Recombinant Depolymerases 
	Lawn Spot Assay 
	Isolation, Purification, and Depolymerization of the CPSs by Recombinant Proteins 
	NMR Spectroscopy 
	Crystallization, Data Collection, Processing, Structure Solution, and Refinement for the Recombinant TSDs 
	Galleria mellonella Larvae Infection Experiments 

	References

