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The Acinetobacter baumannii K70 and K9 capsular
polysaccharides consist of related K-units linked by the same
Wzy polymerase and cleaved by the same phage depolymerases
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ABSTRACT The extensively antibiotic-resistant Acinetobacter baumannii GC1(ST1")
isolate SGH0807 from Singapore carries the KL70 gene cluster. The structure of the
K70 capsular polysaccharide (CPS) produced by SGH0807 was determined using sugar
analysis and one- and two-dimensional 'H and '*C NMR spectroscopy. The K70 CPS
consists of branched tetrasaccharide K-units and is closely related to the previously
reported K9 CPS. The KL70 and KL9 loci differ in a short segment that encodes the
initiating transferase for b-FucpNAc in K70 and p-GlcpNAc in K9. The two structures differ
only in the identity of the “first” sugar of the K-unit, o-FucpNAc in K70 and p-GlcpNAc
in K9. This difference alters the identity of one of the sugars involved in the linkage
between K-units formed by the Wzy polymerase. However, KL70 and KL9 encode an
identical Wzy polymerase, designated as Wzyy, o, indicating that the differences between
p-FucpNAc and p-GlcpNAc do not affect its function. Whether the difference in the first
sugars was recognized by the depolymerases encoded by three K9-specific bacterioph-
ages, AM24, BS46, and APK09, that hydrolyze the bond in K9 CPS formed by Wzy, g was
also examined. Purified depolymerases incubated with K70 CPS purified from SGH0807
formed oligosaccharide fragments that were monomers and dimers of the CPS cleaved
at the linkage between K-units. As depolymerases encoded by phage determine host
specificity by hydrolyzing specific CPS types, these phages could infect and lyse the
SGH0807 K70 isolate. A. baumannii carrying KL70 were found in Singapore hospitals
between 2006 and 2009.

IMPORTANCE Bacteriophage show promise for the treatment of Acinetobacter
baumannii infections that resist all therapeutically suitable antibiotics. Many tail-spike
depolymerases encoded by phage that are able to degrade A. baumannii capsular
polysaccharide (CPS) exhibit specificity for the linkage present between K-units that
make up CPS polymers. This linkage is formed by a specific Wzy polymerase, and the
ability to predict this linkage using sequence-based methods that identify the Wzy at
the K locus could assist with the selection of phage for therapy. However, little is known
about the specificity of Wzy polymerase enzymes. Here, we describe a Wzy polymerase
that can accommodate two different but similar sugars as one of the residues it links and
phage depolymerases that can cleave both types of bond that Wzy forms.

KEYWORDS Acinetobacter baumannii, capsular polysaccharide, K70, Wzy polymerase,
phage depolymerase

N ovel therapeutic strategies are urgently needed to treat and control the spread
of infections caused by carbapenem-resistant Acinetobacter baumannii, one of the
leading causative agents of high morbidity and mortality associated with antibiotic
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resistance worldwide (1). Lytic bacteriophage (phage) that selectively binds to and lyses
infecting bacteria has demonstrated efficacy against highly resistant strains of A.
baumannii (2-5) and shows promise as alternate or adjunct treatments to antibiotics.
The specificity of many A. baumannii phage is directed by receptor-binding proteins at
their tail baseplate, which often bind to structural epitopes in the polymers of repeating
oligosaccharide K-units that make up the capsular polysaccharide (CPS) layer on the cell
surface (6, 7). While any single isolate produces just one CPS type, even closely related
isolates can produce a different CPS. Overall, the species is predicted to produce many
structural forms based on the finding of >200 clusters of genes at CPS biosynthesis
K locus (KL) in A. baumannii genomes (8). Hence, understanding which CPS structures
are produced by problem strains is needed to assist with developing a more targeted
approach.

A. baumannii isolates resistant to last-line carbapenems, which generally warrant
bacteriophage treatment, often belong to established, globally disseminated clonal
lineages. Global Clone 1 (GC1) and Global Clone 2 (GC2), which consist of isolates typed
as sequence type (ST) 1 and ST2 in the Institut Pasteur (IP) multilocus sequence typing
(MLST) scheme, respectively, as well as their single-locus variants, predominate, but
other clonal lineages such as ST25 and ST79 are also widespread (9). While variation at
the K locus has been detected in most overrepresented STs (10-14), systematic, detailed
characterization of the CPS biosynthesis gene clusters found in a single clone has only
been performed for GC1. One of the earliest analyses reported a total of eight distinct KL
(KLT, KL4, KL12, KL15, KL17, KL20, KL25, and KL40) among 45 GC1 genomes, which were
found distributed across two phylogenetically distinct clades referred to as Lineage 1 (L1)
and Lineage 2 (L2) (12). Since this time, expansion of L1 and L2 into multiple sublineages
has been described (13, 15), and further 9 KL have been found, raising the total number
to 17 KL identified in GC1 genomes to date.

For the majority of these KL, the structure of the corresponding CPS has been
determined (Table 1). The K-units include a variety of different monosaccharide residues,
in some cases modified by additional pyruvate or alanine substituents, which are joined
together by specific glycosidic linkages. In all cases, the sugars predicted to be produced
by specific enzymes or sets of enzymes encoded by genes found in these KL have been
found in the corresponding CPS. The identity of the initiating transferase (Itr) that begins
CPS biosynthesis with the transfer of a specific sugar to the lipid carrier in the inner
membrane also reliably predicts the first sugar of the K-unit (16). The number of genes
for glycosyltransferases (Gtrs) that form the linkages between the sugar constituents
generally predicts the number of sugars in the K-unit and a specific Wzy polymerase joins
completed K-units together to form long-chain CPS prior to export to the cell surface
(17-19).

Of the 17 KL identified in GC1 to date, only two (KL70 and KL147) have no corre-
sponding CPS structure available (Table 1). The KL70 gene cluster was originally found
in a set of unreleased draft genomes assembled from the short-read data in NCBI
BioProject PRJEB2801 (Kenyon, Holt, Hall, unpublished). However, the sequence had not
been described and is currently only available in our released draft genome (GenBank
accession number PYDX01000000.1) of isolate SGH0807 recovered in 2008 from a blood
sample at the Singapore General Hospital in Singapore. This genome is reported here but
was recently included in a GC1 phylogeny (15).

In this study, we report the properties of A. baumannii isolate SGH0807 along with
the draft genome sequence and describe the features found in the genome that account
for the resistance profile. The structure of the K70 CPS produced by SGH0807 is also
reported and correlated to the content of the KL70 CPS biosynthesis gene cluster at the
K locus. We further determine the structural epitopes in K70 that are important for phage
susceptibility.
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RESULTS

Extensively antibiotic-resistant A. baumannii SGH0807 carrying KL70 belongs
to GC1

The draft genome sequence of A. baumannii SGH0807 (deposited under NCBI accession
number PYDX02000000) is the only instance of the KL70 CPS biosynthesis gene cluster
that has been identified in A. baumannii genomes to date (8). The draft genome belongs
to ST1%, and hence, SGH0807 is a GC1 isolate. SGH0807 is resistant to carbapenems,
imipenem, meropenem, and doripenem (meropenem MIC > 32) and was found to
be also resistant to ampicillin and third-generation cephalosporins (ceftazidime and
cefotaxime), quinolones/fluoroquinolones (ciprofloxacin and nalidixic acid), aminoglyco-
sides (streptomycin, spectinomycin, kanamycin, neomycin, amikacin, and gentamicin),
and tetracycline and sulfamethoxazole but was susceptible to colistin (MIC = 0.125).
The catA1, sull, tetA(A), aadAl, and aacC1, blatgpm-1p genes were found in contigs that
comprised segments of the AbaR island found in the comM gene of Lineage 1 (L1) GC1
isolates (12, 13, 32, 33). However, the aphAT gene is missing. The aphA6 gene (amikacin,
kanamycin, and neomycin resistance) in TnaphA6 and oxa23 (carbapenem resistance) in
AbaR4 are in a potentially conjugative Aci6 plasmid.

Further analysis revealed that SGH0807 belongs to a recently described sublineage
of L1 (13) that includes some unique features including OCL3 at the OC locus (OCL)
directing biosynthesis of the outer core of the lipooligosaccharide, an additional copy
of the chromosomal ampC gene in transposon Tn6768 and recombination patches
of defined length that replace the standard GC1 segments carrying the gyrA and
parC genes. Tn6168 confers resistance to third-generation cephalosporins (34), and the
gyrA and parC alleles present in SGH0807 confer resistance to fluoroquinolones. This
sublineage is further subdivided based on the presence of either a copy of AbaR4 in a
specific location in the ABO057 sublineage or the presence of a specific integrated phage
genome in the A85 sublineage (13). Members of each of these sublineages were also
found to carry one or two copies of ISAba1 in sublineage-specific locations. SGH0807 was
assigned to the A85 sublineage because it includes the characteristic prophage region.
However, it does not carry the A85-specific ISAba1, indicating that it represents an earlier
form. Hence, SGH0807 is an extensively resistant isolate that represents an early member
of an important sublineage of GC1.

Organization of KL70

The specific sequence at the SGH0807 K locus was first identified as KL70 in a previous
study (15). However, the genetic content of the locus has not been described in detail.
KL70 (annotated and released under GenBank accession number PYDX01000000.1; Fig.
1) has an arrangement typical of most CPS biosynthesis gene clusters identified in A.
baumannii, in that it includes the three characteristic “regions” (8, 10, 11). Region 1 and
region 3 include genes common to most A. baumannii KL and consist of wza-wzb-wzc
genes for capsule export and galU-pgm genes for synthesis of simple sugar precursors
(e.g., UDP-N-acetyl-p-glucosamine; UDP-p-GlcpNAC), respectively (11). Genes responsible
for the synthesis and processing of the specific K-unit are located in region 2 (8), and
for KL70, this region includes three groups of sugar biosynthesis genes. These are gnal/
gne2 genes for synthesis of UDP-N-acetyl-p-galactosaminuronic acid (UDP-p-GalpNACcA),
fnlABC for UDP-N-acetyl-L-fucosamine (UDP-L-FucpNAc), and fnr1/gdr for UDP-N-acetyl-p-
fucosamine (UDP-p-FucpNAc). The roles of the proteins encoded in these modules were
originally predicted via homology to proteins of known function in other species (11).
However, these sugars have now been found in all CPS structures from strains carrying
these same gene modules (see Table 1 for references).

Region 2 of KL70 is most closely related to region 2 of the KL9 reference sequence
found in the complete genome of the GC2 (global clone 2) isolate MDR-TJ (GenBank
accession number CP003500.1), which was identified and annotated in a previous study
(11). The two gene clusters share 96.93% nucleotide sequence identity over 20,695 bp
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FIG 1 (A) Genetic organization of the KL70 gene cluster at the K locus in the A. baumannii SGH0807 genome. Figure drawn to scale from GenBank accession
number PYDX01000015.1 (base coordinates 31738-61173). The three regions and gene modules involved in sugar biosynthesis are indicated above. (B)
Comparison of KL70 with A. baumannii KL9 and KL12 CPS biosynthesis gene clusters. Genes drawn as arrows are colored according to predicted functions of

gene products as indicated by the scheme below. Gray shading indicates regions of >85% amino acid sequence identity.

of the 26,480 bp locus and differ only in a small group of genes in region 2, where
gtr31/fnr1/itrB3/atr7/gdr in KL70 replace gtr20/qnr3/itrB2/itrA3 in KL9. The gtr31/fnr1/itrB3/
atr7/gdr module has previously been described for KL12 and the related KL13, KL73, and
KL125 gene clusters (22, 23, 31, 35). Hence, KL70 appears to be a hybrid of these gene
clusters. A comparison of KL70 with KL9 and KL12 is shown in Fig. 1B.

As KL70 encodes an ItrB3 initiating transferase that has been shown to initiate K-unit
biosynthesis with the transfer of p-FucpNAc-1-phosphate from UDP-p-FucpNAc to the
lipid carrier in the inner membrane (22, 23, 31), p-FucpNAc is expected to be the first
sugar of the K70 unit. The sequential transfer of sugars onto this p-FucpNAc residue
is carried out by glycosyltransferases, and KL70 carries three glycosyltransferase genes
(named gtr21, gtr22, and gtr31) predicting a tetrasaccharide structure. A wzx gene and a
wzy gene, responsible for K-unit translocation and polymerization, respectively, are also
present. Hence, the K70 CPS is predicted to be made up of repeating tetrasaccharide
units that include p-GalpNAcA, L-FucpNAc, and p-FucpNAc residues and is expected to
include features found in K9 combined with features found in K12 (K13, K73, and KL125).

Structural elucidation of the K70 CPS from SGH0807

CPS was isolated from cells of A. baumannii SGH0807 by phenol-water extraction
(36). Sugar analysis using gas liquid chromatography (GLC) of the alditol acetates and
acetylated octyl glycosides derived from the CPS revealed L-FucNAc and p-FucNAc in the
ratios ~2:1 (Fig. S4 to S6). Further studies (see below) showed that the CPS also contains
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D-GalNACA. Genetic data (see above) indicated that GalNAcA has the p configuration and
was consistent with the presence of both L-FucNAc and p-FucNAc.

The CPS was studied by 'H and *C NMR spectroscopy. The NMR spectra of the CPS
showed the presence of four sugar spin systems, including those for GalpNAcA (unit
A) and three FucpNAc residues (units B-D), all monosaccharides being in the pyranose
form. In the *C NMR spectrum of the CPS (Fig. 2A; Table 2), there were present, inter-alia,
signals for four anomeric carbons at §¢ 97.9-102.9, C-6 of GalNACA at ¢ 175.7 (CO,H)

A A5 C5 B6
- D4 B4 C6
D6
D5
C4
A2
B2
AB A4 B3
NHCOCH3
B5 NHCOCHs
03 A3| |l D3 D2
\MJJ )
W W vl Wi
1%’6 p};m lOO 70 6|5 60 5|5 ;me 2‘5 2‘0 plpm
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FIG2 (A)C NMR spectrum of the K70 CPS from A. baumannii SGH0807. (B) 'H,">C HSQC spectrum of the K70 CPS from A. baumannii SGH0807.
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TABLE 2 '3C and 'H NMR chemical shifts (8, ppm) of the K70 CPS of A. baumannii SGH0807 and a modified
polysaccharide (MPS) obtained by Smith degradation of the CPS?

Sugar residue C-1 C-2 Cc-3 C-4 C-5 C-6
H-1 H-2 H-3 H-4 H-5 H-6
Cps® 99.8 49.8 76.8 75.2 724 175.7
—3)-a-p-GalpNAcA-(1—- 5.13 4.45 4.20 4.63 4.62
A
—3)-a-L-FucpNAc-(1- 100.1 498 74.6 723 68.2 16.5
B 4.88 4.30 4.10 3.68 3.99 1.28
—3)-B-p-FucpNAc-(1- 102.9 53.2 77.5 68.3 72.4 16.8
C 4.59 3.78 3.91 3.99 3.76 1.19
a-L-FucpNAc-(1- 97.9 50.8 68.9 724 68.3 16.5
D 5.48 4.09 3.91 3.76 4.09 1.19
MPS* 100.0 493 77.0 709 721 nf.
—3)-a-p-GalpNAcA-(1—- 5.07 427 4.04 4.54 4.44
A
—3)-a-L-FucpNAc-(1- 100.0 49.9 749 719 68.4 16.6
B 4.92 4.29 4.05 3.72 4.07 1.19
—3)-B-p-FucpNAc-(1- 103.4 53.1 77.2 68.4 72.3 16.9
C 4.53 3.92 3.82 4.07 3.78 1.26

9"H NMR chemical shifts are italicized.

“The following are the chemical shifts for the N-acetyl groups: 8H 1.91-2.03 (Me); 6C 23.6-23.8(Me) and 174.1-
174.8 (CO).

The following are the chemical shifts for the N-acetyl groups: 8H 1.91-2.08 (Me); 86C 23.8-23.9(Me) and 174.7-
175.1 (CO)®.

and FucNAc at 8¢ 16.5-16.8 (CH3), three nitrogen-bearing carbons (C-2) of the amino
sugars at 6¢ 49.8-53.2, and four N-acetyl groups at §¢ 23.6-23.8 (CH3) and 174.1-174.8
(CO). Accordingly, the '"H NMR spectrum of the CPS (Table 2) showed signals for four
anomeric protons at 6y 4.59-5.48, H-6 of p-FucNAc at &y 1.18-1.28 (CH3), and four
N-acetyl group at & 1.91-2.03.

The "H,"H TOCSY spectrum of the CPS showed H1/H2-H4 correlations for spin systems
of units C and D and H1/H2-H3 correlations for units A and B, which were assigned using
the 'H,"H COSY spectrum (Table 2). A relatively large J; 5 coupling constant of ~7 Hz
indicated that unit C is B-linked, whereas the a-linked units A, B, and D were character-
ized by significantly smaller J; 5 values (<4 Hz). With the 'H NMR signals assigned, the *C
NMR spectrum of the CPS was assigned using a 'H,"*C HSQC experiment (Fig. 2B; Table 2).

In the *C NMR spectrum of the CPS, relatively low-field positions of the signals for C-3
of units A, B, and C at §¢ 74.6-77.5 and C-4 of unit A at 8¢ 75.2, as compared with their
positions in the corresponding non-substituted monosaccharides (37), showed that units
A-C are 3-substituted, and unit A also is 4-substitued. The *C NMR chemical shifts of unit
D were typical of the non-substituted a-FucpNAc (37), and hence, this residue occupied
the terminal position in the side chain.

The 'H,"H ROESY (Fig. S1) spectrum of the CPS demonstrated the following correla-
tions between the anomeric protons and protons at the linkage carbons: A H-1/B H-3,
B H-1/C H-3, C H-1/A H-3, and D H-1/A H-4. The chemical shifts of §¢c 99.8 and 100.1 for
C-1 of units A and B, respectively, indicated that in the disaccharide fragments A-(1—3)-B
and B-(1—3)-C, the constituent monosaccharides have different absolute configurations
(37, 38). Therefore, unit A (GalNAcA) has the b configuration (see above), unit B has the L
configuration, and unit C has the b configuration. As L-FucNAc and p-FucNAc are present
in the ratio ~2:1, these data also showed that unit D has the L configuration.

The CPS structure was confirmed by Smith degradation, resulting in a modified
polysaccharide that corresponds to the main chain of the K70 CPS. The MPS was studied
by 'H and "*C NMR spectroscopy including two-dimensional experiments 'H,'"H COSY,
'H,"H ROESY, 'H,'H TOCSY, and 'H," C HSQC (Fig. S2). Therefore, the CPS has the structure
shown in Fig. 3.
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FIG 3 Comparison of CPS and sugar structures. (A) Structure of K70 CPS from A. baumannii SGH0807 (this work). (B) Structure of K9 CPS from A. baumannii
LUH3484 (39). Glycosyltransferases are shown in bold next to the linkage they have been assigned to. (C) Representation of the glycosidic linkages formed by

Wzyk| 9 shown to the right of each CPS structure with differences highlighted by colored shading.

Configuration of the K70 unit and assignment of the first sugar

The K70 CPS is composed of tetrasaccharide units that consist of an a-p-GalpNAcA-(1—3)-
a-L-FucpNAc-(1—-3)-B-b-FucpNAc trisaccharide main chain and an L-FucpNAc side-branch
that is a-(1—4) linked to the p-GalpNACcA residue (Fig. 3A). While the structural analysis
cannot determine which residue in the main chain represents the first sugar of the K
unit, the presence of itrB3 in KL70 indicates that o-FucpNAc is the first sugar (see above).
As only one p-FucpNAc residue is present in the structure obtained, this residue was
assigned as the first sugar (as drawn in Fig. 3A).

Assignment of the Gtrs to linkages in the K70 unit

Gtr31 (GenPept accession number WKC12490.1) is encoded by a gene that has previously
been found in a number of A. baumannii CPS biosynthesis gene clusters, including KL12
(22), KL13 and KL73 (23), and KL125 (31) from isolates for which the corresponding CPS
structures have been determined (see Table 1). In these structures, Gtr31 was predicted
to form a shared a-L-FucpNAc-(1—3)-p-FucpNAc linkage, and the same linkage is present
in K70. In each of these gene clusters, the gtr31 gene is part of a gene module that also
includes fnr1 and gdr to synthesize UDP-p-FucpNAc (11) and itrB3 for the incorporation of
p-FucpNAcC as the first sugar.

The remaining glycosyltransferases, Gtr21 and Gtr22, are encoded by genes that are
shared by KL9 (Fig. 1B). A structure for the K9 CPS is available [Fig. 3B; named O5
in (39)]. It was determined from the A. baumannii GC2 isolate LUH3484 that carries
a gene cluster (GenBank accession number KC526895.2) that is referred to as PSgc5
in (40) and is identical to the previously described KL9 gene cluster (10). The shared
a-L-FucpNAc-(1—4)-a-p-GalpNAcA-(1—3)-L-FucpNAc segment is therefore produced by
enzymes encoded by the genes shared by KL70 and KL9. Gtr22 (GenPept accession
number WKC12486.1) shares only 28% identity with its closest relative, Gtr19 from A.
baumannii KL8, which was previously assigned to the a-p-GalpNAc-(1—3)-L-FucpNAc
linkage in the K8 structure (41). In comparison, Gtr21 (GenPept accession number
WKC12485.1) was found to share little to no sequence identity with other known A.
baumannii glycosyltransferases or those of known or predicted function from other
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species. Hence, Gtr22 was assigned to a similar a-p-GalpNAcA-(1—3)-.-FucpNAc linkage
in K70, leaving Gtr21 for formation of the remaining a-L-FucpNAc-(1—4)-p-GalpNAcA
linkage. The monosaccharide composition of the K70 unit and the internal linkages are
therefore consistent with the genetic content of the KL70 gene cluster. This assignment is
also consistent with the assignments made previously for KL9 (PSgc5) in LUH3484 (40).

KL70 and KL9 encode identical Wzy polymerases

As the Wzy protein links the first sugar of a K-unit to another sugar to create the specific
configuration of the CPS, the linkage formed by the Wzy polymerase that joins the
K70 units would be the B-b-FucpNAc-(1—3)-p-GalpNAcA. However, the KL70 and KL9
gene clusters encode identical Wzy polymerases [100% coverage and 100% aa sequence
identity; annotated as Wzyg g according to the nomenclature system proposed recently
(8)], and the linkage between K9 units is B-p-GlcpNAc-(1—3)-p-GalpNAcA. This finding
was unexpected, as to date, A. baumannii strains with different KL that encode closely
related Wzy polymerases (>85% aa identity) have been found to produce CPS with units
joined by a linkage that involves the same pair of sugars (17, 23, 27, 42-46).

Wzyk| g likely belongs to the EpsG protein family

To date, Wzy polymerases encoded in A. baumannii genomes have belonged to one
of three different protein families named EpsG, Wzy_C, and O-ag_pol_Wzy (17, 47-49),
which are defined by shared hidden Markov models (HMM:s). However, Wzy| ¢, encoded
at the K locus, was not assigned to any of the known families or any other protein family
established to date, though it shared significant homology with known Wzy. A broader
search for Wzyg 9 homologs encoded by A. baumannii KL revealed that Wzyy, 9 shares
40% aa identity with Wzyy g, which is known to form a B-p-GlcpNAc-(1—3)-p-GalpNAc
linkage between units in the A. baumannii K8 CPS (41). This linkage is similar to the
linkages formed by Wzykg in the K9 and K70 CPS structures, and this is consistent with
the assignment of Wzykg to formation of those linkages. Though Wzyk 9 could not be
assigned to a known protein family, Wzy| g was previously reported as belonging to the
EpsG family (41), suggesting that Wzyk 9 may also belong to the EpsG family and that
the HMM requires adjustment.

Searches for additional Wzy candidates

As there have been no identified cases in A. baumannii of identical Wzy polymerases
producing linkages with different first sugars, the possibility that an alternate Wzy is
encoded elsewhere in the genome of either SGH0807 or LUH3484 was investigated.
Wzy polymerases are integral membrane proteins that exhibit a high level of sequence
diversity both within and across bacterial species (50). However, genes located outside
the K locus that encode Wzy polymerases can be detected using a combination of simple
protein homology-based searches (11). The two ligases responsible for protein or pilin
glycosylation in Acinetobacter (51) belong to the Wzy_C (PF04932) family but can be
easily distinguished.

The coding sequences from both genomes (n = 3912 in SGH0807 and n = 3690 in
LUH3484) were therefore translated and first assessed for HMIMs consistent with one
of the three known families associated with Wzy. Using hmmscan with the currently
available Pfam database, one protein from SGH0807 and two from LUH3484 that
belonged to Wzy_C were identified as the known protein and pilin ligases. However,
none of the other predicted protein sequences from either SGH0807 and LUH3484
genomes were found to belong to EpsG (PF14897) or O-ag_pol_Wzy (PF14296) families.

To ensure that there were no other possible Wzy candidates that did not fall into
one of the known families, translated coding sequences were assessed for transmem-
brane segments (TMS). Those with >7 TMS (excluding the protein and pilin glycosylases
and Wzyg o) and no identified protein family (n = 4 from SGH0807 and n = 5 from
LUH3484) were each further subjected to BLASTp to search for homologs of known
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or predicted function. This returned hits to either permeases, regulatory proteins, or
hypothetical proteins found in many A. baumannii genomes. Therefore, it was concluded
that it is unlikely that any additional Wzy proteins were encoded by either of the
SGHO0807 or LUH3484 genomes. The lack of an alternate wzy gene located elsewhere
in either genome indicated that Wzyy g is able to form similar linkages, even though
these linkages involve two different first sugars (3-0-GlcpNAc-(1—3)-p-GalpNAcA in K9,
and B-p-FucpNAc-(1—3)-p-GalpNAcA in K70). The chemical structures of p-FucpNAc and
D-GlcpNAC are similar (Fig. 3), differing only in hydroxyl groups at carbon C4 and C6. The
linkage between units involves only C1 of these sugars, and the differences at C4 and C6
do not appear to influence the function of Wzy.

Distribution of Wzyg 9 and association with other CPS types

The A. baumannii KL reference sequence database (8) was screened for further instances
of the wzyk| 9 gene to determine its distribution and association with other A. baumannii
CPS types. The wzyk g9 gene (100% identity) was found in an additional five KL gene
clusters, KL109, KL149, KL168, KL173, and KL222 (Fig. S3A). All but one of these gene
clusters include an itrA3 gene and differ from KL9 and each other only in the sequence
located between gpi/gnel and pgm. So far, genes found in this location have not been
found or predicted to have a role in CPS biosynthesis (8). Therefore, strains carrying these
loci are expected to produce the K9 CPS type. Equivalent variations on the KL70 gene
cluster were not detected.

The remaining gene cluster, KL222, carries an jtrA2 gene replacing itrA3 but is
otherwise closely related to the KL9 group with the itrA gene being the only differ-
ence between KL222 and KL149 (Fig. S3A). ItrA2 initiates K-unit biosynthesis with the
transfer of b-GalpNAc-1-phosphate from UDP-p-GalpNAc to the lipid carrier in the inner
membrane (11, 18, 52, 53), and for all A. baumannii isolates that produce CPS with
p-GalpNAc as the first sugar, an itrA2 gene is found in the gene cluster at the K locus.
The structure of the K222 CPS has not been determined but would be expected to be
equivalent to the K9 structure with p-GalpNAc in place of b-GlcpNAc as the first sugar.
p-GalpNAc differs from p-GlcpNAc in the epimerization of the hydroxyl group at carbon
C4, and similar to p-FucpNAG, this carbon is not involved in the linkage between units.

Influence of the first sugar on phage depolymerase activity

To determine whether the difference in first sugar influences the ability of phage to
recognize, bind, and digest the CPS, the activity of three different bacteriophages, AM24
(54), BS46 (7, 55), and APK09 (56), previously shown to infect only K9-producing A.
baumannii isolates among a panel of diverse K types, was tested against SGH0807. All
three K9-specific phages were found to form zones of clearing on the bacterial lawn of A.
baumannii SGH0807 (Fig. 4A). This indicated that the difference in the first sugar of the
CPS unit did not influence susceptibility of A. baumannii SGH0807 to phages AM24, BS46,
and APKO09.

While none of the resulting zones of clearing formed by the phage had visible
halos surrounding them suggestive of depolymerase activity (6, 57), all three phages
have been previously reported to encode a Dpo enzyme (7, 54-56) with the Dpo from
BS46 (DpoBS46) having been demonstrated to hydrolyze the K9 CPS via cleavage of
the specific linkage formed by Wzyk| 9 (7). DpoBS46 (BS46_gp47, GenPept accession
number QEP53229.1) shares 73.9% aa sequence identity with DpoAM24 (AM24_gp50,
GenPept accession number APD20249.1) over 622 of 842 aa of the protein sequence,
with greater homology (92%) over the last 609 aa, which is the region responsible for
CPS substrate recognition. In comparison, DpoAPK09 (APK09_gp48, GenPept accession
number UAW09804.1) shares only 27.8% and 28.6% aa identity with DpoBS46 and
DpoAM24, respectively.

Purified K70 CPS was therefore treated with the previously reported recombinant
depolymerases from AM24 (54) and APK09 (56) to determine whether DpoAM24 and
DpoAPK09 could hydrolyze the K70 CPS. As the C-terminal region responsible for CPS
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FIG 4 Bacteriophage and depolymerase activity on K70 CPS. (A) K9-specific AM24 (54), BS46 (7, 55), and APK09 (56) phage zones of clearing on a lawn of A.
baumannii SGH0807. (B) Oligosaccharide fragments OS1 and OS2 produced by cleavage of K70 CPS from A. baumannii SGH0807 by recombinant depolymerase

(Dpo) from AM24 and APK09. Red arrows indicate cleavage site.

recognition is highly similar in DpoAM24 and DpoBS46, digestion with DpoBS46 was
not performed. Both Dpo treatments were fractionated by gel permeation chromatog-
raphy, and the same monomer (OS1) and dimer (0S2) CPS fragments were obtained.
The molecular mass of the OS1 monomer and OS2 dimer structures were determined
by negative ion mode electrospray ionization mass spectrum, which showed peaks
of the [M-H]™ ion at m/z 7953147 and 1573.6280 against the calculated values m/z
795.3147 and 1573.6273, respectively (Fig. S7 and S8). The 'H and *C NMR spectra
of the monomer (0S1) and dimer (0S2) were fully assigned by two-dimensional NMR
spectroscopy and compared with the data of the corresponding CPS to confirm the
sequence of the monosaccharides and the presence of a b-FucpNAc (unit C) residue at
the reducing end of both structures (Fig. 4B). These data demonstrated that the OS1
monomer and OS2 dimer oligosaccharides were products resulting from Dpo cleavage of
the B-p-FucpNAc-(1—3)-p-GalpNACcA linkage in the K70 CPS that is formed by Wzyy, o.

Distribution of KL70 in A. baumannii genomes

To determine the distribution of the K70 CPS in A. baumannii, 19,638 A. baumannii
genome assemblies available in NCBI (as of 5th May 2023) were searched for any further
instances of the KL70 CPS biosynthesis gene cluster. However, this did not identify
any further isolates, suggesting that K70 is a rarely occurring CPS type. A. baumannii
SGHO0807 is from a collection of isolates from the hospitals in Singapore for which draft
genome assemblies had never been released (see Introduction). Available short-read
data for this collection were assembled into contigs and also screened for the presence
of the KL70 gene cluster. In addition to SGH0807, KL70 was detected in further 16
assemblies (deposited into BioProject PRINA992947) from this collection, which are
described in Table 3.

These assemblies were subjected to MLST using the A. baumannii Institut Pasteur
scheme, which revealed that 15 assemblies, like SGH0807, belong to ST1 (GC1) and one
to ST2 (GC2) (Table 3). These isolates were recovered over a 4-year period (2006-2009) at
the Singapore General Hospital or Changi General Hospital. The GC1 genomes all shared
the properties reported above for SGH0807 except that the aphAT gene in Tn6020 was
present in the AbaR in all and six had lost the catA71 and blatgp-1p antibiotic resistance
determinants though their loss does not substantially affect the resistance profile. The
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single ST2 isolate from 2008 was found to carry armA, catB8, sull, aadA1, mphE, msrE, and
aphA1 in fragments indicating the presence of an AbGRI3-type island and sul2, tet(B),
strA, and strB in an AbGRI1-type island. It had also acquired Tn6768, and it is likely that
this isolate has acquired both the KL70 locus and Tn6168 from a GC1 isolate.

DISCUSSION

In this study, we report the genome and properties of the extensively antibiotic-resist-
ant A. baumannii isolates recovered at two hospitals in Singapore that carry the KL70
configuration at the K locus. The majority belonged to Lineage 1 of the major globally
disseminated clonal group GC1 and carried a variant form of the AbaR3 antibiotic
resistance transposon in comM. They are early representatives of an important subline-
age of L1 in GC1 (13). However, a single isolate belonged to GC2 and appears to have
acquired the KL70 gene cluster from one of the GC1 isolates. As data relating to more
recent isolates from Singapore are not available, whether this sublineage continues to
circulate in Singapore remains to be established.

The complete chemical structure of the K70 CPS produced by isolate SGH0807 was
also determined, adding another structure to the set of CPS types found among isolates
belonging to GC1. Like many GC1 CPS (Table 1), the K70 structure is acidic due to
the presence of a carboxyl group on the 2-acetamido-2-deoxygalactopyranuronic acid
(GalpNAcA) residue. However, the structure is distinguished by the presence of three
FucpNAc residues, two of which are L-configured and the other one p-configured. The
K70 structure is similar to the reported K9 CPS from the GC2 isolate LUH3484, differing
only in the first sugar of the unit where D-FucpNAc is present in K70 and p-GlcpNAc
in K9 (Fig. 3). As this sugar represents the reducing terminus of the unit that is linked
to another unit by the Wzy polymerase, the linkage between K70 and K9 units involve
different first sugars though they are formed by identical Wzyg, g polymerases.

Within A. baumannii, more than 134 Wzy types have been identified to date, defined
using an amino acid sequence identity cutoff of 85% (8). In general, CPS polymerized by
the same Wzy type have units joined by linkages of the same anomeric configuration
that involve the same sugars substituted at the same positions (17, 23, 27, 42-46). To the
best of our knowledge, Wzyk g is the first example of a Wzy polymerase in A. baumannii
that is capable of forming linkages between units that involve one of two different
first sugars. These sugars, p-FucpNAc and p-GlcpNAc, differ only in epimerization of the
hydroxyl group at carbon C4 and an additional OH group at C6 in b-GlcpNAc (Fig. 3). The
finding of the wzyg; 9 gene in another KL (KL222) that carries itrA2 predicting p-GalpNAc
as the first sugar suggests that Wzyg 9 may also be able to accommodate a third sugar,
p-GalpNAc, which is similarly a C4 epimer of b-GlcpNAc. The C4 position of the first sugar,
as well as C6, is not directly involved in the linkage between units (C1); therefore, neither
epimerization at C4 nor the presence of a hydroxyl group at C6 appears to influence the
activity of the Wzyy| g polymerase.

A potentially similar situation was found with the Wzyy g, the closest relative of
Wzyki 9. A search of the A. baumannii KL reference sequence database identified the
wzykrg gene in a further three gene clusters. The KL8 CPS biosynthesis gene cluster
carries an itrA3 gene (Fig. S3B), and KL183 also includes itrA3. However, the other two,
KL217 and KL234, carry an itrB3 gene (Fig. S3B). While there are currently no structures
available for strains carrying these loci, the presence of either itrA3 or itrB3 co-located
with wzyg; g at the K locus suggests that Wzyg g may also be able to form two linkages
involving either p-FucpNAc or p-GlcpNAC.

The difference in first sugar was also shown to have no effect on the ability of
AM24, BS46, and APK09 phage to infect and lyse SGH0807 or the ability of the encoded
depolymerases to hydrolyze the K70 CPS. As recent studies have reported that many
A. baumannii bacteriophage Dpos specifically cleave the Wzy linkage in the CPS (6, 17,
58, 59), understanding the breadth of specificity of both Wzy types and Dpos could
assist with selection of the most appropriate phage for treatment. While the functional
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mechanism and specificity of Wzy and Dpo proteins are not well understood, this study
contributes to our understanding of enzyme specificity.

Development of a targeted approach to bacteriophage therapy relies in part on the
ability to not only detect the specific sequence at the K locus and the presence of any
additional CPS genes in the A. baumannii genome but also accurately characterize the
functional Wzy to determine which linkage in the CPS structure represents the bond
between units that is usually cleaved by Dpos. Identification of Wzy coding sequences
currently relies on the detection of HMM profiles that define Wzy protein families.
However, our analysis has shown that while a protein family domain could not be
detected in the sequence of Wzyy g, the protein is closely related to Wzyg; g, which
belongs to the EpsG family, indicating that Wzyk, g is also an EpsG family member. This
suggests that HMM profiles for Wzy polymerases may need to be revised to improve
currently available search tools.

MATERIALS AND METHODS
Bacterial strain, cultivation, and resistance profiling

A. baumannii isolate SGH0807 (also known as DB55809) was recovered from a blood
sample at the Singapore General Hospital in 2008. Bacteria were cultivated in LB media
overnight; cells were harvested by centrifugation (10,000 X g, 20 min) and resuspen-
ded with phosphate-buffered saline, acetone was added to 70% vol/vol, and cells
were precipitated and dried. Resistance of SGH0807 to antibiotics was determined as
described previously (12).

Whole-genome sequencing

Genomic DNA was extracted from A. baumannii SGH0807 as described previously (12).
DNA was sequenced on an lllumina MiSeq platform at the Australian Genomic Research
Facility. Reads were assembled into contigs using SPAdes v 3.10 (60), and contigs derived
from the AbaR region and from Tn6768 were linked using PCR to confirm their structure
and location. The enhanced draft genome sequence was annotated using Prokka and
revised manually in keeping with established annotations for the AbaR region (12,
32). Annotations for KL70 reported here were added, and the OCL1 region was anno-
tated as in the reference for OCL1 (10, 11). An unannotated draft genome had been
released previously under PYDX01000000 (BioProject number PRJINA421215, BioSample
number SAMNO08637738). The enhanced draft genome was uploaded to NCBI under
WGS accession number PYDX02000000.

Available short-read data for other A. baumannii isolates from Singapore hospitals
found in PRJEB2801 were assembled using SPAdes v 3.70, and genomes carrying KL70
were identified. Assemblies of these genomes have been released under PRINA992947
(details listed in Table S1).

The short reads for A. baumannii isolate LUH3484 (SRA accession DRR006286) were
downloaded and assembled into contigs as described above. The correctly annotated
KL9 sequence in the LUH3484 genome is available under GenBank accession number
KC526895.2

Bioinformatics analyses

Multi-locus sequence typing was performed using the milst tool (available at https://
github.com/tseemann/mist) to determine the ST of isolates using the Instiut Pas-
teur (IP) scheme (available at https://pubmlst.org/organisms/acinetobacter-bauman-
nii). ResFinder v. 4.1 (https://cge.cbs.dtu.dk/services/ResFinder/) was used to identify
resistance determinants. Kaptive v. 2.04 was used to detect KL and OCL using the latest
iterations of the A. baumannii KL reference sequence database that includes 241 KL (8)
and OCL reference sequence database that includes 22 OCL (61), respectively.
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The KL70 sequence from the SGH0807 genome was extracted, annotated accord-
ing to the established nomenclature scheme (11), and submitted to GenBank under
accession number 0Q558830.1. Functions of encoded proteins, including glycosyltrans-
ferases and the Wzy polymerase, were predicted based on the homology to products
of known or predicted function using BLASTp (62) and correlated to the elucidated
K70 structure. To identify wzy genes outside the K locus, all coding sequences in the
assembled genomes of SGH0807 and LUH3484 were identified and annotated using
Prokka v 1.14.15 (63). Amino acid sequences of encoded proteins were submitted to
TMHMM v 2.0 (64) to detect transmembrane segments and hmmscan v. 2.41.2 (65) to
detect hidden Markov models.

Isolation of the capsular polysaccharide

Bacterial cells (3.7 g) were extracted with 45% aqueous phenol (70°C, 1 h) (36); the
extract was dialyzed without layer separation and freed from insoluble contaminations
by centrifugation. The resultant solution was concentrated and treated with cold aq
50% CCI3CO,H at 0°C for 1 h; after centrifugation, the supernatant was dialyzed against
distilled water. The yield of the A. baumannii K70 CPS was 11.1% (400 mg). A CPS sample
(120 mg) was hydrolyzed with 2% CH3CO,H (100°C, 2 h). Fractionation of the products by
gel-permeation chromatography on a column (56 x 2.5 cm) of Sephadex G-50 Superfine
(Healthcare) in 0.05 M pyridinium acetate pH 4.5 as eluent gave a purified CPS sample
(47 mg).

Monosaccharide analysis

A CPS sample (1 mg) was hydrolyzed with 2 M CF3CO,H (120°C, 2 h), reduced with NaBH4
in T M NH40H (0.5 mL, 10 mg, 20°C, 1 h), and acetylated by a 1:1 (vol/vol) mixture of
pyridine and Acy0 (120°C, 2 h). Monosaccharides were analyzed by GLC as the alditol
acetates on a Maestro chromatograph (Agilent 7820, Interlab, Russia) equipped with an
HP-5 column (0.32 mm x 30 m) using a temperature program of 160°C (1 min) to 290°C at
7°C min™".

The absolute configurations were determined by GLC of the trifluoroacetylated (S)
—2-octyl ester. A CPS and MPS samples (1 mg) were hydrolyzed with 2 M CF3CO,H (120°C,
2 h), dissolved in a saturated solution of NaHCO3, with constant stirring and adding to
the solution Acy0 in three portions every 15 min (20 pL, 0°C). The solutions were diluted
with water, treated with Amberlite resin IR-120 (Na) (BDH Limited Pool, England), filtered,
and evaporated.

Then, 2-octanol (0.1 mL) and trifluoroacetic acid (15 pL) were added; after heating
(16 h, 120°C), the mixture was acetylated with a 1:1 (vol/vol) mixture of pyridine and
Acy0 (120°C, 2 h). The resultant octyl glycosides were analyzed by GLC as the alditol
acetates on a Maestro chromatograph (Agilent 7820, Interlab, Russia) equipped with an
HP-5 column (0.32 mm X 30 m) using a temperature program of 160°C (1 min) to 290°C at
7°C min™".

Smith degradation

A CPS sample (20.7 mg) was oxidized with aqueous 0.05 M NalO4 (1.4 mL) at 20°C for 48 h
in the dark and reduced with NaBH4 (35 mg) at 20°C for 16 h. The excess of NaBH4 was
destroyed with concentrated CH3CO5H, the solution was evaporated, and the residue
was evaporated with methanol (3 x 1 mL), dissolved in 0.5 mL water, and applied to a
column (35 x 2 cm) of TSK-40. The modified polysaccharide was eluted with aqueous
CH3COH and hydrolyzed with 2% CH3CO,H (100°C, 2 h). Fractionation of the products
by gel-permeation chromatography on TSK-40 followed by HPLC on a column (108 x
1.2 cm) in water gave a MPS sample (15 mg).
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Phage and depolymerase activity determination

A. baumannii phage AM24 was obtained from the State Collection of Pathogenic
Microorganisms and Cell Cultures «SCPM-Obolensk» (accession number Ph-106). Phage
BS46 was received from the Félix d'Hérelle Reference Centre for Bacterial Viruses at Laval
University (Québec, Canada). Phage APK09 was isolated in 2018 and detailed described
previously (56).

The activity of DpoBS46 and phages AM24, BS46, and APK09 was analyzed via
spot-test assay or modification of a double-layer method (66). For this, 200 L of bacterial
culture A. baumannii SGH0807 (ODggg = 0.3-0.4) was mixed with 4 mL of soft agar (LB
broth supplemented with 0.6% agarose), poured onto the nutrient agar. Then, 10 uL of
the phage suspensions [~10° plaque-forming units (PFU) per mL] or 10 pL of depolymer-
ase suspension (1 pg) was spotted on the soft agar lawns and incubated at 37°C for
18-24 h.

Depolymerization of the CPS by recombinant proteins

Purified CPS was solubilized in 100 mM Tris-HCI pH 8.0 buffer, and purified Dpo proteins
were added for digestion (1/100 wt/wt). The reaction mixture was kept at 37°C overnight.
CPS digestion products were fractionated by gel permeation chromatography on a 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, Japan) in 1% acetic acid.

NMR spectroscopy

Samples were deuterium exchanged by freeze drying from 99.9% D,0O and then
examined as solutions in 99.95% D,0. NMR spectra were recorded on a Bruker Avance I
600 MHz spectrometer (Germany) at 60°C. Sodium 3-trimethylsilylpropanoate-2,2,3,3-d4
(6 0, 6¢ —1.6) was used as internal reference for calibration. Two-dimensional NMR
spectra were obtained using standard Bruker software, and Bruker TopSpin 2.1 program
was used to acquire and process the NMR data. A 60-ms MLEV-17 spin-lock time and
a 150-ms mixing time were used in TOCSY and ROESY experiments, respectively. A
60-ms delay was used for evolution of long-range couplings to optimize 'H,”*C HMBC
experiments for the coupling constant of Jy ¢ 8 Hz.

Mass spectrometry

High-resolution electrospray ionization (HR ESI) mass spectrometry was performed in the
negative ion mode using a micrOTOF Il instrument (Bruker Daltonics). An oligosaccharide
sample (~50 ng L™") was dissolved in a 1:1 (vol/vol) water-acetonitrile mixture and
injected with a syringe at a flow rate of 3 uL min™". The capillary entrance voltage was
set at 3,200 V and the interface temperature at 180°C. Nitrogen was used as the drying
gas. The mass range was from m/z 50 to 3,500. Internal calibration was done with ESI
Calibrant Solution (Agilent).

ACKNOWLEDGMENTS

We thank Matthew Wynn (Sydney, Australia) for the technical assistance and Prof.
Kathryn E. Holt (London School of Tropical Hygiene and Medicine, UK) for the early
whole genome sequence analysis. We also thank Dr. Grace Blackwell for the assembly
and submission of the original SGH0807 draft genome.

This work was supported by an QUT Faculty of Health Postgraduate Scholarship to
N.S.S., an Australian Research Council (ARC) DECRA Fellowship DE180101563 to JJ.K,,
a National Health and Medical Research Council (NHMRC) of Australia Investigator
Fellowship GNT1194978 to R.M.H., a Russian Science Foundation project grant (Project
19-14-00273) to Y.AK,, and the Ministry of Science and Higher Education of the Russian
Federation, grant No. 075-15-2019-1671 (Agreement dated 31 October 2019).

November/December 2023 Volume 11  Issue 6

Microbiology Spectrum

10.1128/spectrum.03025-23 17


https://doi.org/10.1128/spectrum.03025-23

Research Article

AUTHOR AFFILIATIONS

'N. D. Zelinsky Institute of Organic Chemistry, Russian Academy of Sciences, Moscow,
Russia

*Centre for Immunology and Infection Control, School of Biomedical Sciences, Faculty of
Health, Queensland University of Technology, Brisbane, Australia

3School of Life and Environmental Sciences, Faculty of Science, University of Sydney,
Sydney, Australia

*M. M. Shemyakin and Y. A. Ovchinnikov Institute of Bioorganic Chemistry, Russian
Academy of Sciences, Moscow, Russia

*State Research Center for Applied Microbiology and Biotechnology, Obolensk, Moscow
Region, Russia

®Saw Swee Hock School of Public Health, National University of Singapore, Queenstown,
Singapore

’Yong Loo Lin School of Medicine, National University of Singapore, Queenstown,
Singapore

PRESENT ADDRESS

Johanna J. Kenyon, Griffith University, Gold Coast, Australia

AUTHOR ORCIDs

Anastasiya V. Popova (2 http://orcid.org/0000-0003-0065-6459
Ruth M. Hall @ http://orcid.org/0000-0003-2062-3312
Johanna J. Kenyon & http://orcid.org/0000-0002-1487-6105

FUNDING

Funder Grant(s) Author(s)
Department of Education and Training | DE180101563 Johanna J. Kenyon
Australian Research Council (ARC)

DHAC | National Health and Medical Research GNT1194978 Ruth M. Hall

Council (NHMRC)

Russian Science Foundation (RSF) 19-14-00273 Yuriy A. Knirel
Ministry of Science and Higher Education 075-15-2019-1671 Anastasiya V. Popova
of the Russian Federation (Minobrnauki of

Russia)

AUTHOR CONTRIBUTIONS

Anastasiya A. Kasimova, Data curation, Formal analysis, Investigation, Methodology,
Visualization, Writing — original draft | Nowshin S. Sharar, Formal analysis, Investigation,
Methodology, Writing - original draft | Stephanie J. Ambrose, Data curation, Formal
analysis | Yuriy A. Knirel, Conceptualization, Data curation, Funding acquisition, Project
administration, Supervision, Writing - original draft, Writing - review and editing |
Mikhail M. Shneider, Investigation, Methodology, Writing - original draft | Olga Y.
Timoshina, Formal analysis, Investigation, Methodology | Anastasiya V. Popova, Formal
analysis, Investigation, Methodology, Writing - original draft, Writing - review and
editing | Andrey V. Perepelov, Investigation, Writing - original draft | Andrey S. Dmi-
trenok, Investigation | Li Yang Hsu, Data curation, Investigation | Ruth M. Hall, Concep-
tualization, Data curation, Formal analysis, Funding acquisition, Investigation, Project
administration, Writing — original draft, Writing - review and editing | Johanna J. Kenyon,
Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation,
Methodology, Project administration, Supervision, Visualization, Writing - original draft,
Writing - review and editing

November/December 2023 Volume 11  Issue 6

Microbiology Spectrum

10.1128/spectrum.03025-23 18


https://doi.org/10.1128/spectrum.03025-23

Research Article

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental figures (Spectrum03025-23-s0001.docx). Figures S1 to S8.
Table S1 (Spectrum03025-23-s0002.docx). Genomes carrying KL70.

REFERENCES

1.

November/December 2023 Volume 11

Murray CJL, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray A,
Han C, Bisignano C, Rao P, Wool E, et al. 2022. Global burden of bacterial
antimicrobial resistance in 2019: a systematic analysis. Lancet 399:629-
655. https://doi.org/10.1016/50140-6736(21)02724-0

Wu N, Dai J, Guo M, LiJ, Zhou X, Li F, Gao Y, Qu H, Lu H, Jin J, et al. 2021.
Pre-optimized phage therapy on secondary Acinetobacter baumannii
infection in four critical COVID-19 patients. Emerg Microbes Infect
10:612-618. https://doi.org/10.1080/22221751.2021.1902754

Rao S, Betancourt-Garcia M, Kare-Opaneye YO, Swierczewski BE, Bennett
JW, Horne BA, Fackler J, Suazo Hernandez LP, Brownstein MJ. 2022.
Critically ill patient with multidrug-resistant Acinetobacter baumannii
respiratory infection successfully treated with intravenous and
nebulized bacteriophage therapy. Antimicrob Agents Chemother
66:0082421. https://doi.org/10.1128/AAC.00824-21

Gordillo Altamirano FL, Kostoulias X, Subedi D, Korneev D, Peleg AY, Barr
JJ. 2022. Phage-antibiotic combination is a superior treatment against
Acinetobacter baumannii in a preclinical study. EBioMedicine 80:104045.
https://doi.org/10.1016/j.ebiom.2022.104045

Schooley RT, Biswas B, Gill JJ, Hernandez-Morales A, Lancaster J, Lessor L,
Barr JJ, Reed SL, Rohwer F, Benler S, et al. 2017. Development and use of
personalized bacteriophage-based therapeutic cocktails to treat a
patient with a disseminated resistant Acinetobacter baumannii infection.
Antimicrob Agents Chemother 61:€00954-17. https://doi.org/10.1128/
AAC.00954-17

Popova AV, Shneider MM, Arbatsky NP, Kasimova AA, Senchenkova SN,
Shashkov AS, Dmitrenok AS, Chizhov AO, Mikhailova YV, Shagin DA,
Sokolova OS, Timoshina OY, Kozlov RS, Miroshnikov KA, Knirel YA. 2021.
Specific interaction of novel Friunavirus phages encoding tailspike
depolymerases with corresponding Acinetobacter baumannii capsular
types. J Virol 95:e01714-20. https://doi.org/10.1128/JV1.01714-20

Knirel YA, Shneider MM, Popova AV, Kasimova AA, Senchenkova SN,
Shashkov AS, Chizhov AO. 2020. Mechanisms of Acinetobacter
baumannii capsular polysaccharide cleavage by phage depolymerases.
Biochem (Mosc) 85:567-574. https://doi.org/10.1134/-
$0006297920050053

Cahill SM, Hall RM, Kenyon JJ. 2022. 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 8:mgen000878. https://doi.org/10.1099/mgen.0.
000878

Hamidian M, Nigro SJ. 2019. Emergence, molecular mechanisms and
global spread of carbapenem-resistant Acinetobacter baumannii. Microb
Genom 5:e000306. https://doi.org/10.1099/mgen.0.000306

Wyres KL, Cahill SM, Holt KE, Hall RM, Kenyon JJ. 2020. Identification of
Acinetobacter baumannii loci for capsular polysaccharide (KL) and
lipooligosaccharide outer core (OCL) synthesis in genome assemblies
using curated reference databases compatible with Kaptive. Microb
Genom 6:€000339. https://doi.org/10.1099/mgen.0.000339

Kenyon JJ, Hall RM. 2013. Variation in the complex carbohydrate
biosynthesis loci of Acinetobacter baumannii genomes. PLoS One
8:€62160. https://doi.org/10.1371/journal.pone.0062160

Holt KE, Kenyon JJ, Hamidian M, Schultz MB, Pickard DJ, Dougan G, Hall
RM. 2016. Five decades of genome evolution in the globally distributed,
extensively antibiotic resistant Acinetobacter baumannii global clone 1.
Microb Genom 2. https://doi.org/10.1099/mgen.0.000052

Hamidian M, Hawkey J, Wick R, Holt KE, Hall RM. 2019. Evolution of a
clade of Acinetobacter baumannii global clone 1, lineage 1 via
acquisition of carbapenem- and aminoglycoside-resistance genes and

Issue 6

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Microbiology Spectrum

dispersion of ISAba1. Microb Genom 5. https://doi.org/10.1099/mgen.0.
000242

Wright MS, Haft DH, Harkins DM, Perez F, Hujer KM, Bajaksouzian S,
Benard MF, Jacobs MR, Bonomo RA, Adams MD. 2014. New insights into
dissemination and variation of the health care-associated pathogen
Acinetobacter baumannii from genomic analysis. mBio 5:200963-13.
https://doi.org/10.1128/mBi0.00963-13

Koong J, Johnson C, Rafei R, Hamze M, Myers GSA, Kenyon JJ, Lopatkin
AJ, Hamidian M. 2021. Phylogenomics of two ST1 antibiotic-susceptible
non-clinical Acinetobacter baumannii strains reveals multiple lineages
and complex evolutionary history in global clone 1. Microb Genom
7:000705. https://doi.org/10.1099/mgen.0.000705

Tickner J, Hawas S, Totsika M, Kenyon JJ. 2021. The Wzi outer membrane
protein mediates assembly of a tight capsular polysaccharide layer on
the Acinetobacter baumannii cell surface. Sci Rep 11:21741. https://doi.
org/10.1038/s41598-021-01206-5

Arbatsky NP, Kasimova AA, Shashkov AS, Shneider MM, Popova AV,
Shagin DA, Shelenkov AA, Mikhailova YV, Yanushevich YG, Hall RM,
Knirel YA, Kenyon JJ. 2022. 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 10:e0150321. https://doi.org/10.1128/spectrum.01503-21

Kenyon Johanna J, Marzaioli AM, Hall RM, De Castro C. 2014. Structure of
the K2 capsule associated with the KL2 gene cluster of Acinetobacter
baumannii. Glycobiology 24:554-563. https://doi.org/10.1093/glycob/
cwu024

Kenyon J.J, Shashkov AS, Senchenkova SN, Shneider MM, Liu B, Popova
AV, Arbatsky NP, Miroshnikov KA, Wang L, Knirel YA, Hall RM. 2017.
Acinetobacter baumannii K11 and K83 capsular polysaccharides have the
same 6-deoxy-L-talose-containing pentasaccharide K units but different
linkages between the K units. Int J Biol Macromol 103:648-655. https://
doi.org/10.1016/j.ijbiomac.2017.05.082

Russo TA, Beanan JM, Olson R, MacDonald U, Cox AD, St Michael F,
Vinogradov EV, Spellberg B, Luke-Marshall NR, Campagnari AA. 2013.
The K1 capsular polysaccharide from Acinetobacter baumannii is a
potential therapeutic target via passive immunization. Infect Immun
81:915-922. https://doi.org/10.1128/I1A1.01184-12

Kenyon JJ, Speciale I, Hall RM, De Castro C. 2016. Structure of repeating
unit of the capsular polysaccharide from Acinetobacter baumannii D78
and assignment of the K4 gene cluster. Carbohydr Res 434:12-17. https:/
/doi.org/10.1016/j.carres.2016.07.016

Kenyon JJ, Marzaioli AM, Hall RM, De Castro C. 2015. Structure of the K12
capsule containing 5,7-di-N-acetylacinetaminic acid from Acinetobacter
baumannii isolate D36. Glycobiology 25:881-887. https://doi.org/10.
1093/glycob/cwv028

Kenyon JJ, Kasimova AA, Notaro A, Arbatsky NP, Speciale |, Shashkov AS,
De Castro C, Hall RM, Knirel YA. 2017. Acinetobacter baumannii K13 and
K73 capsular polysaccharides differ only in K-unit side branches of novel
non-2-ulosonic acids: di-N-acetylated forms of either acinetaminic acid
or 8-epiacinetaminic acid. Carbohydr Res 452:149-155. https://doi.org/
10.1016/j.carres.2017.10.005

Shashkov A.S, Liu B, Kenyon JJ, Popova AV, Shneider MM, Senchenkova
SN, Arbatsky NP, Miroshnikov KA, Wang L, Knirel YA. 2017. Structures of
the K35 and K15 capsular polysaccharides of Acinetobacter baumannii
LUH5535 and LUH5554 containing amino and diamino uronic acids.
Carbohydr Res 448:28-34. https://doi.org/10.1016/j.carres.2017.05.017
Douraghi M, Kenyon JJ, Aris P, Asadian M, Ghourchian S, Hamidian M.
2020. Accumulation of antibiotic resistance genes in carbapenem-
resistant Acinetobacter baumannii isolates belonging to lineage 2, global

10.1128/spectrum.03025-23 19


https://doi.org/10.1128/spectrum.03025-23
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1080/22221751.2021.1902754
https://doi.org/10.1128/AAC.00824-21
https://doi.org/10.1016/j.ebiom.2022.104045
https://doi.org/10.1128/AAC.00954-17
https://doi.org/10.1128/JVI.01714-20
https://doi.org/10.1134/S0006297920050053
https://doi.org/10.1099/mgen.0.000878
https://doi.org/10.1099/mgen.0.000306
https://doi.org/10.1099/mgen.0.000339
https://doi.org/10.1371/journal.pone.0062160
https://doi.org/10.1099/mgen.0.000052
https://doi.org/10.1099/mgen.0.000242
https://doi.org/10.1128/mBio.00963-13
https://doi.org/10.1099/mgen.0.000705
https://doi.org/10.1038/s41598-021-01206-5
https://doi.org/10.1128/spectrum.01503-21
https://doi.org/10.1093/glycob/cwu024
https://doi.org/10.1016/j.ijbiomac.2017.05.082
https://doi.org/10.1128/IAI.01184-12
https://doi.org/10.1016/j.carres.2016.07.016
https://doi.org/10.1093/glycob/cwv028
https://doi.org/10.1016/j.carres.2017.10.005
https://doi.org/10.1016/j.carres.2017.05.017
https://doi.org/10.1128/spectrum.03025-23

Research Article

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

November/December 2023 Volume 11

clone 1, from outbreaks in 2012-2013 at a Tehran burns hospital.
mSphere 5:e00164-20. https://doi.org/10.1128/mSphere.00164-20
Kenyon JJ, Senchenkova SYN, Shashkov AS, Shneider MM, Popova AV,
Knirel YA, Hall RM. 2020. K17 capsular polysaccharide produced by
Acinetobacter baumannii isolate G7 contains an amide of 2-acetamido-2-
deoxy-D-galacturonic acid with D-alanine. Int J Biol Macromol 144:857-
862. https://doi.org/10.1016/j.ijbiomac.2019.09.163

Kasimova AA, Kenyon JJ, Arbatsky NP, Shashkov AS, Popova AV,
Shneider MM, Knirel YA, Hall RM. 2018. Acinetobacter baumannii K20 and
K21 capsular polysaccharide structures establish roles for UDP-glucose
dehydrogenase Ugd2, pyruvyl transferase Ptr2 and two glycosyltrans-
ferases. Glycobiology 28:876-884. https://doi.org/10.1093/glycob/
cwy074

Senchenkova SN, Shashkov AS, Popova AV, Shneider MM, Arbatsky NP,
Miroshnikov KA, Volozhantsev NV, Knirel YA. 2015. Structure elucidation
of the capsular polysaccharide of Acinetobacter baumannii AB5075
having the KL25 capsule biosynthesis locus. Carbohydr Res 408:8-11.
https://doi.org/10.1016/j.carres.2015.02.011

Shashkov AS, Shneider MM, Senchenkova SN, Popova AV, Nikitina AS,
Babenko VV, Kostryukova ES, Miroshnikov KA, Volozhantsev NV, Knirel
YA. 2015. Structure of the capsular polysaccharide of Acinetobacter
baumannii 1053 having the KL91 capsule biosynthesis gene locus.
Carbohydr Res 404:79-82. https://doi.org/10.1016/j.carres.2014.11.013
Senchenkova SN, Popova AV, Shashkov AS, Shneider MM, Mei Z,
Arbatsky NP, Liu B, Miroshnikov KA, Volozhantsev NV, Knirel YA. 2015.
Structure of a new pseudaminic acid-containing capsular polysaccharide
of Acinetobacter baumannii LUH5550 having the KL42 capsule
biosynthesis locus. Carbohydr Res 407:154-157. https://doi.org/10.1016/
j.carres.2015.02.006

Arbatsky NP, Shneider MM, Dmitrenok AS, Popova AV, Shagin DA,
Shelenkov AA, Mikhailova YV, Edelstein MV, Knirel YA. 2018. Structure
and gene cluster of the K125 capsular polysaccharide from Acinetobacter
baumannii MAR13-1452. Int J Biol Macromol 117:1195-1199. https://doi.
0rg/10.1016/j.ijbiomac.2018.06.029

Post V, Hall RM. 2009. AbaR5, a large multiple-antibiotic resistance
region found in Acinetobacter baumannii. Antimicrob Agents Chemother
53:2667-2671. https://doi.org/10.1128/AAC.01407-08

Post V, White PA, Hall RM. 2010. Evolution of AbaR-type genomic
resistance islands in  multiply antibiotic-resistant Acinetobacter
baumannii. J Antimicrob Chemother 65:1162-1170. https://doi.org/10.
1093/jac/dkq095

Hamidian M, Hall RM. 2014. Tn6168, a transposon carrying an ISAba1-
activated ampC gene and conferring cephalosporin resistance in
Acinetobacter baumannii. J Antimicrob Chemother 69:77-80. https://doi.
org/10.1093/jac/dkt312

Kenyon JJ, Marzaioli AM, De Castro C, Hall RM. 2015. 5,7-di-N-acetylaci-
netaminic acid - a novel non-2-ulosonic acid found in the capsule of an
Acinetobacter baumannii isolate. Glycobiology 25:644-654. https://doi.
org/10.1093/glycob/cwv007

Westphal O, Jann K. 1965. Bacterial lipopolysaccharides: extraction with
phenol-water and further applications of the procedure, p 83-91. In
Whistler R (ed), Methods in carbohydrate chemistry. Academic press,
New York.

Lipkind GM, Shashkov AS, Knirel YA, Vinogradov EV, Kochetkov NK. 1988.
A computer-assisted structural analysis of regular polysaccharides on
the basis of 13C-n.m.r. data. Carbohydr Res 175:59-75. https://doi.org/
10.1016/0008-6215(88)80156-3

Shashkov AS, Lipkind GM, Knirel YA, Kochetkov NK. 1988. Stereochemi-
cal factors determining the effects of glycosylation on the 13C chemical
shifts in carbohydrates. Magn Reson Chem 26:735-747. https://doi.org/
10.1002/mrc.1260260904

Haseley SR, Wilkinson SG. 1996. Structure of the O-specific polysacchar-
ide of Acinetobacter baumannii O5 containing 2-acetamido-2-deoxy-D-
galacturonic acid. Eur J Biochem 237:229-233.
https://doi.org/10.1111/j.1432-1033.1996.0229n.x

Hu D, Liu B, Dijkshoorn L, Wang L, Reeves PR, Nibel U. 2013. Diversity in
the major polysaccharide antigen of Acinetobacter baumannii assessed
by DNA sequencing, and development of a molecular serotyping
scheme. PLoS One 8:e70329. https://doi.org/10.1371/journal.pone.
0070329

Issue 6

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Microbiology Spectrum

Arbatsky NP, Kenyon JJ, Kasimova AA, Shashkov AS, Shneider MM,
Popova AV, Knirel YA, Hall RM. 2019. K units of the K8 and K54 capsular
polysaccharides produced by Acinetobacter baumannii BAL 097 and
RCH52 have the same structure but contain different di-N-acyl
derivatives of legionaminic acid and are linked differently. Carbohydr
Res 483:107745. https://doi.org/10.1016/j.carres.2019.107745

Kenyon JJ, Arbatsky NP, Shneider MM, Popova AV, Dmitrenok AS,
Kasimova AA, Shashkov AS, Hall RM, Knirel YA. 2019. The K46 and K5
capsular polysaccharides produced by Acinetobacter baumannii NIPH
329 and SDF have related structures and the side-chain non-ulosonic
acids are 4-O-acetylated by phage-encoded O-acetyltransferases. PLoS
One 14:0218461. https://doi.org/10.1371/journal.pone.0218461
Shashkov AS, Kasimova AA, Arbatsky NP, Senchenkova SN, Perepelov AV,
Dmitrenok AS, Chizhov AO, Knirel YA, Shneider MM, Popova AV, Kenyon
JJ. 2023. Complete chemical structure of the K135 capsular polysacchar-
ide produced by Acinetobacter baumannii RES-546 that contains 5,7-di-
N-acetyl-8-epipseudaminic  acid. ~ Carbohydr Res  523:108726.
https://doi.org/10.1016/j.carres.2022.108726

Kasimova AA, Cahill SM, Shpirt AM, Dudnik AG, Shneider MM, Popova
AV, Shelenkov AA, Mikhailova YV, Chizhov AO, Kenyon 1JJ, Knirel YA.
2021. The K139 capsular polysaccharide produced by Acinetobacter
baumannii MAR17-1041 belongs to a group of related structures
including K14, K37 and K116. Int J Biol Macromol 193:2297-2303. https:/
/doi.org/10.1016/j.ijbiomac.2021.11.062

Kenyon JJ, Arbatsky NP, Sweeney EL, Zhang Y, Senchenkova SN, Popova
AV, Shneider MM, Shashkov AS, Liu B, Hall RM, Knirel YA. 2021.
Involvement of a multifunctional rhamnosyltransferase in the synthesis
of three related Acinetobacter baumannii capsular polysaccharides, K55,
K74 and K85. Int J Biol Macromol 166:1230-1237. https://doi.org/10.
1016/j.ijbiomac.2020.11.005

Shashkov AS, Cahill SM, Arbatsky NP, Westacott AC, Kasimova AA,
Shneider MM, Popova AV, Shagin DA, Shelenkov AA, Mikhailova YV,
Yanushevich YG, Edelstein MV, Kenyon JJ, Knirel YA. 2019. Acinetobacter
baumannii K116 capsular polysaccharide structure is a hybrid of the K14
and revised K37 structures. Carbohydr Res 484:107774. https://doi.org/
10.1016/j.carres.2019.107774

Kasimova AA, Shneider MM, Edelstein MV, Dzhaparova AA, Shashkov AS,
Knirel YA, Kenyon JJ. 2022. Structure of the K98 capsular polysaccharide
from Acinetobacter baumannii REV-1184 containing a cyclic pyruvic acid
acetal. Int J Biol Macromol 218:447-455. https://doi.org/10.1016/j.
ijbiomac.2022.07.136

Arbatsky NP, Shashkov AS, Shneider MM, Popova AV, Kasimova AA,
Miroshnikov KA, Knirel YA, Hall RM, Kenyon JJ. 2022. The K89 capsular
polysaccharide produced by Acinetobacter baumannii LUH5552 consists
of a pentameric repeat-unit that includes a 3 acetamido-3,6-dideoxy-D-
galactose residue. Int J Biol Macromol 217:515-521. https://doi.org/10.
1016/j.ijbiomac.2022.07.085

Kenyon JJ, Shneider MM, Senchenkova SN, Shashkov AS, Siniagina MN,
Malanin SY, Popova AV, Miroshnikov KA, Hall RM, Knirel YA. 2016. K19
capsular polysaccharide of Acinetobacter baumannii is produced via a
Wzy polymerase encoded in a small genomic island rather than the KL19
capsule gene cluster. Microbiol (Reading) 162:1479-1489. https://doi.
org/10.1099/mic.0.000313

Islam ST, Lam JS. 2014. Synthesis of bacterial polysaccharides via the
Wzx/Wzy-dependent pathway. Can J Microbiol 60:697-716. https://doi.
org/10.1139/cjm-2014-0595

Harding CM, Nasr MA, Kinsella RL, Scott NE, Foster LJ, Weber BS, Fiester
SE, Actis LA, Tracy EN, Munson RS Jr, Feldman MF. 2015. Acinetobacter
strains carry two functional oligosaccharyltransferases, one devoted
exclusively to type IV pilin, and the other one dedicated to O-glycosyla-
tion of multiple proteins. Mol Microbiol 96:1023-1041. https://doi.org/
10.1111/mmi.12986

Harding CM, Haurat MF, Vinogradov E, Feldman MF. 2018. Distinct
amino acid residues confer one of three UDP-sugar substrate
specificities in Acinetobacter baumannii PglC phosphoglycosyltransfera-
ses. Glycobiology 28:522-533. https://doi.org/10.1093/glycob/cwy037
Lees-Miller RG, lwashkiw JA, Scott NE, Seper A, Vinogradov E, Schild S,
Feldman MF. 2013. A common pathway for O-linked protein-glycosyla-
tion and synthesis of capsule in Acinetobacter baumannii. Mol Microbiol
89:816-830. https://doi.org/10.1111/mmi.12300

Popova AV, Shneider MM, Myakinina VP, Bannov VA, Edelstein MV,
Rubalskii EO, Aleshkin AV, Fursova NK, Volozhantsev NV. 2019.

10.1128/spectrum.03025-23 20


https://doi.org/10.1128/mSphere.00164-20
https://doi.org/10.1016/j.ijbiomac.2019.09.163
https://doi.org/10.1093/glycob/cwy074
https://doi.org/10.1016/j.carres.2015.02.011
https://doi.org/10.1016/j.carres.2014.11.013
https://doi.org/10.1016/j.carres.2015.02.006
https://doi.org/10.1016/j.ijbiomac.2018.06.029
https://doi.org/10.1128/AAC.01407-08
https://doi.org/10.1093/jac/dkq095
https://doi.org/10.1093/jac/dkt312
https://doi.org/10.1093/glycob/cwv007
https://doi.org/10.1016/0008-6215(88)80156-3
https://doi.org/10.1002/mrc.1260260904
https://doi.org/10.1111/j.1432-1033.1996.0229n.x
https://doi.org/10.1371/journal.pone.0070329
https://doi.org/10.1016/j.carres.2019.107745
https://doi.org/10.1371/journal.pone.0218461
https://doi.org/10.1016/j.carres.2022.108726
https://doi.org/10.1016/j.ijbiomac.2021.11.062
https://doi.org/10.1016/j.ijbiomac.2020.11.005
https://doi.org/10.1016/j.carres.2019.107774
https://doi.org/10.1016/j.ijbiomac.2022.07.136
https://doi.org/10.1016/j.ijbiomac.2022.07.085
https://doi.org/10.1099/mic.0.000313
https://doi.org/10.1139/cjm-2014-0595
https://doi.org/10.1111/mmi.12986
https://doi.org/10.1093/glycob/cwy037
https://doi.org/10.1111/mmi.12300
https://doi.org/10.1128/spectrum.03025-23

Research Article

55.

56.

57.

58.

59.

November/December 2023 Volume 11

Characterization of myophage AM24 infecting Acinetobacter baumannii
of the K9 capsular type. Arch Virol 164:1493-1497. https://doi.org/10.
1007/s00705-019-04208-x

Popova AV, Shneider MM, Mikhailova YV, Shelenkov AA, Shagin DA,
Edelstein MV, Kozlov RS. 2020. Complete genome sequence of
Acinetobacter baumannii phage BS46. Microbiol Resour Announc
9:€00398-20. https://doi.org/10.1128/MRA.00398-20

Timoshina QY, Kasimova AA, Shneider MM, Matyuta 10, Nikolaeva AY,
Evseev PV, Arbatsky NP, Shashkov AS, Chizhov AO, Shelenkov AA,
Mikhaylova YV, Slukin PV, Volozhantsev NV, Boyko KM, Knirel YA,
Miroshnikov KA, Popova AV. 2023. Friunavirus phage-encoded
depolymerases specific to different capsular types of Acinetobacter
baumannii. Int J Mol Sci 24:10. https://doi.org/10.3390/ijms24109100
Pires DP, Oliveira H, Melo LDR, Sillankorva S, Azeredo J. 2016. Bacterio-
phage-encoded depolymerases: their diversity and biotechnological
applications. Appl Microbiol Biotechnol 100:2141-2151. https://doi.org/
10.1007/5s00253-015-7247-0

Timoshina OY, Kasimova AA, Shneider MM, Arbatsky NP, Shashkov AS,
Shelenkov AA, Mikhailova YV, Popova AV, Hall RM, Knirel YA, Kenyon JJ.
2023. Loss of a branch sugar in the Acinetobacter baumannii K3-type
capsular polysaccharide due to frameshifts in the gtré glycosyltransfer-
ase gene leads to susceptibility to phage APK37.1. Microbiol Spectr
11:20363122. https://doi.org/10.1128/spectrum.03631-22

Kasimova AA, Arbatsky NP, Timoshina OY, Shneider MM, Shashkov AS,
Chizhov AO, Popova AV, Hall RM, Kenyon JJ, Knirel YA. 2021. The K26
capsular polysaccharide from Acinetobacter baumannii KZ-1098:
structure and cleavage by a specific phage depolymerase. Int J Biol
Macromol 191:182-191. https://doi.org/10.1016/j.ijbiomac.2021.09.073

Issue 6

60.

61.

62.

63.

64.

65.

66.

Microbiology Spectrum

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new
genome assembly algorithm and its applications to single-cell
sequencing. J Comput Biol 19:455-477. https://doi.org/10.1089/cmb.
2012.0021

Sorbello BM, Cahill SM, Kenyon JJ. 2023. Identification of further
variation at the lipooligosaccharide outer core locus in Acinetobacter
baumannii genomes and extension of the OCL reference sequence
database for Kaptive. Microb Genom 9:mgen001042. https://doi.org/10.
1099/mgen.0.001042

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local
alignment search tool. J Mol Biol 215:403-410. https://doi.org/10.1016/
S0022-2836(05)80360-2

Seemann T. 2014. Prokka: rapid prokaryotic genome annotation.
Bioinformatics 30:2068-2069. https://doi.org/10.1093/bioinformatics/
btu153

Krogh A, Larsson B, von Heijne G, Sonnhammer EL. 2001. Predicting
transmembrane protein topology with a hidden Markov model:
application to complete genomes. J Mol Biol 305:567-580. https://doi.
org/10.1006/jmbi.2000.4315

Potter SC, Luciani A, Eddy SR, Park Y, Lopez R, Finn RD. 2018. HMMER
web server: 2018 update. Nucleic Acids Res 46:W200-W204. https://doi.
org/10.1093/nar/gky448

Adams MD. 1959. Bacteriophages. Interscience Publishers, Inc, New York,
NY, USA.

10.1128/spectrum.03025-23 21


https://doi.org/10.1007/s00705-019-04208-x
https://doi.org/10.1128/MRA.00398-20
https://doi.org/10.3390/ijms24109100
https://doi.org/10.1007/s00253-015-7247-0
https://doi.org/10.1128/spectrum.03631-22
https://doi.org/10.1016/j.ijbiomac.2021.09.073
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1099/mgen.0.001042
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1093/nar/gky448
https://doi.org/10.1128/spectrum.03025-23

	The Acinetobacter baumannii K70 and K9 capsular polysaccharides consist of related K-units linked by the same Wzy polymerase and cleaved by the same phage depolymerases
	RESULTS
	Extensively antibiotic-resistant A. baumannii SGH0807 carrying KL70 belongs to GC1
	Organization of KL70
	Structural elucidation of the K70 CPS from SGH0807
	Configuration of the K70 unit and assignment of the first sugar
	Assignment of the Gtrs to linkages in the K70 unit
	KL70 and KL9 encode identical Wzy polymerases
	WzyKL9 likely belongs to the EpsG protein family
	Searches for additional Wzy candidates
	Distribution of WzyKL9 and association with other CPS types
	Influence of the first sugar on phage depolymerase activity
	Distribution of KL70 in A. baumannii genomes

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strain, cultivation, and resistance profiling
	Whole-genome sequencing
	Bioinformatics analyses
	Isolation of the capsular polysaccharide
	Monosaccharide analysis
	Smith degradation
	Phage and depolymerase activity determination
	Depolymerization of the CPS by recombinant proteins
	NMR spectroscopy
	Mass spectrometry



