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ABSTRACT The production of capsular polysaccharides by Klebsiella pneumoniae pro-
tects the bacterial cell from harmful environmental factors such as antimicrobial com-
pounds and infection by bacteriophages (phages). To bypass this protective barrier,
some phages encode polysaccharide-degrading enzymes referred to as depolymerases
to provide access to cell surface receptors. Here, we characterized the phage RAD2,
which infects K. pneumoniae strains that produce the widespread, hypervirulence-associ-
ated K2-type capsular polysaccharide. Using transposon-directed insertion sequencing,
we have shown that the production of capsule is an absolute requirement for efficient
RAD2 infection by serving as a first-stage receptor. We have identified the depolymerase
responsible for recognition and degradation of the capsule, determined that the depoly-
merase forms globular appendages on the phage virion tail tip, and present the cryo-
electron microscopy structure of the RAD2 capsule depolymerase at 2.7-Å resolution. A
putative active site for the enzyme was identified, comprising clustered negatively
charged residues that could facilitate the hydrolysis of target polysaccharides. Enzymatic
assays coupled with mass spectrometric analyses of digested oligosaccharide products
provided further mechanistic insight into the hydrolase activity of the enzyme, which,
when incubated with K. pneumoniae, removes the capsule and sensitizes the cells to se-
rum-induced killing. Overall, these findings expand our understanding of how phages
target the Klebsiella capsule for infection, providing a framework for the use of depoly-
merases as antivirulence agents against this medically important pathogen.

IMPORTANCE Klebsiella pneumoniae is a medically important pathogen that produces
a thick protective capsule that is essential for pathogenicity. Phages are natural pred-
ators of bacteria, and many encode diverse “capsule depolymerases” which specifi-
cally degrade the capsule of their hosts, an exploitable trait for potential therapies.
We have determined the first structure of a depolymerase that targets the clinically
relevant K2 capsule and have identified its putative active site, providing hints to its
mechanism of action. We also show that Klebsiella cells treated with a recombinant
form of the depolymerase are stripped of capsule, inhibiting their ability to grow in
the presence of serum, demonstrating the anti-infective potential of these robust
and readily producible enzymes against encapsulated bacterial pathogens such as K.
pneumoniae.
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K lebsiella pneumoniae is a Gram-negative opportunistic pathogen found ubiquitously
in the environment and as a commensal of humans and animals (1–3). Historically,

K. pneumoniae infections tended to occur in immunocompromised people, including
neonates and the elderly, leading to a range of diseases, including pneumonia, urinary
tract infections, and septicemia (3, 4). However, with the increased prevalence of hyper-
virulent lineages, K. pneumoniae infections have now become a broader health care con-
cern, even in immunocompetent people, with no effective treatment regimens for some
panresistant isolates (5–7). As such, the World Health Organization placed K. pneumoniae
in the group of critical priority pathogens requiring urgent new control strategies (8).

Bacteriophages (otherwise known as phages) are natural predators of bacteria, and
phage therapy has long been considered a promising complementary strategy in com-
bating antimicrobial-resistant (AMR) infections. To infect their bacterial hosts, phages
must first bind a specific receptor on the bacterial cell surface (9). This targeting of a host
bacterium is mediated by receptor-binding proteins (RBPs), such as tailspike proteins or
tail fiber proteins, which recognize host cell surface structures to initiate infection. Phage
can productively bind to the bacterial cell surface using receptor structures that include
outer membrane proteins, such as beta-barrel porins, flagella, or pili. Alternatively, phage
can bind carbohydrate surface structures: the lipopolysaccharide (LPS) in the outer leaflet
of the outer membrane or the capsular polysaccharide (CPS) that is secreted out to form
the outermost layer of the bacterial cell envelope (9). It is the specificity of the receptor-
RBP interaction that limits the host range of an individual phage to a particular bacterial
strain or species. In the less common cases of phages capable of infecting several hosts,
multiple RBPs can be utilized, forming complex tail assemblies (10–12). In the case of
Klebsiella and other encapsulated bacteria, the CPS is often the first surface structure a
phage encounters and has often been identified as a determinant of phage specificity.

The thick CPS layer of K. pneumoniae is essential for virulence and forms a protective
barrier surrounding the bacterial cell against harmful environmental factors such as anti-
microbial compounds, phagocytosis by host immune cells, and infection by phages (3).
K. pneumoniae produces at least 79 chemically diverse capsule serotypes, termed K anti-
gens, which differ in the composition of sugars and the nature of glycosidic linkages
present within the repeating unit of the polysaccharide. The enzymes responsible for
this CPS diversity are encoded in a CPS locus of Klebsiella and have been characterized,
and based on sequence analysis, 134 genotypes (KL types) have been described (13, 14).
In most hypervirulent strains, the levels of capsule production are increased and this
hypermucoviscous phenotype has most often been observed in capsule-type K1- or cap-
sule-type K2-producing K. pneumoniae strains (15). To breach this protective barrier,
phages enzymatically degrade the polysaccharide with “depolymerase” proteins (16),
which act on O-glycosidic bonds and function either as hydrolases or lyases (17).

Based largely on homology modeling (16–18), but supported by recent structural analy-
ses (11, 12), depolymerase RBPs are modular, comprising three functional domains: an N-
terminal domain that tethers it to the phage baseplate or to other elements of the tail, a
central b-helical domain that contains the enzymatic activity of the protein, and a C-termi-
nal domain which may either act as an autochaperone or, in some cases, form a noncata-
lytic carbohydrate binding module. Within this overall framework, homology-based features
of depolymerase RBPs are somewhat varied, with seven different structural scaffolds
described (12, 18, 19). However, there are often limitations with sequence-informed predic-
tions, especially given the overall lack of sequence homology in virion components (20).

The application of these phage-derived depolymerases as potential antivirulence
agents has been widely investigated as a means to sensitize bacteria to antimicrobials
and the immune system. Given the protective nature of the capsule, depolymerase-
treated Klebsiella cells exhibit reduced survival in serum and demonstrate reduced dis-
ease outcomes in both mouse and Galleria mellonella larval models of infection (21–24).
Some of the enzymes are also capable of degrading polysaccharides in a biofilm matrix
(25, 26), which would allow the efficient penetration of antibiotics or cleaning agents to
decontaminate surfaces such as medical devices and indwelling catheters.
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In this study, we discovered and characterized the Klebsiella phage RAD2, which tar-
gets strains of K. pneumoniae that produce the clinically relevant K2 capsule. A transpo-
son-directed insertion sequencing (TraDIS) functional genomics screen revealed that a
select set of genes involved in the biosynthesis of CPS and the LPS core was required
for RAD2 infection. Using cryo-electron microscopy (cryo-EM), we report the structure
of the RBP depolymerase, identifying key features for its tethering to the virion and for
its enzymatic activity. In vitro assays coupled with mass spectrometry approaches pro-
vided further mechanistic insights into the enzymatic activity of the depolymerase.
Finally, we show that the recombinant form of this protein can efficiently strip K2 cap-
sule from whole Klebsiella cells, which, in turn, show reduced growth in the presence
of serum, providing a further framework for the potential use of depolymerases as anti-
virulence agents against K. pneumoniae.

RESULTS
RAD2 genome characteristics and virion architecture. Klebsiella phage RAD2 was

isolated from environmental water samples taken near Addenbrooke’s Hospital in
Cambridge, United Kingdom, using K. pneumoniae B5055 as the host. RAD2 showed
lytic activity and produced rough, clear plaques of ;5mm in diameter surrounded by
a translucent halo (Fig. 1a). Transmission electron microscopy (TEM) of purified phage
samples (Fig. 1b) revealed that the RAD2 virion is characteristic of siphoviruses, with an
icosahedral capsid (;65 nm in diameter) and a flexible noncontractile tail (;160 nm in

FIG 1 Isolation and characterization of Klebsiella phage RAD2. (a) Plaque morphology of RAD2 after infection of
K. pneumoniae B5055. Scale bar, 10mm. (b) Samples of phage RAD2 were purified using cesium chloride
gradients and subjected to TEM analysis. White arrows highlight the globular tail appendages. Scale bar, 50 nm.
(c) Circular representation of the RAD2 genome with putative functional assignment of the predicted open
reading frames based on sequence analysis using BLASTp, HMMER, and HHpred color-coded by predicted
function (pink, terminase; blue, DNA modification; yellow, nuclease; green, host cell lysis; red, structural or
virion assembly; gray, unknown). (d) Representative images of cesium chloride-purified samples of RAD2
analyzed by immunogold labeling with antibodies raised against DpK2. Scale bar, 50 nm.
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length). The tail displayed multiple appendages with dimensions of approximately
17 nm by 8 nm (Fig. 1b, white arrows).

Genome sequencing revealed that the RAD2 genome is 49,276 bp in length with a
G1C content of 50.38% (GenBank accession no. MW655991). The genome is predicted
to consist of 76 open reading frames (Fig. 1c; see Table S1 at https://figshare.com/s/
ac477372e1a9d9f992b3), no tRNA genes (using tRNAscan-SE [27]), and to be terminally
redundant and circularly permuted (using Phage Term [28]). Comparative analysis of
phage whole-genome sequences showed that RAD2 belongs to the Webervirus genus,
being most closely related to the Klebsiella phage GH-K3 (29) (see Fig. S1 at the URL
mentioned above). The STEP3 (20) predictor identified 25 protein components that
would be present in the virion, including a putative depolymerase DpK2 (gp02) (see
Table S1 at the URL mentioned above). gp02 encodes the 98-kDa DpK2 protein, which
has domain features similar to those found in proteins annotated as tailspike or tail-fiber
depolymerase proteins (see Tables S2 and S3, respectively, at the URL mentioned above).
To determine the location of DpK2 on the RAD2 virion, polyclonal antibodies were raised
against DpK2 and immunogold-labeling TEM was performed. Specific labeling of DpK2
was observed as the distal tail appendages of the RAD2 virion (Fig. 1d).

Surface capsular polysaccharides serve as the major receptor for RAD2
targeting of K. pneumoniae. An assessment of host range showed that RAD2 was
only able to kill K. pneumoniae strains that produced a K2 capsule (see Table S4 at
https://figshare.com/s/ac477372e1a9d9f992b3 for a complete list of tested strains). To
determine the basis for this exclusive targeting of the K2-type CPS and to identify
potential RAD2 receptors, we challenged a saturated transposon mutant library of K.
pneumoniae ATCC 43816 (30) with bacteriophage RAD2 for 5 h and identified the sur-
viving mutants by TraDIS. Fifteen genes were identified to be required for RAD2 infec-
tion (summarized in Table S5 at the URL mentioned above).

The first set of genes necessary for RAD2 infection encode proteins involved in the
biosynthesis of capsular polysaccharides. These included genes of the CPS locus (wzi,
wza, wzb, wzc, mshA, orf8, VK055_5020, wzy, wzx, orf12, orf13, and wcaJ) (31) (Fig. 2a),
the transcriptional antiterminator rfaH that activates CPS biosynthesis (32, 33) (Fig. 2b),
and the UTP-glucose-1-phosphate uridylyltransferase gene galU, which contributes to

FIG 2 The K2 capsule is required for Klebsiella phage RAD2 infection. Summary of the TraDIS screen results. Transposon insertion sites mapped onto genes
involved in CPS biosynthesis, export, and regulation. (a to c) An enrichment of insertions was observed in many genes (highlighted in red) of the CPS locus
(a), the transcriptional antiterminator rfaH (b), and the UTP-glucose-1-phosphate uridylyltransferase galU (c) after infection by RAD2 compared to the
uninfected input library. Scale bar, 1.0 kb. (d) Spot assays of diluted RAD2 preparations onto top agar layers containing K. pneumoniae B5055 wild type,
B5055 Dwzb Dwzc, or the complemented B5055 Dwzb Dwzc mutant expressing plasmid-encoded Wzb and Wzc from an anhydrotetracycline-inducible
promoter. The neat RAD2 titer used to prepare the serially diluted samples was ;108 PFU/ml.
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the production of UDP-glucose and UDP-galactose, two of the major precursors of CPS
biosynthesis (34, 35) (Fig. 2c). Note that while many genes are required for full capsule
production or hypermucoidy in K. pneumoniae ATCC 43816 and its derivative K. pneu-
moniae KPPR1 (30, 36), only those genes where mutation is predicted to result in a
complete loss of capsule were required for RAD2 infection. To validate the role of the
capsule for RAD2 infection, an acapsular mutant of B5055 which lacks wzb and wzc
was used as an infection host (37). Serially diluted RAD2 was spotted onto top agar
containing either B5055, B5055 Dwzb Dwzc, or the complemented B5055 Dwzb Dwzc
mutant expressing plasmid-encoded Wzb and Wzc. Visible RAD2 plaques were
observed from samples diluted to 1027 using the wild-type host but not the isogenic
acapsular mutant (Fig. 2d). RAD2 sensitivity was partially restored in the comple-
mented mutant, with smaller visible plaques forming from samples diluted to 1026

(Fig. 2d). This suggests that the presence of capsule is essential for RAD2 infection and,
taken together with the host range analysis of RAD2 (see Table S4 at https://figshare
.com/s/ac477372e1a9d9f992b3), means that a K2-type capsule is both necessary and
sufficient for RAD2 to select its bacterial prey.

The products of rfaH and galU are also relevant to the biosynthesis of LPS, and the
second set of genes necessary for RAD2 infection encode additional proteins involved in
the biosynthesis of LPS (see Fig. S2a at https://figshare.com/s/ac477372e1a9d9f992b3).
These included the N-acetylglucosaminyl transferase gene wabH and the LPS-GlcNAc
deacetylase gene wabN, both of which are required for the incorporation of a-GlcN into
the LPS outer core (38, 39), and the LPS heptosyltransferase III gene waaQ, which
attaches a-Hep III to a-Hep II within the LPS inner core (40). Although the LPS outer core
structure varies between the TraDIS background strain ATCC 43816 (type 1) (41, 42) and
the RAD2 isolation host B5055 (type 2) (40) (see Fig. S2b at the URL mentioned above),
the glycosidic linkages in the substrates processed by WabH, WabN, and WaaQ are con-
served. These findings are consistent with a model wherein LPS may serve as a second-
ary receptor targeted by RAD2.

Depolymerase architecture and high-resolution structure of the tail appendages
in phage RAD2. Given that the K2 capsule is essential for RAD2 infection, we sought to
gain further insights into how RAD2 targets the capsule of its host. The putative depoly-
merase DpK2 protein was produced in recombinant form and purified via size exclusion
chromatography (SEC), with a view to structural analysis. DpK2 was purified as a high-
molecular-weight species of;300 kDa that, when analyzed by reducing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), migrated as a prominent band at
;95kDa (see Fig. S3a and b at https://figshare.com/s/ac477372e1a9d9f992b3), consist-
ent with the native form of the protein being a trimer (Fig. S3c). Initial reconstructions
using C1 symmetry revealed an elongated molecule of approximately 180Å (18 nm) in
length (Fig. 3a), consistent with the dimensions of the tail appendages measured in the
initial TEM micrographs of the RAD2 virion (Fig. 1d). Three discernible domains of DpK2
could be observed: an N-terminal domain containing an extended triple helical bundle,
a central beta-helical domain, and a distinct C-terminal domain (Fig. 3a).

C3 symmetry was used to further refine the structure of DpK2 to 2.7Å resolution.
Residues 191 to 906 of DpK2 could be modeled within the electron density. However, due
to the applied C3 symmetry, high-resolution structural information of the N-terminal triple
helical bundle was lost. The central domain (residues 317 to 642) is formed by three paral-
lel right-handed b-helices consisting of 10 rungs (Fig. 3b), with each helix of the trimer
being formed by an individual monomer (Fig. 3b and c). Long, extended loop structures
were observed between several turns on the exposed faces of each b-helix of DpK2, which
have been shown to form part of the oligosaccharide binding cleft of the RBP in phage
P22 (43). The C-terminal domain (residues 643 to 906) is predominantly formed by three
four-stranded b-sandwich folds, characteristic of oligosaccharide-binding domains (see
Fig. S4 and Table S7 at https://figshare.com/s/ac477372e1a9d9f992b3), followed by a far
C-terminal a-helical bundle resembling a spike-like structure (Fig. 3b and d).

DALI searches (44, 45) using the DpK2 structure identified similarities to several sugar-
binding proteins such as the Azotobacter vinelandii mannuronan C-5 epimerase AlgE4 and
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the tailspike hydrolase proteins TSP2 and TSP4 from Escherichia coli O157:H7 phage
CBA120 (see Table S6 and Fig. S4 at https://figshare.com/s/ac477372e1a9d9f992b3). These
structure-based relationships were limited to the N-terminal and central b-helix domains
of DpK2. Additional homology searches of the C-terminal domain (residues 643 to 906) of
DpK2 showed similarities to domains of sugar binding enzymes such as the mouse pep-
tide-N-glycanase PNGase (see Table S7 at the URL mentioned above); however, these pro-
teins lacked the far C-terminal a-helical bundle which may be a specific feature of DpK2
(see Fig. S4 at the URL mentioned above). While the function of the DpK2 C-terminal do-
main is unknown, the structural similarities of this b-sandwich fold found within other pol-
yoligosaccharide binding proteins would be consistent with this domain facilitating the ini-
tial binding of the enzyme to its target capsular polysaccharides.

Enzymatic activity of DpK2. To measure enzymatic activity, purified DpK2 was
titrated onto double overlay agar preinoculated with K. pneumoniae B5055. Translucent
zones of clearance were observed within spots containing as little as 5 ng of DpK2
(Fig. 4a). Consistent with the host range of RAD2, zones of clearance produced by DpK2
were observed only for K2-producing strains (see Table S4 at https://figshare.com/s/
ac477372e1a9d9f992b3), suggesting that the depolymerase may determine the host
range of RAD2. To directly demonstrate K2 capsule degradation by DpK2, capsular poly-
saccharides were isolated from whole B5055 cells using phenol-water extraction (46) and
subsequently incubated with either 1mg of DpK2 or Tris-buffered saline (TBS). Samples
were then analyzed by SDS-PAGE and stained with the cationic dye Alcian blue to visual-
ize the negatively charged capsule (47). A high-molecular-weight species corresponding
to the capsule was observed in samples incubated with TBS, which was absent in DpK2-
treated samples (Fig. 4b). An assessment of the thermal stability of DpK2 was also under-
taken using the colorimetric substrate pHBAH (p-hydroxybenzoic acid hydrazide) (48).
Incubation of DpK2 for 30 min at temperatures greater than 70°C was required before the
depolymerase would be rendered nonfunctional (Fig. 4c), and this high thermal stability
is a common feature of phage tailspike proteins attributed to their conserved trimeric
b-helical domain architecture (22, 49, 50).

We next sought to determine how DpK2 degrades the K2 capsule. Semantically,
“depolymerase” suggests a processive degradation of a polymer, whereas phage RBP
depolymerases function as either hydrolases or lyases (16, 17). In the case of hydrolases,

FIG 3 Structure of the tailspike protein DpK2 from Klebsiella phage RAD2. (a) Single-particle cryo-EM electron density of DpK2 refined using C1 symmetry.
(b) High-resolution structure of the DpK2 trimer. The individual protein monomers are colored in green, blue, and yellow. Structural domains are
highlighted on the Dpk2 monomer: N-terminal baseplate binding domain (residues 191 to 316, blue), the central b-helix domain (residues 317 to 642,
green) with extended outward facing loop structures (yellow), and a C-terminal domain (residues 643 to 906, pink). (c) Cutaway top-down view of the
three adjacent b-helices of the DpK2 trimer. Each helix is formed by an individual monomer assembled along the length of the protein. (d) Bottom-up
view of the DpK2 trimer showing the C-terminal domain, which is formed predominantly by three individual b-sandwich folds and a short a-helical bundle
forming a spike-like structure.
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a negatively charged cavity formed by aspartic or glutamic acid pairs is required for the
hydrolysis of target substrates (51). Analysis of the surface properties of DpK2 revealed a
prominent negatively charged cavity (Fig. 5a, yellow oval) located within the central
b-helical domain at the interface between neighboring monomers. Adjacent grooves
(Fig. 5a, yellow lines) were observed emanating from the cavity, which may facilitate
binding to or funneling of substrates toward the active site. This cavity consists of a
negatively charged triad (D543, E545, and D546) and two dyads (D399-E423 and
D619-E620) within close proximity, suggesting that DpK2 may function as a hydrolase
(Fig. 5b). To test this hypothesis, we applied mass spectrometry to analyze the products
of the enzymatic reaction.

The repeat unit of the K2 capsule has a main chain polysaccharide with the
sequence -3)-b-D-Glcp-(1-4)-b-D-Manp-(1-4)-a-D-Glcp-(1-, and a single glucuronic acid
(a-D-GlcpA) side chain residue bound to the mannose residue through a (3-1) linkage
(52) (see schematic in Fig. 5c). To characterize the glycosidic cleavage of the K2 capsule
by DpK2, purified enzyme was incubated with purified capsule and the resulting mix-
ture was analyzed by high-resolution liquid chromatography-mass spectrometry (LC-
MS). This analysis revealed two sets of LC-MS features which were absent in the corre-
sponding heat-inactivated enzyme control. Specifically, these features correspond to
either two or three repeat units of the K2 capsule, each of which is detected predomi-
nately as the doubly deprotonated anion, with several additional peaks corresponding
to combinations of sodium and potassium adducts. These oligosaccharide products
were in good agreement with the theoretical masses of hydrolytically processed K2 oli-
gosaccharides. However, due to the isomeric nature of the sugars within the K2 back-
bone, the precise cleavage site cannot be identified.

To address how effective the hydrolase activity of DpK2 is against whole Klebsiella
cells, we used Maneval’s staining (53). The capsule of B5055 is extensive, radiating
;375 nm out from the cell surface as judged by atomic force microscopy (54).
Maneval’s staining showed extensive removal of capsule (Fig. 5d), which was consist-
ent with independent assays directly measuring the amount of cell-associated glucu-
ronic acid after enzymatic treatment (Fig. 5e). In both assays, treatment of B5055 with
DpK2 made it comparable to the acapsular mutant strain and heat inactivation of the
enzyme inhibited this loss of capsule. CPS enables B5055 to avoid complement-medi-
ated killing, with wzb wzc mutants showing loss of viability in the presence of human
serum (see Fig. S5 at https://figshare.com/s/ac477372e1a9d9f992b3). In assays of K.
pneumoniae B5055, neither DpK2 alone nor serum alone significantly decreased cell

FIG 4 Recombinant DpK2 is an active enzyme. (a) Halo spot assays measuring the activity of DpK2
using double overlay plates. The top agar was preinoculated with K. pneumoniae B5055 before
spotting it with increasing amounts of purified DpK2 (5 to 500 ng) or TBS. (b) Extracts of purified K2
capsule treated with either 1mg of DpK2 or TBS analyzed by 3-to-14% SDS-PAGE and stained with
Alcian blue. (c) Thermal stability of DpK2 measured with the colorimetric compound pHBAH. DpK2
(500mg) was preincubated at the indicated temperatures for 30 min prior to the addition of purified
K2 capsule. Absorbance readings at 420 nm were used to measure the generation of reducing sugars
produced by the cleavage of capsular polysaccharide. Error bars represent standard deviations of the
results of three biological replicates.
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FIG 5 Mechanistic insight into the enzymatic activity of DpK2. (a) The electrostatic potential (negative, red; positive, blue) mapped onto the surface of
the DpK2 trimer, highlighting a strong negatively charged cavity (yellow oval) connected to adjacent grooves (yellow lines). (b) The negatively charged

(Continued on next page)
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viability as determined by colony counts, but when incubated together, the reduction
in capsule caused by DpK2 inhibited viability of B5055 in the presence of serum
(Fig. 5f).

DISCUSSION

Surface polysaccharides of K. pneumoniae, both LPS and CPS, are essential virulence
factors that protect the bacterial cell from harmful environmental stimuli and show
extensive complexity in their sugar compositions and linkages (3, 13, 14). As natural
predators of bacteria, phages have evolved mechanisms to specifically recognize and
enzymatically degrade these protective barriers, allowing for subsequent infection of
their host (9). While the archetypal siphoviruses such as Lambda, T1, T5, and Chi use
“L-shaped” or fibrous appendages on their tails to bind cell surface features (55–59),
phage RAD2 has globular appendages comprised of the depolymerase RBP DpK2.
Here, we characterized the structure and enzymatic activity of DpK2, showing it to be a
capsule-degrading hydrolase specific for K2-type polysaccharides.

Our data suggest that the K2-type capsule is both necessary and sufficient for infec-
tion by phage RAD2. CPS was identified as an essential receptor through loss-of-func-
tion studies using TraDIS, with genes of the CPS locus, the transcriptional antiter-
minater rfaH, and the UTP-glucose-1-phosphate uridylyltransferase galU found to be
necessary for RAD2 infection. This was confirmed by the resistance of an independent
isogenic acapsular mutant of K. pneumoniae B5055 to the phage. Additional hits were
also observed to three genes, wabH, wabN, and waaQ, involved in the biosynthesis of
the LPS core. We cannot be certain that the LPS core is recognized by a second, as yet
unidentified, phage RBP as a secondary receptor. An alternative model is that LPS is a
secondary receptor only in the sense that it maintains the structure of the primary re-
ceptor, CPS. Transposon mutants lacking a functional copy of wabH, wabN, or waaQ
have a diminished level of capsule retained on their cell surface (30), and it has been
demonstrated that aspects of the LPS core are directly involved in capsule retention in
K. pneumoniae 52145 (40, 60).

To investigate the mechanism by which the RBP capsule depolymerase functions,
DpK2 was purified as an enzymatically active trimer and its structure solved at a resolu-
tion of 2.7 Å. DpK2 consists largely of a central characteristic b-helical domain architec-
ture with a putative active site being formed within a highly negatively charged inter-
subunit groove. Architecturally, DpK2 shows the highest structural homology to the
tail fiber LPS hydrolase TSP2 from the E. coli phage CBA120. However, structural differ-
ences were observed in the C-terminal domain of DpK2, which consists of a b-sand-
wich fold followed by a far C-terminal a-helical bundle. The role of this additional
structural feature of DpK2 is unknown, but given the homology observed within the
b-sandwich fold, it could be suggested that this domain forms a carbohydrate binding
module commonly found in sugar binding proteins. Of the known Klebsiella phage tar-
geting RBP depolymerases, only the K21-targeting depolymerase gp38 from the phage
KP32 has been structurally characterized, highlighting the key catalytic residues
required for CPS cleavage (12). Despite not sharing any significant sequence similarity,

FIG 5 Legend (Continued)
cavity is formed within an interchain groove between neighboring DpK2 monomers. (c) Negative-mode mass spectra of DpK2-treated capsule analyzed
by LC-MS. The prominent masses are highlighted in red. The multiple masses observed within these spectra can be attributed to the formation of ion
adducts that differ in the nature of ionizing species. The cartoon structure of the K2 repeating units is depicted with the theoretical and experimental
m/z ratios highlighted for both cleavage products. Glc, glucose; Man, mannose; GlcA, glucuronic acid; p, sugars in pyranose form. (d) Representative
images of enzyme-treated K. pneumoniae cells visualized by Maneval’s staining and light microscopy. (e) Quantification of cell-associated uronic acid
(mg/ml). Capsular polysaccharides were isolated from whole cells using phenol-water extraction after treatment with active or heat-inactivated DpK2.
Samples were hydrolyzed in sulfuric acid prior to the addition of 3-hydroxyldiphenol and subsequent absorbance reading at 520 nm. The uronic acid
concentration was measured using a defined glucuronic acid standard curve. Error bars represent standard deviations of the results of three biological
duplicates. (f) Quantitation of K. pneumoniae B5055 growth in the presence of DpK2 and serum as measured by the number of recovered CFU/ml. Cells
were treated with either DpK2, serum, DpK2 plus serum, or DpK2 plus heat-inactivated (HI) serum for 3 h. The red bar represents the number of CFU/ml
of the starting inoculum prior to the addition of serum. Overall statistical significance was determined by one-way analysis of variance (ANOVA) (P
value, 0.0001 for all conditions). Further statistical analyses were performed using Turkey’s multiple-comparison test for all serum treatments (*,
P, 0.0001; n.s., not significant). Error bars represent standard deviations of the results of three biological duplicates.
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both proteins exhibit negatively charged patches within their intermolecular active
sites suggestive of polysaccharide hydrolase activity. Given the chemical complexity of
the Klebsiella capsule and the significant sequence diversity observed in RBP depoly-
merases, further detailed structural analyses of depolymerases are vital in understand-
ing how phage-encoded enzymes target these protective surface polysaccharides.

Targeting bacterial surface polysaccharides by antibody therapies or by vaccines
has shown some promise in combating infections by encapsulated bacterial pathogens
such as K. pneumoniae (61). Given the essential role of the capsule for Klebsiella viru-
lence, disrupting this protective barrier by other agents such as phages or phage-
derived enzymes has gained interest as a complementary anti-infective strategy
against these difficult-to-treat bacterial pathogens. Recombinantly produced DpK2 has
potential antivirulence activity, capable of stripping the K2 capsule from whole
Klebsiella B5055 cells. The clinically prevalent K2 capsule plays an essential role in com-
plement resistance and in B5055 has been shown to be sufficient for survival in serum
(62). More broadly, studies have also shown that depolymerase-treated K. pneumoniae
cells are more easily cleared in mice and Galleria mellonella larval infection models (21,
22, 24, 63). Taken together, this study demonstrates the utility of undertaking a multi-
disciplinary approach to these often overlooked and underexploited phages, and their
component parts, as we search for new tools to combat the rise of AMR in bacteria.

MATERIALS ANDMETHODS
Bacterial strains and phage isolation. Host range analysis of phage RAD2 was performed and

strain specificity of the protein DpK2 was determined using the strains listed in Table S4 at https://
figshare.com/s/ac477372e1a9d9f992b3. The protein expression strain E. coli BL21 DE3* was used for pro-
duction of DpK2 for structural analysis and antibody preparation.

Wastewater samples taken from waterworks associated with Addenbrooke’s Hospital, Cambridge,
United Kingdom, were used for phage isolation, using K. pneumoniae B5055 as the host. Samples (50ml)
were mixed with 50ml of 2-fold concentrated Luria-Bertani (LB) medium and 2ml of a bacterial over-
night culture and grown for a further 16 h at 37°C. Cellular debris was pelleted by centrifugation at
5,000� g for 10 min, and the resulting supernatant was passed through a 0.45-mm filter. To monitor
phage activity, 20 ml of the supernatant was then spotted onto LB agar plates containing a top layer of
top agar (4ml LB medium and 0.35% [wt/vol] agar) and 200 ml of bacterial culture and incubated over-
night at 37°C. Subsequent liquid or spot test infections were performed as described previously (64).
Infections of the Wzb- and Wzc-expressing cells were performed as described above with the following
changes. Cells were subcultured 1:50 into 30ml of fresh LB medium and grown at 37°C to an optical
density (at 600 nm) of 0.3. The expression of Wzb and Wzc was induced with 30 ng/ml anhydrotetracy-
cline, and cells were grown for a further 5 h before infection with RAD2 as described above.

Generation of high-titer phage stocks.Working RAD2 stocks were generated by performing liquid
infections as described above. Four milliliters of SM buffer (100mM NaCl, 8mM MgSO4, 10mM Tris, pH
7.5) was added to two 90-mm infection plates showing semiconfluent plaques and were incubated at
4°C for 1 h. The top agar layer was scraped off, and 50 ml of chloroform was subsequently added before
vortexing rigorously for 1 min. The agar and cell debris were pelleted at 4,000� g for 30 min at 4°C, and
the resulting supernatant was passed through a 0.45-mm filter and stored at 4°C. To generate pure,
high-titer RAD2 phage stocks, large-scale infections using 140-mm petri dishes were performed using 60
ml of phage preparation (1024 dilution of the RAD2 working stock), 500 ml of an overnight culture of K.
pneumoniae B5055, and 10ml of top agar in two batches of 20 infections. RAD2 lysates were prepared
from the pooled infection plates and purified by CsCl density gradients as previously described (55) prior
to dialyzing them twice with 2 liters of SM buffer to remove residual CsCl from the sample.

Phage gDNA extraction, sequencing, and annotation. Phage genomic DNA (gDNA) was isolated
from 1.8ml of the RAD2 working stock (;1010 PFU/ml). Eighteen microliters of DNase (1mg/ml) and 8ml
of RNase A (12.5mg/ml) were added and incubated at 37°C for 30min. Eighteen microliters of proteinase
K (10mg/ml) and 46ml of SDS (20% stock solution) were added to the lysate and subsequently incu-
bated for a further 30min at 37°C. Genomic DNA was isolated from the lysate by phenol-chloroform
extraction using Phase Lock Gel tubes (QuantaBio catalog no. 2302820) as described previously (64).
Whole-genome sequencing was performed as 2� 250 bp paired-end reads using an Illumina MiSeq sys-
tem by the NPG, DNA Pipelines Informatics Group, Wellcome Trust Sanger Institute. The RAD2 genome
was assembled de novo using the Iterative Virus Assembler (65) and annotated by Prokka (66). The con-
sensus sequence was then subsequently screened against the GenBank database using BLAST (67)
(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Sequence analysis. Screening of virion-associated and nonvirion proteins made use of STEP3 (20),
and protein sequence and domain analysis of each predicted RAD2 ORF was performed using BLAST
and HMMer 3.3, respectively. Structural predictions were performed using HHpred (68) using the default
settings. The circular genome representation and %G1C plots were generated using DNA plotter (69).
Proteomic tree analysis and whole-genome alignments of RAD2 were performed using ViPTree (70) by
use of the double-stranded DNA (dsDNA) nucleic acid type and Prokaryote host category database,
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which also included the genome of Klebsiella phage GH-K3. Refined trees were regenerated to analyze
the phylogeny of “Siphoviridae-like” phages that infect Gammaproteobacteria.

High-throughput genomics approach to identify essential host genes for RAD2 infection. A
high-density transposon mutant library of K. pneumoniae ATCC 43816 containing ;250,000 unique
insertion sites (30) was used to define mutants surviving treatment with RAD2. Three cultures were
grown in LB medium, each inoculated with 109 bacterial cells from the transposon library stock and 1010

RAD2 viral particles. Cultures were grown for a further 5 h, pelleted by centrifugation (6,000� g, 10 min,
at 4°C), and washed in 10mM Tris. Genomic DNA was isolated from each cell pellet by phenol-chloro-
form extraction using 15-ml phase lock tubes (Qiagen). Two micrograms of each gDNA preparation was
used to prepare transposon-specific sequencing libraries using primer FS108 for specific amplification of
transposon junctions as described previously (30, 71). DNA libraries were sequenced using the Illumina
MiSeq platform with primer FS107 as described previously (30).

TraDIS analysis was performed essentially as described previously (30, 71). Reads from transposon-gDNA
junctions were mapped to the K. pneumoniae ATCC 43816 genome (GenBank accession no. CP009208) using
the BioTraDIS pipeline with the parameters “-v smalt_r -1 -t TAAGAGACAG -mm 1” and assigned to genomic
features, with reads mapping to the 39 10% of the gene ignored. Comparisons between phage-treated and
control samples were performed using the “TraDIS_comparison_positive_selection.R” script (https://github
.com/francesca-short/tradis_scripts), which is based on the comparison script from the BioTraDIS toolkit but in
addition reports the insertion index ratio between condition and control samples. Filtering based on gene-
wise transposon mutant diversity (insertion index ratio) was necessary because, for many of the genes with
increased read counts post-phage challenge, these reads mapped to just a single insertion site. These cases
were presumed to result from rare secondary mutations unrelated to the transposon insertion, as suggested
previously (72). Genes required for phage infection were defined as those with a log2 fold change (FC) of .1,
a q value of,0.01, and an insertion index ratio of$1 between the phage-treated and input samples.

Protein purification and antibody production. The open reading frame (ORF) for DpK2 (gp02) was
cloned with an N-terminal hexahistidine tag into the protein expression vector pPROEX htb (Thermo
Fisher Scientific) using the primers RAD2_DpK2F – GCGCGCCATGGGCGCACTATACAGAGAAGGTAAAG and
RAD2_DpK2R – CGCCGCTCGAGTTAGCTACTCATAAATCCATTTG. The underlined nucleotides represent the
NcoI and XhoI restriction sites, respectively. The expression construct was transformed into E. coli BL21 DE3*
(Novagen), cells were subsequently grown in 1 liter of Terrific Broth (12 g tryptone, 24 g yeast extract, 4ml
glycerol, 2.31 g KH2PO4, and 12.84 g K2HPO4 per liter) at 37°C until the cultures reached an optical density at
600 nm (OD600) of 0.8, and protein expression was induced with 0.3mM IPTG (isopropyl-b-D-thiogalactopyra-
noside), with shaking overnight at 18°C. Cells were collected and lysed in lysis buffer (50mM Tris [pH 8.0],
400mM NaCl, 2mM MgCl2, and 20mM imidazole) using an Avestin Emulsiflex C3 cell press (3 passes). His-
tagged proteins were first purified by application of a soluble lysate fraction to Ni-affinity chromatography,
with lysis buffer used for binding to the 5-ml nickel HisTrap HP column (GE Healthcare) and, following wash-
ing, elution using a gradient of 50mM Tris pH 8.0, 400mM NaCl, and 1 M imidazole. Proteins were further
purified by size exclusion chromatography using a HiLoad 16/600 Superdex 200-pg column (GE Healthcare)
equilibrated in 25mM Tris (pH 8.0) and 200mM NaCl. Protein present in each peak was assessed by
Coomassie blue-stained reducing SDS-PAGE and activity assays. DpK2 rabbit polyclonal antibody was gener-
ated to the purified recombinant protein at the Monash Animal Research Platform (MARP) in adherence to
their ethics-approved protocols for generating antibodies in rabbits (this work is specifically covered by ERM
project no. 14152).

Transmission electron microscopy. Purified phage preparations (4ml) were added to freshly glow-
discharged CF200-Cu carbon support film 200-mesh copper grids (ProSciTech) for 30 s. The sample was
blotted from the grid using Whatman filter paper, and samples were subsequently stained with 4ml of
Nano-W methylamine tungstate (Nanoprobes) for 30 s and blotted again. Grids were imaged using a
Tecnai Spirit G2 transmission electron microscope (Tecnai).

Immunogold labeling of DpK2 was performed as described previously, with the following changes
(64). Freshly glow-discharged CF200-Cu carbon support film 200-mesh copper grids were incubated on
a drop of CsCl2-purified RAD2 stock solution for 15 s. Excess liquid was removed using Whatman filter
paper, and grids were immediately incubated on a drop of antibody solution (1:1,000 dilution of anti-
DpK2 in 5% bovine serum albumin [BSA] in Tris-buffered saline [TBS]) for 20min. Grids were rinsed
briefly by transferring them onto two consecutive drops of TBS with 0.01% Tween, followed by a third
drop of TBS only. Excess liquid was removed using Whatman filter paper, and the grids were then incu-
bated on a drop containing 5-nm protein A-gold (Nanocs) for 20 min and subsequently washed as
described above, finishing on a drop of distilled water. Excess liquid was blotted away, and grids were
stained with Nano-W for 30 s, blotted, dried, and imaged using a 120 kV Tecnai Spirit G2 transmission
electron microscope (Tecnai).

Cryo-EM. Purified DpK2 protein samples were diluted to 0.4mg/ml in TBS and prepared for cryo-
electron microscopy (cryo-EM) as described previously (73). Data were collected on a Glacios microscope
(Thermo Fisher Scientific) operated at an accelerating voltage of 200 kV with a 70-mm C2 aperture at an
indicated magnification of �120,000 in nanoprobe energy-filtered TEM (EFTEM) mode, spot size 4. A
Falcon 3 direct electron detector was used to acquire dose-fractionated images of the DpK2 complex.
Movies were recorded as uncompressed gain-normalized .MRC files yielding a physical pixel size of
0.895 Å/pixel. An exposure time of 40 s amounting to a total dose of 43 e-/Å2 was fractionated into 38
subframes. Defocus was varied in the range between 20.4 to 21.5mm. Beam-image shift was used to
acquire data from 9 surrounding holes, after which the stage was moved to the next collection area
using the EPU software package (Thermo Fisher Scientific).
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Data processing. Movies were processed as described previously (73). Particles were initially picked
from the micrographs using the Laplacian of Gaussian (LoG) automatic picker in RELION 3.0 (74–79).
Extracted particles from the LoG-picked data set were then imported into CryoSPARC (version 2.9) (80)
for reference-free two-dimensional (2D) classification and ab initio model generation. This ab initio
model was then used for template-based picking and as an initial model in RELION. Particle extraction
and reference-free 2D classification were carried out in RELION (version 3.0.7). A homogeneous subset of
particles was then subjected to Bayesian particle polishing and contrast transfer function (CTF) refine-
ment as implemented in RELION 3.1 (see Fig. S6 at https://figshare.com/s/ac477372e1a9d9f992b3 for
the cryo-EM workflow), and each beam tilt group had its coma aberrations calculated separately in
RELION-3.1. This homogeneous subset of polished particles was used for both a C3 symmetric and C1
asymmetric 3D refinement in RELION. The final resolutions estimated by using the gold standard forward
scatter (FSC= 0.143) were 2.7 Å for the C3 refinement and 2.8 Å for the C1 refinement (see Fig. S7 at the
URL mentioned above). Local resolution estimations were performed using RELION. The cryo-EM data
collection and structure statistics are listed in Table S8 at the URL mentioned above.

Atomic model refinement. An initial atomic model was generated using the C3 symmetrized map
using the Buccaneer software package (81). The model was then manually curated using the coot soft-
ware package (82). Further model refinement was done using real-space refinement as implemented in
Phenix (83, 84). The N-terminal domain near the C3 symmetry break was difficult to interpret, even in
the asymmetrically refined maps, and the N-terminal triple-helix bundle and linker were not modeled.

Capsule extraction and quantification. Ten-milliliter cultures of K. pneumoniae B5055 were grown
in LB medium to an OD600 of ;0.5 before harvesting by centrifugation (6,000� g, 10 min, at 4°C). Cells
were subsequently washed with 1ml Milli-Q H2O, pelleted (14,000� g, 10 min, at 4°C), and resuspended
in 500 ml Milli-Q H2O. Samples were incubated at 68°C for 2 min before the addition of 500 ml of phenol,
mixed by inverting 20 times, and incubated at 68°C for 30 min. The samples were cooled on ice before
the addition of 500 ml of chloroform, mixed by inverting, and centrifuged at 10,000� g for 5 min. The
aqueous phase (400 ml) containing the capsular polysaccharides (CPS) was precipitated with 40 ml 3 M
sodium acetate and 1ml cold 100% ethanol before inverting as described above and were then subse-
quently incubated at –20°C for 30 min. The samples were pelleted by centrifugation (16,000� g, 10 min,
4°C), washed with 70% ethanol, air dried, and then resuspended with 500 ml Milli-Q H2O.

Purified CPS (100 ml) was added to 600 ml 12.5 M tetraborate dissolved in 18 M sulfuric acid, vor-
texed vigorously, and boiled for 5 min. The samples were cooled to room temperature before the addi-
tion of 10 ml 0.15% 3-hydroxyldiphenol in 0.5% sodium acetate and aliquoted to a 96-well plate, and the
absorbance was measured at 520 nm. Standard curves were determined using 100 ml of glucuronic acid
(0 to 200mg/ml) as described above.

SDS-PAGE and Alcian blue staining. Ten micrograms of purified CPS was incubated with either
1mg of purified DpK2 or an equivalent volume of TBS for 1 h at 37°C. Samples were analyzed by 3-to-
14% gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently
stained with the cationic dye Alcian blue (47). Briefly, the gel was washed in fixing buffer (25% ethanol
and 10% acetic acid in Milli-Q water) three times at 50°C (10 min each wash), before staining with
0.125% Alcian blue in fixing buffer (for 15 min at 50°C in the dark). The gel was destained with fixing
buffer at room temperature and visualized.

Depolymerase activity assays. The activity of DpK2 was determined by measuring the production
of reducing sugars upon CPS cleavage using the colorimetric compound p-hydroxybenzoic acid hydra-
zide (pHBAH) (48). A stock solution of 5% (wt/vol) pHBAH was prepared in 0.5% (vol/vol) HCl. A working
solution of pHBAH was prepared fresh for each experiment by diluting the stock 1:4 (vol/vol) in 0.5 M
NaOH. Prior to CPS digestion, aliquots of DpK2 were incubated at different temperatures (4 to 80°C) for
30 min. Fifty micrograms of purified CPS was treated with 500 ng of each DpK2 preparation and made
up to a final volume of 25 ml with TBS, pH 8.0. Samples were subsequently incubated at 37°C for 15 min
to allow digestion of the CPS and added to 75 ml of pHBAH working solution in a 96-well PCR plate.
Samples were incubated at 95°C for 5 min in a thermocycler and allowed to cool to room temperature,
and the absorbance was measured at 410 nm.

LC-MS. For mass spectrometry analyses of reaction products, purified enzyme (1mg) was incubated
with 100mg of purified capsule at 37°C for 2 h. Ten microliters of the resulting mixture was diluted with
the addition of 90 ml of water and passed through a preconditioned 30-kDa-molecular-weight-cutoff fil-
ter (Nanosep 30 kDa Omega; Pall Life Sciences) according to the manufacturer’s instructions. The filtrate
was added to 400 ml acetonitrile, the resulting solution was centrifuged (22,000� g, 4°C, 10min), and
the supernatant was analyzed by LC-MS. Samples in which the enzyme was either excluded or heat inac-
tivated prior to incubation with the purified capsule were also prepared to act as negative controls.

LC-MS analysis utilized a zwitterionic hydrophilic interaction LC (HILIC) column (150 by 4.6mm ZIC-
pHILIC 5mm, polymeric; Merck) protected by a guard column (20 by 2.1mm ZIC-pHILIC 5mm, polymeric;
Merck) at 25°C with a gradient elution of 20mM ammonium carbonate (A) and acetonitrile (B) (linear
gradient time–%B as follows: 0min–80%, 15min–50%, 18min–5%, 21min–5%, 24min–80%, 32min–
80%) at 300 ml/min on a Dionex RSLC3000 ultra-high-performance LC (UHPLC) (Thermo Fisher
Scientific). Samples were kept at 6°C in the autosampler, and 10ml was injected for analysis. Mass spec-
trometric analysis was performed at 35,000 resolution (accuracy calibrated to ,1 ppm) on a Q-Exactive
Orbitrap MS (Thermo Fisher Scientific) operating in rapid switching positive (4 kV)- and negative
(23.5 kV)-mode electrospray ionization (capillary temperature, 300°C; sheath gas flow rate 50; auxiliary
gas flow rate 20; sweep gas flow rate 2; probe temperature, 120°C).

The LC-MS data were processed by applying the first three steps of the IDEOM v20 (85) workflow.
Specifically, data corresponding to each polarity were extracted to separate files in .mzXML format using
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MSConvert (86). Untargeted extraction of chromatographic features (corresponding to a specific mass)
and alignment were then performed using the XCMS algorithm (87) and mzMatch, respectively, imple-
mented through R (R Core Team, 2013; http://www.R-project.org/). Features that were observed in the
enzyme and capsule sample but not in the corresponding negative controls were then identified and
manually assigned.

Maneval’s staining of Klebsiella cells. Cultures of K. pneumoniae wild-type strain B5055 or a non-
mucoid mutant (Dwzb Dwzc) were grown in LB medium to an OD600 of ;0.5. Fifty microliters of cells
was aliquoted to microcentrifuge tubes before the addition of 100mg/ml of active or heat-inactivated
(incubated at 80°C for 30 min) DpK2 or an equivalent volume of TBS. Samples were then incubated at
37°C for 1 h. Three microliters of each culture was spotted onto a clean, grease-free microscope slide.
Cell-associated capsule was observed by Maneval’s staining (53), and cells were visualized at �100 mag-
nification using the EVOS FL autoimaging system (Thermo Fisher Scientific).

Serum sensitivity of depolymerase-treated cells. Bacterial cells (;3.5� 105 CFU) from a mid-log
culture were treated with 100mg/ml of purified RAD2-DpK2. Human sera (Sigma-Aldrich catalog no.
S7023) were prewarmed to either 37°C (active) or 50°C (heat inactivated) for 30 min and then added to
enzyme-treated cells (80% final concentration) and incubated at 37°C for 3 h. Viable bacterial counts
were determined before and after incubation with serum.

Data availability. The RAD2 genome sequence data were deposited in GenBank (https://www.ncbi
.nlm.nih.gov/genbank/) under accession number MW655991. RAD2 phage challenge TraDIS sequence
data were deposited in the European Nucleotide Archive (https://www.ebi.ac.uk/ena/browser/home)
under BioProject study accession number PRJEB25275. The DpK2 cryo-EM density map and PDB coordi-
nates were deposited in the Electron Microscopy Data Bank (https://www.ebi.ac.uk/pdbe/emdb/) and
the PDB (https://www.rcsb.org/) under accession codes EMD-23608 and 7LZJ, respectively.
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