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A B S T R A C T   

Klebsiella pneumoniae poses a major global challenge due to its virulence, multidrug resistance, and nosocomial 
nature. Thus, bacteriophage-derived proteins are extensively being investigated as a means to combat this 
bacterium. In this study, we explored the enzymatic specificity of depolymerase gp531, encoded by the jumbo 
bacteriophage vB_KleM_RaK2 (RaK2). We used two different methods to modify the reducing end of the oligo-
saccharides released during capsule hydrolysis with gp531. Subsequent acidic cleavage with TFA, followed by 
TLC and HPLC-MS analyses, revealed that RaK2 gp531 is a β-(1→4)-endoglucosidase. The enzyme specifically 
recognizes and cleaves the capsular polysaccharide (CPS) of the Klebsiella pneumoniae K54 serotype, releasing K- 
unit monomers (the main product), dimers, and trimers. Depolymerase gp531 remains active from 10 to 50 ◦C 
and in the pH 3–8 range, indicating its stability and versatility. Additionally, we demonstrated that gp531′s 
activity is not affected by CPS acetylation, which is influenced by the growth conditions of the bacterial culture. 
Overall, our findings provide valuable insights into the enzymatic activity of the first characterized depolymerase 
targeting the capsule of the clinically relevant K54 serotype of K. pneumoniae.   

1. Introduction 

Bacteria of the genus Klebsiella are widely distributed in nature and 
can be found in diverse environments, including soil, water, plants, as 
well as the gastrointestinal tract and nasopharynx of animals and 
humans (Podschun and Ullmann, 1998; Patro and Rathinavelan, 2019). 
While generally harmless to people with a healthy immune system, 
certain species of Klebsiella are increasingly being linked to 
healthcare-associated as well as community-acquired infections (Patro 
and Rathinavelan, 2019; Effah et al., 2020; Rocha et al., 2022). Among 
these species, the opportunistic pathogen Klebsiella pneumoniae is 
considered the most clinically relevant, causing up to one-third of 
nosocomial Gram-negative bacterial infections worldwide (Navon-Ve-
nezia et al., 2017; Rocha et al., 2022). The emergence and rapid spread 
of drug-resistant (DR) and hypervirulent DR strains of K. pneumoniae 
have contributed significantly to the increasing morbidity and mortality 
associated with these infections (Russo and Marr, 2019; Zhu et al., 2021; 
Shao et al., 2022; Taha et al., 2023). 

The major virulence factors that contribute to the pathogenicity of 
K. pneumoniae are the capsular polysaccharide (CPS, commonly referred 
to as K-antigen), the O-side-chain of lipopolysaccharide (O-antigen), 

adhesins, and iron uptake systems (Zhu et al., 2021; Riwu et al., 2022). 
The capsule, a dense polysaccharide layer that completely covers the 
surface of the bacterium, is widely recognized as a key determinant of 
virulence (Patro and Rathinavelan, 2019; Wu et al., 2023). The capsule 
offers several advantages in the infection process. First, it provides 
protection against host immune responses, making it difficult for the 
immune system to recognize and eliminate the bacterium (Hager et al., 
2019; Bellich et al., 2020). Second, the capsule facilitates the adhesion of 
the bacteria to host mucous membranes, promoting colonization and the 
establishment of the infection (Wilson, 2002; Huynh et al., 2017; Chen 
et al., 2023). The K. pneumoniae capsule, composed of linear or 
branching repeating oligosaccharide units that may contain up to seven 
monosaccharides (such as D-glucose, D-galactose, D-mannose, L-rham-
nose, L-fucose, etc.) linked by glycosidic bonds, exhibits remarkable 
structural diversity in terms of sugar composition, linkage types and 
patterns, and the specific ratio of noncarbohydrate substituents (Zamze 
et al., 2002; Pan et al., 2015; Patro and Rathinavelan, 2019; Bellich 
et al., 2019; 2020; Knirel and Van Calsteren, 2021). To date, more than 
70 distinct K. pneumoniae capsule variants (K-types or K-serotypes) have 
been described by serological methods and/or genotyping, with their 
polysaccharide structures determined (Opoku-Temeng et al., 2019; 
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Patro and Rathinavelan, 2019; Bellich et al., 2020). Among these vari-
ants, K1, K2, K5, K20, K54, and K57 are the most commonly found in 
hypervirulent strains of K. pneumoniae, which are increasingly associ-
ated with community-acquired invasive pyogenic liver abscesses, sepsis, 
and pneumonia (Riwu et al., 2022; Taha et al., 2023; Wu et al., 2023). As 
mentioned above, such hypervirulent strains often carry diverse anti-
microbial resistance genes, necessitating the development of alternative 
treatments to antibiotic therapy. In this regard, phage-borne enzymes 
specifically targeting the bacterial capsule provide a promising avenue 
for combating K. pneumoniae infections. In fact, several studies have 
shown that decapsulation of K. pneumoniae cells using, for example, 
recombinant phage depolymerases increases the susceptibility of the 
bacteria to serum-mediated killing (Lin et al., 2014; Majkowska-Skro-
bek et al., 2016; 2018; Wang et al., 2019; Volozhantsev et al., 2020; Wu 
et al., 2023). 

In K. pneumoniae-infecting viruses, CPS-degrading depolymerases 
are usually virion-associated and function as the enzymatic receptor- 
binding proteins (RBPs). Such RBPs specifically recognize and then 
cleave the cellular capsule to allow the virus particle to reach its sec-
ondary receptors, typically located on the outer membrane (Bertozzi 
Silva et al., 2016; Fernandes and São-José, 2018; Knecht et al., 2020; 
Knirel et al., 2020; Noreika et al., 2023). Just like other phage depoly-
merases, which target LPS or exopolysaccharides, K-type specific en-
zymes encoded by K. pneumoniae bacteriophages are classified as lyases 
or hydrolases (Squeglia et al., 2020). Lyases directly act on their sub-
strate, utilizing it as a proton donor, and cleave the glycosidic bond via 
β-elimination, resulting in the formation of unsaturated (oligo)saccha-
rides. Hydrolases, on the other hand, use a water molecule to break the 
bond, resulting in saccharides with a restored hydroxyl group (Jongkees 
and Withers, 2014; Olszak et al., 2017; Stone et al., 2008). Interestingly, 
most of the data on the mechanisms of the enzymatic reactions carried 
out by Klebsiella phage depolymerases were gathered decades ago in 
studies aimed at determining or refining the structure of CPS of different 
K-serotypes (e.g., K2 (Sutherland, 1971), K3 (Dutton et al., 1986), K13 
(Niemann et al., 1977), K15 (Parolis et al., 1992), K25 (Thurow et al., 
1974), K54 (Dutton and Merrifield, 1982; Sutherland, 1967; Sutherland 
and Wilkinson, 1968), etc.). The results of these pioneering studies of 
that time showed that most of the CPS depolymerases produced by 
K. pneumoniae phages are glycoside hydrolases (i.e., mannosidases, 
fucosidases, galactosidases, glucosidases, etc.), which predominantly 
cleave the β-(1→3) or β-(1→4) glycosidic bonds. Unfortunately, in most 
cases no detailed information is available on the phages used, their ge-
nomes, or the specific phage proteins responsible for CPS degradation. 

Since then, K. pneumoniae phages targeting capsular types such as K1 
(e.g. phage phiK64-1; Pan et al., 2017), K2 (phage B1; Pertics et al., 
2021), K3 (phage KP32; Squeglia et al., 2020), K5 (phage K5-4), K8 
(Hsieh et al., 2017), K20 (phage vB_KpnM-20; Wu et al., 2023), K57 
(phage vB_KpnP_ZX1; Li et al., 2022), among others, have been isolated. 
Their corresponding CPS depolymerases have been identified and 
functionally characterized. Nevertheless, to the best of our knowledge, 
no genetically as well as biochemically characterized depolymerases 
capable of degrading the CPS of K. pneumoniae K54 may be found in the 
literature. Furthermore, despite the large number of identified 
K. pneumoniae phage depolymerases, only a few of these enzymes, such 
as the β-(1→3)-endogalactoside hydrolases, Dep_kpv79 and Dep_kpv767 
(Volozhantsev et al., 2020), and the phage NTUH-K2044-K1-1 lyase, 
gp34 (Tu et al., 2022), have been thoroughly investigated in terms of 
their specific enzymatic activity. In addition, a depolymerase encoded 
by the K. pneumoniae phage RAD2 has been shown to cleave the K2 
capsule by releasing dimers and trimers of the structural K-unit, sug-
gesting that this enzyme is an endoglycosidase. However, the precise 
glycosidic bond targeted by RAD2 depolymerase has not been identified 
(Dunstan et al., 2021). 

In our previous study on the adsorption complex of alcyoneusviruses, 
we investigated the biological function of gp531, a depolymerase 
domain-containing protein encoded by the unique Klebsiella jumbo 

phage RaK2 (Noreika et al., 2023). Our findings revealed that RaK2 
gp531 is a component the long tail fiber and functions as a homotrimer 
and is essential for the recognizing and attaching to K. pneumoniae KV-3 
cells. 

Here, we explored the enzymatic properties of RaK2 gp531. We 
established that gp531 is a β-(1→4)-endoglucosidase that cleaves the 
K54-type CPS. We also observed that the level of CPS acetylation, 
influenced by the growth conditions of the bacterial culture, had no 
effect on the enzymatic activity of this protein. Additionally, we 
demonstrated that gp531 retains its activity within a pH range of 3 to 8 
and at temperatures ranging from 10 to 60 ◦C. Overall, these findings 
significantly contribute to our understanding of how phage-encoded 
RBPs target the capsule of K. pneumoniae. Moreover, they provide 
valuable insights into the enzymatic activity of RaK2 gp531, the first 
characterized depolymerase targeting the CPS of the clinically relevant 
K54 serotype of K. pneumoniae. 

2. Materials and methods 

2.1. Klebsiella sp. KV-3 genotyping 

To determine the K-type of Klebsiella sp. KV-3, a bioinformatic 
analysis was performed on a 30.887 bp genome fragment (3637592… 
3668479) of the bacterium. This region encompasses the cps cluster, 
flanked by terC and rfbA at the 5′ and 3′ termini, respectively. Open- 
source tools such as BlastN and MultiGeneBlast (https://multigenebl 
ast.sourceforge.net) were utilized for the analysis using default param-
eters. To aid in the identification process, we utilized a reference data-
base of 81 Klebsiella K-serotypes with known polysaccharide structures 
and cps genotypes (Table S1). Additionally, two open-source tools, 
namely K-Pam (Patro et al., 2020) and Kaptive (Wick et al., 2018), were 
used to verify the serotype prediction. 

2.2. Recombinant RaK2 gp531 

The isolation of bacteriophage RaK2, K. pneumoniae KV-3 propaga-
tion, as well as the construction and purification of recombinant gp531 
were performed according to previously described methods (Noreika 
et al., 2023; Šimoliunas et al., 2013). 

Briefly, to obtain the recombinant RaK2 gp531, the appropriate gene 
was amplified using specific forward (5′-CTT GTC GAC GAG GTT TAA 
TAT GTC ATT GA-3′) and reverse (5′-TAG GAT CCT TTT TTA TAC TGA 
AGT TCC TG-3′) primers. The resulting amplicon was then inserted into 
the expression vector pET16b, and the constructed plasmid was trans-
formed into Escherichia coli Rosetta (DE-3). Following induction with 
IPTG (0.5 mM), a recombinant 100-kDa protein with a His × 10 tag at 
the N-terminus was produced and was purified by Ni-NTA 
chromatography. 

2.3. K. penumoniae KV-3 CPSs isolation 

To facilitate CPS production, an overnight culture of K. pneumoniae 
KV-3 (10 mL) was transferred to a flask with 200 mL Luria Broth (LB) 
and incubated at 37 ◦C for 11 days without agitation. CPS isolation 
procedure followed a previously described method with minor adjust-
ments (Bales et al., 2013). Briefly, 1.2 mL of a 37 % formaldehyde so-
lution (Fluka AG, Germany) was added to 200 mL of the bacterial 
culture. The sample was then incubated with gentle agitation at 22 ◦C 
for an hour. Subsequently, 100 mL of 1 M NaOH was added, and the 
sample was further incubated with increased agitation for 3 h. The 
resulting supernatant, containing the CPSs, was collected by centrifu-
gation (10,000 rpm, 4 ◦C, 1 h) and then concentrated using an ultrafil-
tration membrane (10 kDa cut-off; Pall Corporation, USA) to reduce the 
volume to one-tenth of the original. The sample was then dialyzed 
against Milli-Q water and treated with trichloroacetic acid (20  % w/v; 
British Drug Houses Chemicals, England) to precipitate impurities, such 
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as proteins and nucleic acids. After centrifugation at 10,000 rpm and 
4 ◦C for one hour, a precipitate-free supernatant was collected, mixed 
with cold ethanol (final concentration of 58–60 %), and the CPS was 
precipitated for 16 h at − 20 ◦C. The CPS was then pelleted by centri-
fugation (10,000 rpm, 4 ◦C, 1 h), dissolved in Milli-Q water, transferred 
to a dialysis tube (30-kDa cut-off) and dialyzed against Milli-Q water. 
Finally, the isolated CPS was lyophilized to a cotton-like substance. 

2.4. Isolated and wild type CPSs hydrolysis with gp531 

To explore the depolymerase activity of gp531, isolated CPSs of 
K. pneumoniae KV-3 were used as a substrate. The enzymatic reaction 
was carried out at 30 ◦C in a 20 mM sodium phosphate solution (pH 6.0) 
for 0.5–20 h, using different amounts of the isolated CPS (0.15–12 mg) 
and gp531 (0.3–25 μg). To inactivate the enzyme, acetonitrile (ACN; 
Sigma-Aldrich, USA) was added in a 1:1 volume ratio. After a brief 
centrifugation (10,000 rpm, 8 min), the resulting insoluble precipitate 
was removed, and the supernatant was analyzed by thin-layer chroma-
tography (TLC) and high-performance liquid chromatography–mass 
spectrometry (HPLC-MS). Enzymatic hydrolysis of the CPS of whole cells 
was performed following the procedure described previously (Noreika 
et al., 2023). 

2.5. TLC analysis 

The samples were spotted (1–2 μL) onto TLC Silica Gel 60 F254 plates 
(Merck, Germany). A TLC mobile phase of 1-propanol (1-proOH; Merck, 
Germany), ethyl acetate (EtOAc; Honeywell, Riedel-de Haen, Germany), 
and deionized water (dH2O) in a volume ratio of 6:1:3 was used to 
separate mono- and disaccharides, whereas a mobile phase of 1-butanol 
(1-butOH; Merck, Germany), ethanol (EtOH), and dH2O in a volume 
ratio of 5:3:2 was used for the separation of tetra- and higher 
saccharides. 

The plates were then dried and stained using a 1 % of 4-anisaldehyde 
(Sigma-Aldrich, Germany) prepared in a solution containing 90 % 
ethanol, 1 % acetic acid (Lach-Ner, Czech Republic), and 3.6 % sulfuric 
acid (Lach-Ner, Czech Republic). After drying, the plates were gently 
heated until the separated compounds became visible. For the saccha-
rides derivatized with 8-aminonaphthalene-1,3,6-trisulfonic acid 
(ANTS, Sigma-Aldrich, Switzerland), a 365-nm wavelength light was 
used to detect the separated compounds. The colors of the images were 
inverted to improve the visibility of the separated compounds. 

TLC was routinely run for 20–25 min and repeated up to three times 
to ensure better separation of compounds. 

2.6. HPLC-MS analysis 

CPS hydrolysis samples, commercially acquired mono- and di-
saccharides, and their chemically modified compounds, were analyzed 
using the HPLC-MS system (Shimadzu, Japan) equipped with a photo-
diode array detector (Shimadzu, Japan) and a mass spectrometer 
(LCMS-2020; Shimadzu, Japan) with an electrospray ionization source. 
Chromatographic separation was carried out on a YMC-Pack Pro-C18 
column (3 × 150; YMC, Japan) at 40 ◦C. Two different mobile phases 
were used: 0.1 % formic acid (HCOOH) water solution (solvent A) with 
acetonitrile (ACN, solvent B), or a 10 mM ammonium carbonate 
((NH4)2CO3) water solution with ACN. The gradient elution mode was 
employed with a 5–95 % gradient over a 12-min period. Mass scans were 
measured in the 250–2000 m/z range at a 350 ◦C interface temperature, 
250 ◦C desolvation line temperature, ±4500 V interface voltage, and 
neutral DL/Qarray, using N2 as the nebulizing and drying gas. Mass 
spectrometry data were acquired in both positive and negative ioniza-
tion modes and analyzed using LabSolutions liquid chromatography- 
mass spectrometry software. 

2.7. Depolymerase substrate screening 

To investigate the substrate specificity of gp531, a screening of 
various compounds (Table S3) was performed. For the first set of re-
actions, 1 mM of the chromogenic compound and 1 µg of gp531 were 
mixed in a 100 µL total volume of 50 mM Tris buffer solution (pH 8). The 
enzymatic reaction was conducted at 30 ◦C for 1–2 h, and the resulting 
yield was measured using a spectrophotometer. 

The second set of reactions consisted of 2 mM of saccharides or 3 mg/ 
mL of polysaccharides and 3 µg of gp531, in a total volume of 20 µL in 
20 mM sodium phosphate solution (pH 6). After 16–18 h of reaction at 
37 ◦C, the samples were analyzed using the TLC assay. 

2.8. Saccharide reduction with NaBH4 

To modify the reducing end of the products obtained after CPS (0.6 
mg) hydrolysis with gp531, a reduction reaction was performed in a 
solution containing 0.15 M sodium borohydride (NaBH4; Sigma-Aldrich, 
USA) and 2.5 mM KOH with a total volume of 200 μL, at 20–25 ◦C for 24 
h in the dark. To neutralize the excess reagent, 15 % of the sample 
volume of a 2 M acetic acid solution was added. Controls, including L- 
fucopyranose (ʟ-Fucp; Carbosynth, United Kingdom), D-glucopyranose 
(ᴅ-Glcp; Alfa Aesar, USA), D-glucopyranuronic acid (ᴅ-GlcpA; Sigma- 
Aldrich, USA), and D-cellobiose (ᴅ-Cell; Honeywell Fluka Analytical, 
USA), were reduced using a three-fold molar quantity of NaBH4. Sub-
sequently, all the samples were dried in a vacuum concentrator, 
reconstituted in water, and analyzed by TLC and HPLC-MS. 

2.9. Saccharide derivatization with ANTS 

To modify the reducing end of the products obtained after CPS (12 
mg) hydrolysis with gp531, a derivatization reaction with ANTS was 
performed. For this, 0.2 M ANTS dissolved in 2.62 M acetic acid and 1 M 
sodium cyanoborohydride (NaCNBH3; Sigma-Aldrich, USA) prepared in 
DMSO were mixed in a 1:1 ratio and the resulting buffer solution was 
poured over the dried product sample, resulting in a total volume of 250 
μL. The reaction was carried out for 24 h at 37 ◦C. Afterward, the sample 
was concentrated using a vacuum concentrator, and the ANTS- 
derivatized product from CPS hydrolysis was purified by a fast protein 
liquid chromatography (FPLC) technique. The control saccharides (ʟ- 
Fucp, D-Glcp, D-GlcpA, and ᴅ-Cell) were also derivatized using a molar 
ratio of 6:5:25 (saccharide: ANTS: NaCNBH3). 

2.10. ANTS-derivatized tetrasaccharide purification 

To remove the excess fluorophore from the ANTS-derivatized tetra-
saccharide, the main product of CPS hydrolysis with gp531, it was pu-
rified using the General Electric (GE) Akta Purifier 100 FPLC system. 
Initial purification was performed on a 1-mL Hitrap ion-exchange col-
umn DEAE FF (GE Healthcare, Sweden) using two solutions: Solution A 
(20 mM sodium phosphate, pH 8.1, and 3 mS/cm) and Solution B (20 
mM sodium phosphate, 1.0 M NaCl, pH 8.1, and 72 mS/cm). The sample 
was fractionated into 0.5 mL aliquots in the following steps: 0–50 % 
gradient of B, 8.2 column volumes (CVs); 50 % B, 18.5 CVs; 50–100 % B, 
8 CVs; and 100 % B, 15 CVs. The signal of ANTS derivatives was 
measured at a wavelength of 365 nm, and fractions without ANTS were 
identified by TLC. The ANTS-free fractions were combined, vacuum- 
dried, and subjected to gel filtration on a 370 × 10 mm column, 
manually loaded with 30 mL of Sephadex SG-10 resin (Pharmacia Fine 
Chemicals, Sweden). The column was washed with deionized water (3 
CVs), and a sample volume corresponding to 3 % of the column’s volume 
was injected. The eluted fractions of 0.5 mL were collected and analyzed 
by TLC. 
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2.11. TFA acid hydrolysis 

To identify the reducing end sugar residue of polysaccharide hy-
drolysis products generated by the gp531-catalyzed reaction, these 
products and the compounds formed during their reactions with NaBH4 
or ANTS as well as ANTS-cellobiose were hydrolyzed with 4.0 M tri-
fluoroacetic (TFA; Sigma-Aldrich, Germany) acid at 90 ◦C for 10–180 
min. Then, the resulting hydrolysates were dried using a vacuum 
concentrator, reconstituted in water, and analyzed by TLC and HPLC- 
MS. 

2.12. Temperature and pH influence on the enzymatic activity of gp531 

To investigate the effect of temperature and pH on the enzymatic 
activity of RaK2 depolymerase 531, purified recombinant protein and its 
substrate, isolated K. pneumoniae KV-3 CPS, were used. To evaluate the 
effect of temperature, reaction mixtures containing 20 µL of 20 mM 
sodium phosphate buffer solution (pH 6.0), 45 µg of CPS and 0.3 µg of 
gp531 were prepared. After 90 min at 10–70 ◦C, the reaction mixtures 
were diluted with an equal volume of ACN, centrifuged (8 min, 10,000 
rpm, 22 ◦C), and the resulting supernatants analyzed by HPLC-MS. As a 
control sample, a reaction mixture was prepared at 20 ◦C and inacti-
vated with ACN (1:1) after the other samples had reached the appro-
priate measuring temperatures. 

To assess the influence of pH, the reactions were carried out in the pH 
range of 3–10. The reaction mixtures consisted of 25 µL of the appro-
priate buffer solution (50 mM citrate, pH 3–6; 50 mM Tris, pH 7–9; or 50 
mM sodium borate, pH 10), together with 75 µg of CPS and 1 µg of 
gp531. A protein-free reaction mixture, prepared in 50 mM citrate at pH 
3 was used as a control. After 16 h at 22 ◦C, the mixtures were diluted 
with an equal volume of ACN, centrifuged (8 min, 10,000 rpm, 22 ◦C), 
and the resulting supernatants were analyzed by HPLC-MS. The enzy-
matic activity was quantified by integrating the total area of the ion 
peaks at m/z 663 and 687 within a 2–4 min range and subtracting the 
values of the control samples to calculate the relative activity. 

3. Results 

3.1. K-typing of K. pneumoniae KV-3 

Analysis of the K. pneumoniae KV-3 capsular polysaccharide synthesis 
gene region (cps) using MultiGeneBlast revealed that it has the highest 
degree of homology (99–100 % sequence identity between homologous 
proteins) with K. pneumoniae K54 serotype cps region. The second and 
third closest homologs were K. pneumoniae K16 (61–100 %) and K1 
(50–99 %). However, additional glycosyl/acetyltransferase genes are 
found in the K16 cps region while the Wzx and Wzy proteins of K16 show 
no homology to those of K54 (Fig. 1). 

K-typing of KV-3 was also performed using K-Pam (Patro et al., 2020) 
and Kaptive (Wick et al., 2018), both of which yielded results consistent 
with the findings obtained from the MultiGeneBlast analysis. These 
combined results provided strong evidence that K. pneumoniae KV-3 
belongs to the capsular type K54. 

3.2. Cleavage of K. pneumoniae KV-3 CPS with gp531 

According to the literature, the repeating K-unit of K54 CPS is a 
branched tetrasaccharide (Fig. 2A) with a polysaccharide main chain of 
→4)-α-D-GlcpA-(1→3)-α-L-Fucp2Ac-(1→3)-β-D-Glcp-(1→ and a single 
β-(1→4) linked side-chain residue (β-D-Glcp). Also, as shown in Fig. 2A, 
every second K54 K-unit is acetylated (Dutton and Merrifield, 1982; Dell 
et al., 1983).To investigate how RaK2 gp531 cleaves the capsule of KV-3, 
the recombinant protein was incubated with the purified CPS of KV-3 as 
a substrate, and the resulting oligosaccharide products were then 
analyzed by TLC and HPLC-MS. 

TLC analysis (Fig. 2B) revealed that products of varying sizes are 
generated upon KV-3 CPS cleavage with gp531, and that the main re-
action product (band 2 on the TLC plate) likely contains only a few sugar 
residues. This finding was further supported by HPLC-MS analysis, 
which demonstrated that depolymerization of KV-3 CPS with gp531 
leads to the formation of three main reaction products, i.e., oligosac-
charides MI, MII, and MIII (Fig. 2C). The mass spectra of these products 
showed [M-H]− ion peaks at m/z 663, 1309, and 1955, respectively, and 
were in good agreement with the theoretical m/z values calculated for 
the K54 CPS hydrolysis products, namely the monomer (tetra-
saccharide), dimer (octasaccharide), and trimer (dodecasaccharide) of 
the K-unit (Table S2). Based on the results of HPLC-MS, a tetrasaccharide 
is the main product of CPS hydrolysis with gp531, as indicated by the 
prominent [M-H]− ion peak at m/z 663. Interestingly, however, we 
detected no signals at the masses expected for acetylated compounds 
(Table S2). 

As mentioned above, at least two independent studies have shown 
that K54 CPS is O-acetylated, although this modification is rather non- 
stoichiometric, as is typical of most K. pneumoniae capsular serotypes 
(Dutton and Merrifield, 1982; Dell et al., 1983; Knirel and Van Cal-
steren, 2021). In addition, the O-acetyltransferase gene, wckB, is intact 
at the cps locus of K. pneumoniae KV-3 (Fig. 1), suggesting that its 
capsular polysaccharide should be acetylated. On the one hand, it is 
possible that O-acetyl groups are lost during the purification process of 
CPS (Ucieklak et al., 2017). On the other hand, it has been previously 
shown that the O-acetylation of capsular polysaccharides varies between 
different strains of the same K-type (Hsu et al., 2016) and that the 
presence of an acetyltransferase gene at the cps locus does not guarantee 
the presence of this modification in the CPS of a particular strain (Pan 
et al., 2014). Taking all this into account, we decided to further inves-
tigate the acetylation phenomenon of the KV-3 capsule by repeating the 
HPLC-MS analysis described above with a slight modification: instead of 
using purified CPS as a substrate for gp531, we used a K. pneumoniae 
KV-3 cell culture (Fig. 3). Simultaneously, we aimed to explore the po-
tential impact of this modification on the function of gp531, considering 
previous reports suggesting that fine variations in the CPS structure 
promote resistance to phage depolymerases (Venturini et al., 2020). 

HPLC-MS analysis revealed that incubation of gp531 with a fresh 
biomass of KV-3 (2 h of cultivation at 37 ◦C, 190 rpm, OD600 2.5), 
resulted in the formation of two main hydrolysis products of CPS, an 
acetylated tetrasaccharide and a diacetylated octasaccharide (corre-
sponding [M-H]− ion peaks at m/z 705 and 1393, respectively) (Fig. 3A). 
However, when the culture was allowed to grow for two days in liquid 
medium without agitation, a decrease in the acetylation extent of KV-3 
CPS was observed, as no signals at the masses expected for a diacetylated 

Fig. 1. Comparison of cps gene regions among K54, K16, and K. pneumoniae KV-3. Open reading frames are shown as arrows colored according to homology. The 
color code is shown on the right side of the image. Gt – glycosyltransferase, at – acetyltransferase, hp – hypothetical protein. 
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octasaccharide were detected in the mass spectra of the gp531-mediated 
hydrolysis products (Fig. 3B). Instead, in the negative-ion mode, a 
monoacetylated octasaccharide (m/z 1351, [M-H]− ) and an acetylated 
tetrasaccharide (m/z 705, [M-H]− ) were detected and identified along 
with the unmodified tetra- (m/z 663, [M-H]− ) and octasaccharides (m/z 
1309, [M-H]− ). 

Finally, as depicted in Fig. 3C, the mass spectra of the reaction 
products obtained from the gp531-treated cells showed no prominent 
peaks corresponding to acetylated compounds suggesting that after 11 
days of cultivation, the KV-3 CPS is either completely deacetylated or 
only marginally acetylated. This result clearly explains why only 
deacetylated compounds were detected in our initial studies. As 
described in the Materials and Methods section, the substrate for gp531 
in these experiments was CPS isolated from an 11-day culture of KV-3 

cells. 
In summary, the results of the above studies reveal that: (i) gp531 is 

the K54 serotype-specific depolymerase, which cleaves the CPS of 
K. pneumoniae KV-3 by the hydrolytic mechanism; (ii) variations in CPS 
acetylation have no effect on gp531 hydrolytic activity, and (iii) in 
K. pneumoniae KV-3, the extent of CPS acetylation depends on the 
growth conditions of the bacteria. However, the question remains as to 
which specific glycosidic linkage is hydrolyzed by RaK2 gp531. 

3.3. Identification of the specific glycosidic linkage cleaved with gp531 

Based on their mode of action, glycosidases are classified into two 
main types: endoglycosidases and exoglycosidases. Exoglycosidases 
specifically target and remove the terminal monosaccharide residue 

Fig. 2. TLC and HPLC-MS analysis of the reaction products from the cleavage of K. pneumoniae KV-3 CPS with RaK2 gp531. (A) Structure of Klebsiella pneumoniae K54 
CPS is depicted as a dimer of the K-unit (Dell et al., 1983; Dutton and Merrifield, 1982). Roman numerals indicate different backbone glycosidic bonds. The 
acetylation site is marked in blue; (B) TLC analysis of gp531-treated KV-3 CPS. TLC was performed using a mobile phase composed of 1-propanol (1-proOH), ethyl 
acetate (EtOAc), and deionized water (dH2O) mixed in a ratio of 6:1:3. The total run time for the analysis was 20 min. The bands on the TLC plate represent 
octasaccharide and higher oligosaccharides (1), and the final reaction product, potentially tetrasaccharide (2); (C) Negative-mode mass spectra of gp531-treated KV-3 
CPS analyzed by HPLC-MS. 

Fig. 3. Negative-mode mass spectra of products obtained after treatment of K. pneumoniae KV-3 cells with gp531. Cells were grown at 37 ◦C for 2 h with continuous 
agitation at 190 rpm (A), 2 (B) and 11 days without agitation (C). 
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from the non-reducing end of sugar chains. In contrast, endoglycosidases 
cleave the inner part of sugar chains, releasing oligosaccharides 
(Kobata, 2013). 

The results of the studies described in the previous section showed 
that gp531 is definitely an endoglycosidase. However, the specific 
glycosidic linkage that the enzyme cleaves could not be determined 
based on those results. Thus, a wide range of commercial chromogenic 
derivatives, as well as oligo- and polysaccharides (Table S3) were 
employed as substrates for RaK2 gp531. The test revealed that gp531 
does not hydrolyze any of the 27 substrates tested, suggesting that the 
specificity of gp531 is directed towards a fragment of the sugar chain 
rather than a specific glycosidic linkage. 

According to the results of the HPLC-MS analysis described in the 
previous section, the main product resulting from the cleavage of 
K. pneumoniae type K54 CPS with gp531 is a tetrasaccharide. As shown 
in Fig. 1, the backbone of the K54 K-unit contains fucose, glucose, and 
glucuronic acid residues linked together by the β-(1→4) and α-(1→3) 
glycosidic linkages. Thus, depending on which glycosidic bond is 
cleaved, enzymatic degradation of KV-3 CPS with gp531 can produce 
one of three possible tetrasaccharides, each with the same molecular 
mass but a different structure. Taking advantage of this feature, we 
applied a reducing end modification technique to determine the struc-
ture of the oligosaccharide produced by gp531 and to identify the 
glycosidic linkage targeted by the enzyme. 

First, the hydrolysate of K54 CPS, produced by gp531, was modified 
through a reduction reaction using NaBH4. Subsequently, both the 
unreduced and reduced samples were cleaved with 4 M TFA acid 
(Fig. 4A) to obtain smaller saccharide units. Commercial mono-
saccharides L-Fucp, D-Glcp, D-GlcpA, and D-Cell, were also subjected to 

reduction by NaBH4 and, together with their unreduced counterparts, 
were used as controls (Fig. 4B). 

The results of TLC analysis (Fig. 4B) suggested that the products 
resulting from the cleavage of KV-3 CPS with gp531 contain two linked 
glucose residues at the reducing end, as indicated by the spots corre-
sponding to cellobiose, a disaccharide composed of two glucoses linked 
by a β-(1→4) glycosidic bond. Fig. 4B shows that glucose-containing 
disaccharide was gradually hydrolyzed by TFA to release glucose, 
resulting in an increase in the intensity of the spots corresponding to D- 
Glcp. Interestingly, while signals congruous with those of unreduced 
glucose were clearly visible in all samples containing CPS cleaved by 
gp531, spots for reduced glucose were not detected in the hydrolysates 
of reduced oligosaccharides. Moreover, Fig. 4 shows that neither fucose 
nor glucuronic acid could be detected in any of the analyzed samples 
while additional orange-colored spots could be seen in all the lanes 
showing TFA hydrolysates. This suggests that the acidic hydrolysis may 
have resulted in the formation of compounds of unknown structure, 
which subsequently interfered with the separation of samples during 
TLC analysis and complicated the interpretation of the results. There-
fore, to clarify the sugar composition of the reduced oligosaccharide 
hydrolysates, the samples were also analyzed by HPLC-MS. 

HPLC-MS analysis confirmed the presence of the glucose-containing 
disaccharide at the reducing end of the main products formed during the 
cleavage of KV-3 CPS with gp531. As shown in Fig. 5, during the acidic 
hydrolysis of gp531-generated oligosaccharides, a time-dependent 
decrease was observed in the signals corresponding to nonreduced 
(Fig. 5A) and reduced (Fig. 5C) cellobiose ions (365 m/z and 367 m/z, 
respectively). In contrast, the signals corresponding to nonreduced 
(Fig. 5B) and reduced (Fig. 5D) glucose ions (203 m/z and 205 m/z, 

Fig. 4. TLC analysis of gp531-generated oligosaccharides reduced with NaBH4 and hydrolyzed with TFA. (A) Scheme of the cleavage of CPS with gp531 and 
subsequent reduction and hydrolysis of the main reaction product. The glucose residue is highlighted in red, indicating its reduction into sorbitol (GlcOH). Note that 
for clarity, only one of the three possible tetrasaccharides is shown. (B) TLC analysis of oligosaccharides hydrolyzed with TFA. Commercial monosaccharides (both 
unreduced and reduced with NaBH4) as well as unreduced products of KV-3 CPS depolymerization with gp531 were used as controls. The main constituents of the 
reaction mixtures are indicated at the top and bottom of the image. The duration of treatment with TFA is indicated at the bottom. Arrows indicate unreduced and 
reduced cellobiose, whereas partially hydrolyzed oligosaccharides are indicated by a bracket. The TLC mobile phase: 1-butOH: EtOH: dH2O (5:3:2), and the total run 
time was 2 × 20 min. 
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respectively) exhibited an opposite trend, gradually increasing in 
intensity. 

It is noteworthy that in TFA-untreated product samples, no signals 
corresponding to cellobiose or glucose (either reduced or nonreduced) 
were detected. Overall, both chromatography-based analyses indicated 
that the cleavage of KV-3 CPS with gp531 produces oligosaccharides 
with a glucose residue at the reducing end. However, due to the chal-
lenges in detecting reduced glucose monosaccharide in the TFA-treated 
product samples using TLC, and the difficulty in interpreting the HPLC- 
MS data due to the small 2-Da difference in molecular mass between 
reduced and unreduced compounds, an alternative approach was 
employed. In this second approach, we analyzed the structure of the 
tetrasaccharide, the main product of KV-3 CPS hydrolysis with gp531, 
derivatized with the ANTS fluorophore. 

First, the total products of CPS hydrolysis were derivatized with 
ANTS. Then, the ANTS-tetrasaccharide was purified through ion- 
exchange chromatography followed by gel filtration, as illustrated in 
Fig. S2, and hydrolyzed with TFA. The resulting hydrolysis products 
were then analyzed by TLC (Fig. 6) using ANTS-derivatized saccharides 
as a control. The TLC analysis showed that after 10 min of acid hydro-
lysis, derivatized cellobiose and derivatized glucose were released from 
the ANTS-tetrasaccharide. As the hydrolysis time increased, ANTS- 
cellobiose was gradually cleaved while the amount of ANTS-glucose 
increased. Notably, spots seemingly corresponding to ANTS-fucose 
could be seen in the lanes showing ANTS-tetrasaccharide hydrolysates 
(Fig. 6A). However, since the migration profiles of ANTS itself and 
ANTS-derivatized fucose were nearly identical, these spots most likely 
corresponded to a free fluorophore rather than a derivatized sugar. 

Fig. 5. HPLC-MS analysis of TFA hydrolysates obtained after the cleavage of K. pneumoniae KV-3 CPS with RaK2 gp531. Selected ion chromatograms representing: 
(A) cellobiose ([M+Na]+, m/z 365), (B) glucose ([M+Na]+, m/z 203), (C) reduced cellobiose ([M+Na]+, m/z 367), and (D) reduced glucose ([M+Na]+, m/z 205). 
The mass spectra obtained for commercial compounds, both NaBH4-reduced and nonreduced, were used as a reference. The color code: green is TFA-untreated 
samples, whereas orange (10 min), black (30 min), purple (90 min), and red (180 min) are samples after hydrolysis with TFA. The HPLC gradient was 0.1 % 
HCOOH vs ACN. 

Fig. 6. TLC analysis of purified ANTS-derivatized product from gp531-catalyzed reaction (A, B), showing the samples taken before (0) and after 10–180-min TFA 
hydrolysis. TFA-treated ANTS-cellobiose as well as untreated ANTS-glucose, ANTS-fucose, ANTS-cellobiose, and ANTS were used as controls. The TLC mobile phase 
was 1-butOH: EtOH: dH2O (5:3:2), and the total run time was 2 × 20 min. 
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The hydrolysates of ANTS-derivatized samples were subjected to 
HPLC-MS analysis as well. This analysis confirmed the findings from 
TLC, demonstrating that ANTS-glucose (m/z 548) is released from the 
derivatized tetrasaccharide during the acid hydrolysis (Fig. S3). 

Taken together, the results obtained by both methods of modification 
of the reducing end clearly demonstrate that gp531 is a β-(1→4)-endo-
glucosidase that specifically targets Klebsiella K54 CPS. 

3.4. Evaluation of gp531 activity under different pH and temperature 
conditions 

In the previous section, our main focus was on characterizing the 
enzymatic specificity of RaK2 gp531. Here, we aimed to investigate the 
effect of temperature and pH on the activity of gp531. To achieve this, 
we conducted depolymerization experiments using isolated 
K. pneumoniae KV-3 CPS and gp531, while varying the temperature from 
10 to 70 ◦C and adjusting the pH of the buffer solutions from 3 to 10. The 
reaction products were analyzed using HPLC-MS to evaluate the relative 
activity of the enzyme. Specifically, the enzymatic activity of gp531 was 
quantified by integrating the total area of the ion peaks at m/z 663 and 
687 within a 2–4 min range. 

Fig. 7A shows that RaK2 gp531 exhibited consistently high enzy-
matic activity (92 ± 6 %) within the temperature range of 25–50 ◦C. 
However, over 50 ◦C, there was a rapid decrease in activity. As seen in 
Fig. 7B, gp531 is the most active in acidic solutions, with the optimum 
pH observed at 4. 

In summary, investigation of RaK2 gp531 activity under different pH 
and temperature conditions revealed that the optimum temperature for 
an enzyme is 36 ◦C and the optimum pH is 4. 

4. Discussion 

Our previous study (Noreika et al., 2023) has provided valuable in-
sights into the role of gp531 in the infection process of the jumbo 
bacteriophage RaK2. We have demonstrated that RaK2 gp531 functions 
as a tail fiber protein, which is an integral component of the phage’s 
adsorption complex. We have shown that gp531 is essential for the 
successful attachment of the RaK2 virion particle to the host cell surface, 
as this protein, with its catalytic depolymerase domain, specifically 
recognizes and degrades the K. pneumoniae KV-3 capsule. 

In the present study, we have identified this veterinary strain of 
K. pneumoniae as belonging to the K54 serotype by conducting a 
comparative analysis of the KV-3 cps gene cluster. Moreover, our 
investigation into the enzymatic activity of gp531 has confirmed this 
finding by showing that the main hydrolysis product of KV-3 CPS is a 
664 Da tetrasaccharide, which corresponds to a repeating K-unit of K54. 
As mentioned in the introduction section, K. pneumoniae K54 belongs to 
a group of notorious medically relevant capsular variants (the others 
being K1, K2, K5, K20, and K57), most commonly found in hypervirulent 
strains of K. pneumoniae that are increasingly associated with life- 

threatening clinical conditions (Riwu et al., 2022; Taha et al., 2023; 
Wu et al., 2023). Moreover, Serotype K54 is distinguished by the rare 
presence of L-fucose residues, which is unusual for Klebsiella capsules, as 
only five other K-types (namely, K1, K6, K16, K58, and K63) have fucose 
as a structural unit of the CPS (Pan et al., 2015). It has been suggested 
that fucose-containing CPSs may enhance the ability of Klebsiella to 
evade phagocytosis (Wu et al., 2008; Kot et al., 2023). Interestingly, 
fucose-containing bacterial exopolysaccharides have recently been 
shown to have antioxidant, antimicrobial, anti-inflammatory, and even 
anticancer properties (Xiao et al., 2022). 

We first started to explore the enzymatic specificity of gp531 depo-
lymerase by providing the enzyme with a variety of substrates (e.g. 
commercial oligosaccharides, polysaccharides, and chromogenic car-
bohydrate or fatty acid derivatives). Our primary objective was to 
rapidly determine the catalytic range of gp531. However, gp531 did not 
cleave any of the 27 compounds tested. This result was not surprising 
given the generally high specificity of phage depolymerases. Since the 
active site of these normally trimeric enzymes is usually located in a 
large cleft formed by the neatly connected β-helices of each protein 
subunit, it specifically coordinates the polysaccharides and requires at 
least one repeating unit for optimal binding and catalysis (Dunstan et al., 
2021; Tu et al., 2022). 

During the hydrolysis of KV-3 CPS with gp531, the products obtained 
showed a range of sizes, with a major product consisting of a single 
repeating K-unit, indicating that gp531 is an endoglycosidase. This 
pattern of generating heterogeneous products comprising both single, 
double, and even triple repeating units, has also been observed in K57- 
targeting depolymerases from Klebsiella phages KpV79 and KpV767 
(Volozhantsev et al., 2020). Interestingly, depolymerases encoded by 
phages infecting bacteria from genera other than Klebsiella (e.g., gp48 
from Acinetobacter baumannii phage APK09) have been shown to cleave 
the bacterial CPS and do not release the monomer of the K-subunit, but 
only the dimer and trimer. In contrast, the cleavage of A. baumannii 
capsule K16 with depolymerase APK16_gp47 results only in monomeric 
K-units (Timoshina et al., 2023). 

To identify the specific glycosidic bond targeted by RaK2 depoly-
merase, we modified the reducing end of the products released after 
hydrolysis of KV-3 CPS with gp531. TFA hydrolysis was then performed, 
and the product structure was analyzed by TLC and HPLC-MS. Although 
both methods had limitations, the two different approaches used in our 
study to modify the reducing end (reduction with NaBH4 and derivati-
zation by ANTS) led to the identification of the RaK2 depolymerase 
gp531 as a β-(1→4)-endoglucosidase. As discussed in the Introduction 
section, enzyme preparations from phage-infected bacteria played a 
valuable role in elucidating the structural properties of bacterial exo-
polysaccharides in studies conducted several decades ago (Dutton et al., 
1981; Sutherland, 1972). One such study showed that, like RaK2 gp531, 
phage ø54-induced β-D-glucosidase cleaved the CPS of Klebsiella type 
K54 to yield tetra- and octasaccharides (Dell et al., 1983; Dutton and 
Merrifield, 1982). However, the genome sequence of phage ø54 and the 

Fig. 7. Relative gp531 activity under different temperature (A) and pH (B) conditions. The data represent the total area of the ions of the main product of CPS 
hydrolysis with gp531 in negative and positive ionization modes. The values are presented as the mean ± standard deviation (SD) and were obtained from four 
independent replicates (n = 4). 
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proteins it encodes, including the potential depolymerase, remain un-
known. Therefore, gp531 is currently the only characterized 
K54-specific β-(1→4)-endoglucosidase for which the amino acid 
sequence and the corresponding gene are published. 

We also evaluated the enzymatic stability and optimal activity of 
gp531, which is crucial for utilizing the enzyme effectively in various 
biotechnological applications. We showed that gp531 exhibited promi-
nent activity in acidic buffer solutions, with an optimum pH of 4 (overall 
pH range 3–8), and was highly active up to a temperature of 55 ◦C 
(optimum temperature 36 ◦C). In comparison, the K63-specific depoly-
merase DepoKP36 from K. pneumoniae phage KP36 retains activity 
within the pH range of 4–7, and temperatures up to 45 ◦C (Majkow-
ska-Skrobek et al., 2016), while the K47-specific depolymerase Dep42 of 
K. pneumoniae phage SH-KP152226 is highly active in the pH range of 
3.0 to 9.0 and at temperatures across 25 and 80 ◦C range (Wu et al., 
2019). This suggests that K. pneumoniae phages, such as RaK2, are 
well-adapted to thrive in various ecological niches, including the 
gastrointestinal tract of warm-blooded animals. 

Overall, the findings from this study provide important insights into 
the enzymatic properties of depolymerase gp531 encoded by the 
K. pneumoniae K54 jumbo phage RaK2. Continued research and explo-
ration of gp531 and related enzymes are warranted to fully realize their 
potential in the development of novel therapeutic strategies, antimi-
crobial agents, or biotechnological applications targeting K. pneumoniae. 

5. Conclusion 

The depolymerase gp531 from the jumbo phage RaK2 specifically 
targets the capsule of K. pneumoniae K54, which contains rare L-fucose 
residues. Acting as a β-(1→4)-endoglucosidase, gp531 cleaves the K54 
CPS within a pH range of 3 to 8 and at temperatures ranging from 10 to 
60 ◦C. These characteristics position gp531 as a promising candidate for 
diverse applications in medicine, food, and the chemical industry. 
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