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Abstract

Klebsiella pneumoniae is an opportunistic pathogen, which concerns public health sys-

tems worldwide, as multiple antibiotic-resistant strains are frequent. One of its path-

ogenicity factors is the Type VI Secretion System (T6SS), a macromolecular complex

assembled through the bacterial membranes. T6SS injects effector proteins inside

target cells. Such effectors confer competitive advantages or modulate the target cell

signaling and metabolism to favor bacterial infection. The VgrG protein is a T6SS core

component. It may present a variable C-terminal domain carrying an additional

effector function. Kp52.145 genome encodes three VgrG proteins, one of them with

a C-terminal extension (VgrG4-CTD). VgrG4-CTD is 138 amino acids long, does not

contain domains of known function, but is conserved in some Klebsiella, and non-

Klebsiella species. To get insights into its function, recombinant VgrG4-CTD was used

in pulldown experiments to capture ligands from macrophages and lung epithelial

cells. A total of 254 proteins were identified: most of them are ribosomal proteins.

Cytoskeleton-associated and proteins involved in the phagosome maturation path-

way were also identified. We further showed that VgrG4-CTD binds actin and

induces actin remodeling in macrophages. This study presents novel clues on the role

of K. pneumoniae T6SS in pathogenesis.
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1 | INTRODUCTION

Klebsiella pneumoniae is a gram-negative encapsulated member of the

Enterobacteriaceae family. This species is ubiquitous in nature, and fre-

quently associated with animals and humans.1 On one hand, there are

the classical pathogenic strains mainly affecting immune-compromised

or hospitalized individuals, causing infections in the urinary and respi-

ratory tracts, as well as bacteremia. Frequently, those strains are

multiple antibiotic-resistant.2 In another hand, there are hypervirulent

strains that may cause acute community-acquired infections.
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Moreover, K. pneumoniae virulence and resistance determinants are

often encoded in mobile genetic elements, and there are reports of

strains that are simultaneously hypervirulent and multiple antibiotic-

resistant.3–5 Considering the limited therapeutical alternatives for the

treatment of such infections, there is an urgent need for research and

development of new strategies to control the K. pneumoniae infec-

tions. In this context, broadening the knowledge of pathogen biology

and host–pathogen molecular interactions may provide new insights.

K. pneumoniae virulence factors include the polysaccharide cap-

sule, lipopolysaccharide, siderophores, fimbriae, a phospholipase D

family protein, type II and type VI secretions systems, among

others.6–9

Gram-negative bacteria encode and utilize secretion systems to

translocate proteins from their cytoplasm to the extracellular

medium.10,11 Secretion systems are macromolecular protein com-

plexes that enable the transport of large and relatively hydrophilic

molecules which do not cross the membrane by other mechanisms.

Some of these systems are formed by two different complexes

inserted in the inner and outer membranes, while other systems form

continuous tubes that cross both membranes. Some systems may

even traverse a third membrane, thus translocating molecules from

the bacterial cytoplasm directly into the target cell.10,11

The type VI secretion system (T6SS) is composed of proteins from

at least 13 protein families that assemble to form a central tube, a

contractile outer sheath, inner and outer membranes anchoring com-

plexes, chaperones, and a cytoplasmic ATPase.12,13 The central tube is

formed by hexameric rings of Hcp (hemolysin-coregulated protein/

TssD), which are stacked from the bacterial cytoplasm and are eventu-

ally propelled to the extracellular compartment as a consequence of a

conformational change in VipA/VipB dodecamers (TssB and TssC,

respectively).14,15 VipA/VipB dodecamers form a cytoplasmatic sheath

around the Hcp tube.16–19

At the tip of the central Hcp tube is the spike-like trimer of VgrG

(TssI) protein, often associated with PAAR repeat-containing

proteins.20–25 So far, it has been shown that Hcp, VgrG, and PAAR

proteins may recruit effectors, either by covalent interactions or by

noncovalent associations. Upon sheath contraction, the Hcp tube and

VgrG/PAAR tip are propelled through the membranes. These compo-

nents and associated effectors are then released.23,26–28

The VgrG family proteins typically have sequences ranging from

~750 to 1200 amino acids. The ~750 amino acids enclose conserved

domains. On the other hand, there is a variable C-terminal region that

often confers an effector role to the protein.29–33 For example, the C-

terminal regions of Vibrio cholerae and Aeromonas hydrophyla VgrG

proteins present a domain capable of inducing reorganization of the

actin cytoskeleton of the host cells.24,33,34 In other species, VgrGs

contain domains conferring lipase activity or peptidoglycan binding,

for instance.32 Thus, among the T6SS proteins, VgrG is one of the

components directly related to the functional activity of the complex.

There are thousands of K. pneumoniae genomes sequenced so far,

and most of them contain genes encoding T6SS proteins. However,

there is extensive diversity in gene content and organization in those

loci among strains.7,35–37 It has been shown that K. pneumoniae T6SS

might be used to outcompete bacteria and fungi.37–39 It is expressed

during bacterial infection of macrophages,40 and affects fimbriae

expression, cell adhesion, invasion and intestinal colonization.39 More-

over, it has been shown that K. pneumoniae T6SS is regulated by tem-

perature, oxygen tension, pH, osmolarity, iron levels, polymyxins, and

human defensin 3,37,41 in a mechanism dependent on the two-

component system PhoPQ.37 In the Kp52.145 strain, it has been

pointed out that VgrG4 is an important antibacterial effector.37

In this strain, there are three genes coding for VgrG family pro-

teins (BN49_RS06025, BN49_RS14055, and BN49_RS18800). All of

them contain the following conserved domains: Phage GPD domain,

Rhs element, and DUF2345. It has been shown that the DUF2345

domain of VgrG4 (BN49_RS18800) is sufficient to intoxicate bacteria

and yeast.37 VgrG4 also codes for 138 additional amino acids at its

C-terminal (VgrG4-CTD). VgrG4-CTD does not present significant

similarity to other proteins of known function, except other VgrG

family proteins. We believe that understanding the function of the

VgrG4-CTD is a key for the elucidation of T6SS role in the pathogene-

sis of this species.

Herein, we employed mass spectrometry-based proteomics to

identify K. pneumoniae VgrG4-CTD ligands and generate hypotheses

regarding the role of this domain in the virulence of K. pneumoniae.

We found that VgrG4-CTD binds ribosome and cytoskeleton-

associated proteins from macrophages and epithelial cells, as well as

phagosome maturation proteins in macrophages. Recombinant

VgrG4-CTD binds actin, and induces alterations in actin microfila-

ments network. These results suggest that K. pneumoniae VgrG4

might be involved in pathogenesis, in addition to the interspecies

competition.

2 | EXPERIMENTAL PROCEDURES

2.1 | Protein sequence analysis

VgrG4 protein sequence is under accession WP_046043552 in

RefSeq database. Conserved domains were identified with Pfam 34.0.

Similarity searches were performed using the online NCBI Blastp tool.

2.2 | VgrG4-CTD recombinant expression and
purification

vgrG4-CTD was cloned into pET28a+ using NdeI and BamHI restric-

tion sites, by Genscript. This construct allows for the expression of

VgrG4-CTD fused at its N-terminal to a 6�-Histidine tag and a throm-

bin cleavage site (Figure S1). The plasmid was transformed into

chemically competent Escherchia coli BL21 (DE3) cells by standard

thermal-shock procedures. Transformants were selected by plating

into LB-agar culture medium supplemented with 50 μg/ml kanamycin.

Bacteria were grown up to OD600nm ~ 0.6 to 0.8, then protein

expression was induced by the addition of 0.5 mM IPTG (isopropyl

β-D-1-thiogalactopyranoside) at 37�C, 120 rpm, for 4 h (Figure S2A).
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Bacterial cells were collected by centrifugation at 5000 � g for 30 min

at 4�C, then resuspended in phosphate buffer 20 mM pH 7.4, NaCl

500 mM, imidazole 20 mM, and 1 mM phenylmethanesulfonyl fluo-

ride. Cells were lysed by sonication in an ice-cold bath, and soluble

proteins were collected as the supernatant after a 14 000 �
g centrifugation for 30 min at 4�C.

The soluble protein extract was injected into a nickel-affinity col-

umn HisTrap FF 5 ml (GE Healthcare) at the fast protein liquid chro-

matographer AKTA (GE Healthcare). Phosphate buffer 20 mM pH 7.4,

NaCl 500 mM, and imidazole 20 mM were used as the chromato-

graphic buffer. His-trapped protein was eluted along an imidazole gra-

dient from 20 mM to 0.5 M, under 1.5 ml min-1 mobile phase flux

(Figure S2B). Protein identity was confirmed by mass spectrometry.

Protein purity was estimated by gel electrophoresis at >95%, thus not

requiring additional purification steps. Cleavage of histidine-tag using

thrombin resulted in protein degradation (data not shown). Therefore,

we used the 6�-Histidine tagged protein on further experiments.

2.3 | Eukaryotic cell culture

THP-1 (ATCC Cat# TIB-202, RRID:CVCL_0006), a cell line of mono-

cytes derived from peripheral blood, were routinely grown in RPMI-

Roswell Park Memorial Institute Medium 1640 (LGC Biotech)

supplemented with 10% SFB-fetal bovine serum (Cripion) in 5% CO₂

at 37�C. Monocytes were treated with 80 mM PMA (Phorbol

12-Myristate 13-Acetate, SIGMA-ALDRICH) for 24 h to differentiate

to macrophages. All experiments were performed with THP-1-derived

macrophages. A549 lung epithelial cells (ATCC Cat# CRM-CCL-185,

RRID:CVCL_0023) were maintained in Dulbecco's Modified Eagle

Medium F12 (LGC Biotechnology) supplemented with 10% SFB

(Cripion) in a 5% CO₂ incubator at 37�C. RAW 264.7 (ATCC Cat# SC-

6003, RRID:CVCL_UL71) macrophages from an adherent blood cell

line from Mus musculus BALB/c mice were maintained in Dulbecco's

Modified Eagle Medium High-Glucose (LGC Biotechnology) sup-

plemented with 10% SFB (Cripion) in a 5% CO₂ incubator at 37�C.

2.4 | Protein extraction

The 107 cells were treated following the protocol of the ProteoExtract

Transmembrane Protein Extraction Kit (Calbiochem) to obtain both a

soluble and a membrane-enriched extract. Extraction is performed in

two steps, using differential solubility property of membrane

proteins—as described subsequently. Cells were washed in PBS twice

and then released from the bottle with 10 mM EDTA pH 8. Cells were

centrifuged for 10 min at 300 � g at 4�C and the supernatant dis-

carded. The cell pellet was resuspended in 1 ml of Extraction Buffer

2A, and 5 μl of protease inhibitors were added. The sample was trans-

ferred to a microtube, incubated for 10 min at 4�C, and centrifuged

for 5 min at 10 000 � g at 4�C. The supernatant was transferred to a

new microtube (soluble fraction of the protein extract). Then, the pel-

let was resuspended in 200 μl of Extraction Buffer 2B. Such buffer is

indicated as a highly efficient extraction agent, facilitating the recov-

ery of transmembrane proteins of difficult extraction. It consists of

1:1 Buffer II:Tm-PEK reagent B. Further, we added 5 μl of protease

inhibitors, and the sample was incubated for 2 h at room temperature

on FANEM Orbital 255-B Stirrer. The sample was then centrifuged

for 15 min at 16 000 � g at 4�C. The supernatant was transferred to a

microtube (membrane-enriched protein fraction). We performed bio-

logical triplicates from three independent cultures of both A549 cells

and THP-1 macrophages.

Protein concentration was measured by the Qubit fluorimetric

method. The 10 μg of each protein extract was subjected to a 12.5%

polyacrylamide gel electrophoresis to separate the proteins according

to their molecular weight. Proteins were stained with Coomassie Blue

R-250.

2.5 | Pull-down assays

Latex beads of 3 μm (Sigma) were used as a support for VgrG4-CTD

protein binding. The 1.4�106 beads were incubated with 250 μg of

the VgrG4-CTD protein in 50 mM MES buffer pH 6.1. Samples were

kept at 4�C overnight for protein adsorption. Then, samples were cen-

trifuged for 15 min at 5000 � g at 4�C, and the supernatant was dis-

carded. The pellet containing coated beads was resuspended in

200 mg/ml glycine solution in 50 mM MES pH 6.1 to fulfill putative

empty binding sites on the beads surface. Beads were then collected

by centrifugation for 15 min at 5000 � g at room temperature. As a

control, “empty beads” were prepared - which underwent the entire

procedure described above, but the VgrG4-CTD protein solution was

replaced with 50 mM MES buffer pH 6.1. VgrG4-CTD coated beads,

as well as control beads, were incubated with the following protein

extracts: A549 soluble fraction, A549 membrane-enriched extract,

THP-1 soluble, THP-1 membrane-enriched extract—in biological tripli-

cates, summing 12 samples. For each binding assay, ~1.4�106 beads

were incubated with 125 μg of each protein extract in 50 mM MES

buffer pH 6.1, for 3 h, at room temperature, with orbital shaking, and

then kept overnight at 4�C. Samples were centrifuged for 15 min at

5000 � g at room temperature. Beads were then washed twice with

PBS to remove proteins that did not bind to VgrG4-CTD and were

collected by centrifugation for 15 min at 5000 � g at room tempera-

ture. Samples were immediately processed as described subsequently.

2.6 | Proteomic analysis

A bottom-up proteomics approach was performed for the identifica-

tion of VgrG4-CTD ligands. Pellets containing the beads and bound

proteins were resuspended in 50 μl of 50 mM NH₄HCO3, and heated

for 10 min at 80�C to promote protein denaturation. Then, proteins

were treated with 100 mM DTT (Di-Thio-Threitol) for 30 min at 60�C

to reduce the disulfide bonds, and then with 300 mM IAA

(IodoAcetoAmide) for 30 min in the dark, at room temperature for

alkylation of cysteines. Proteins were trypsin digested with Trypsin
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Gold MS-grade (Promega) 0.2 mg/ml at 37�C overnight. The 5%

formic acid was added to interrupt the reaction. Samples were cen-

trifuged for 15 min at 5000 � g at room temperature and the super-

natant containing the soluble peptides was collected and dried on a

Speed Vac System (THERMO SAVANT's ISS110) for 50 min. Peptides

were resuspended in 20 μl of 0.1% trifluoroacetic acid (TFA), desalted

on C18 ziptips (Millipore) according to the manufacturer's protocol.

Peptides were speed-vac dried again, for 20 min, and finally

resuspended in 20 μl of 3% acetonitrile (ACN) and 0.1% TFA.

2.7 | Mass spectrometry

Peptides were analyzed on LC–MS/MS to assign unique peptide

sequences and perform protein identification—at the Proteomics and

Mass Spectrometry Unit (UEMP) of the Federal University of Rio de

Janeiro, Brazil. Samples were automatically injected into the Waters

Nano Acquity System (Waters, Milford, MA) and peptides were

desalted and separated throughout a 0%–50% ACN gradient on a

C18 column. The ESI-Q-TOF mass spectrometry apparatus (Q-Tof

Micro-Waters Corporation) was used for data acquisition. Instrument

control was conducted in the MassLynx program (Version 4.1,

Waters). All data were processed using the ProteinLynx Global server

(version 2.5, Waters) where the mass/charge value of each precursor

(MS) and fragment (MS/MS) were determined from the mass spectra

from these chromatograms using the Q-Tof LockSpray system

(Waters, Milford, MA).

2.8 | Protein identification

The quality of the mass spectra was evaluated manually in the

MassLynx (Waters) program, and the mass lists were generated by the

ProteinLynx Global Server (Waters) program. Proteins were identified

using MASCOT Server (www.matrixscience.com), considering the fol-

lowing parameters: Database: SwissProt version September 2017,

Taxonomy: Homo sapiens, Enzyme: Trypsin, One missed cleavage,

Fixed modification: Carbamidomethyl (C), Variable modifications: Oxi-

dation (M), Peptide tolerance ±: 0.2, MS/MS tolerance ±: 0.2, Peptide

charge: +2, +3, +4, Data format: Micromass (.PKL), Instrument: ESI-

QUAD-TOF. Protein categorization and enrichment analysis were

performed according to Gene Ontology (http://geneontology.org/)

and Panther (http://pantherdb.org), which provide information on

molecular function, biological process, and cellular component.

Protein–protein network analysis was performed with String (https://

string-db.org/) and Cytoscape 3.8.2.

2.9 | Bacterial culture

The wild-type K. pneumoniae strain Kp52.145 was obtained from the

collection of the Pasteur Institute. K. pneumoniae strain was grown in

LB Miller broth medium and incubated at 150 rpm, at 37�C for 16 h.

Then, they were spiked 1:1000 in LB medium and incubated at 37�C

until O.D.600nm ~ 0.7.

2.10 | Intracellular delivery of VgrG4-CTD using
PULSin reagent

A total of 1 � 105 RAW 264.7 cells were plated in coverslips-

containing 24-well plates (KASVI) in DMEM/High-Glucose +10% FBS

medium. Plates were incubated at 37�C with 5% CO₂ atmosphere for

16 h for cell adhesion. PULSin-VgrG4-CTD complex was prepared

according to standard procedures recommended by the manufacturer

(Polyplus). Cells were stimulated with the PULSin-VgrG4-CTD com-

plex or with pure PULSin reagent for 4 h at 37�C with 5% CO₂ atmo-

sphere. Nonstimulated cells were analyzed as a control.

2.11 | Evaluation of actin filaments by
fluorescence microscopy

We analyzed RAW 264.7 cells stimulated with VgrG4-CTD versus

nonstimulated. For infection conditions, K. pneumoniae at the multi-

plicity of infection (MOI) 50:1 was used. Plates were centrifuged to

synchronize the infection, and samples were incubated for 1 h at

37�C and 5% CO₂ atmosphere. Then, cells were fixed in 4% parafor-

maldehyde for 20 min, at 4�C. Cells were washed in PBS and perme-

abilized with PBS/Triton X-100 0.5% for 15 min. This procedure was

repeated 3 times. Then, actin filaments were stained with Atto

488 Phalloidin (Sigma-Aldrich) 12.5 pmol, for 30 min, in the dark. Cells

were 3� washed in PBS. Nuclei were evidenced by 4,6-diamidino-

2-phenylindole staining (Sigma-Aldrich); slides were mounted with

Permafluor (Thermo Scientific) and analyzed via the AxiObserver Z1

Colibri microscope.

2.12 | Protein binding assays in microplates

To corroborate the capacity of K. pneumoniae VgrG4-CTD to bind to

actin, tubulin, vimentin, and cytokeratin, 70 μg/ml of recombinant

VgrG4-CTD in 100 μl 0.05 M sodium carbonate–bicarbonate buffer

(pH 9.6) was used to coat the wells of a polystyrene microplate

(Costar 3590, Corning). The microtiter plate was incubated overnight

at 4�C. The wells were then washed with PBS/0.05% Tween

20 (PBS/T) and blocked for 1 h with 100 μl 5% BSA in PBS at 4�C.

After three washing steps with PBS/T, 100 μl of increasing concentra-

tions of A549 or THP-1 protein extracts were added to the wells and

incubated at 4�C for 3 h. The wells were then rinsed 3 times with

PBS/T and incubated with the antiatom (RRID:AB_2893453),

antivimentin (RRID:AB_2893452), anticytokeratin (Santa Cruz Bio-

technology Cat# sc-56 371, RRID:AB_2133461), or antitubulin (Santa

Cruz Biotechnology Cat# sc-5274, RRID:AB_2288090) antibodies,

diluted 1:300, for 1 h at 4�C. After washing with PBS/T, rabbit anti-

mouse IgG peroxidase conjugate (Sigma; 1:1000) was added and
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incubated for an additional 1 h at 4�C. Peroxidase activity was

revealed with 3,30,5,5’-Tetramethylbenzidine (TMB) chromogenic

substrate at 0.18 μg/ml in sodium acetate/citric acid pH 4 buffer for

1 h. The reaction was stopped with 100 μl of 2.5 N sulfuric acid solu-

tion and read at 450 nm with an EON microplate reader (Biotek). Con-

trol wells coated with BSA were included in all binding assays.

2.13 | G-actin purification

G-actin from chicken skeletal muscles was previously extracted with

acetone. The acetone powder extract was solubilized in low tempera-

ture by stirring with 20 ml of buffer A per gram of powder. Buffer A

consists of 2.5 mM Tris–HCl buffer, 0.2 mM CaCl2 pH 8.0. The super-

natant was passed through several layers of gauze and centrifuged for

10 min at 14 500 rpm at 4�C.

2.14 | Protein–protein interaction assessed by
Ni2+-affinity chromatography

Binding interactions between actin and His6-tagged VgrG4-CTD pro-

teins were assayed by copurification on Nickel Sepharose Fast Flow

resin. The resin was washed with 5 volumes of water, then charged

with 2 volumes of 500 mM NiCl2, washed with 5 volumes of water,

and equilibrated with 5 volumes of the reaction buffer (20 mM Tris

pH 7.5 and 500 mM NaCl). Five μg of each protein were mixed in the

reaction buffer. Then, the protein mixture was added to the Ni2+ resin

and incubated at room temperature for 1 h under rotational agitation.

The reactions were centrifuged to collect the resin, and the superna-

tant was removed and analyzed as the “unbound” fraction. The resin

was then washed twice with 2 volumes of reaction buffer sup-

plemented with 20 mM imidazole. The suspension was centrifuged to

collect the resin, and the supernatants were removed and analyzed as

the “wash 1” and “wash 2” fractions. Resin-bound proteins were

eluted with reaction buffer supplemented with 250 mM imidazole.

The suspension was centrifuged to collect the resin, and the superna-

tant was removed and analyzed as the “bound” fraction. All fractions

were analyzed by SDS-PAGE and stained with Coomassie

brilliant blue.

2.15 | Fluorescence spectroscopy

The fluorescence spectra were acquired in a RF-5301PC Shimadzu

fluorescence spectrophotometer and processed using “Fluorescence
Spectroscopy for RF-531PC Version 2.04” software. The samples

were excited at 295 nm and the observed emission range was 300 to

450 nm. The processed spectra were analyzed in SigmaPlot 10.0 soft-

ware from Systat Software Inc. VgrG4-CTD was in 20 mM phosphate

buffer, 200 mM NaCl pH 7.4. Its concentration was fixed in 2 μM and

titrated with increasing actin concentrations ranging from 0.5

to 12 μM.

3 | RESULTS AND DISCUSSION

3.1 | The C-terminal region of VgrG4 is conserved
in some Klebsiella isolates and other species

Kp52.145 VgrG4 is 899 amino acids long. Three conserved domains

have been identified (Figure 1A): Phage-GPD (position 35–355),

T6SS_VgrG (position 490–592), and DUF2345 (position 612–759).

This domain architecture is usual in some VgrG family proteins,

according to Pfam database, as well as literature.42,43 We did not find

any conserved domain, nor structure, related to the sequence after

DUF2345. Herein, the sequence comprised between amino acids

761–899 is designated VgrG4-CTD.

On one hand, there is no sequence of known function related to

VgrG4-CTD. On the other hand, we found hundreds of protein

sequences, mostly annotated as VgrG family proteins, containing

sequences similar to VgrG4-CTD. There are proteins containing

VgrG4-CTD similar sequences in at least 102 K. pneumoniae (>96%

identity and > 70% coverage), 38 Klebsiellas non-K. pneumoniae (>76%

identity and > 82% coverage), and 229 non-Klebsiella (> 50% identity

and > 74% coverage) (Figure 1B). Approximately 73% of those pro-

teins containing VgrG4-CTD-similar sequences comprise >750 amino

acids, thus indicating they may correspond to evolved VgrGs

(Figure 1C).24,29 The lack of structural and functional information

about VgrG4-CTD prompted us to investigate more.

3.2 | VgrG4-CTD interactome network was
identified

Recombinant VgrG4-CTD was expressed in the soluble fraction and

purified (Figure S2). Cleavage of histidine-tag using thrombin resulted

in protein degradation (data not shown). Therefore, we used the 6�-

Histidine tagged protein on further experiments.

A previous study showed that DUF2345 from VgrG4 is

enough for antibacterial competition.37 Thus, we hypothesized

whether the CTD region could be important for interaction with

host cells. Literature reports that K. pneumoniae surface compo-

nents modulate immune and inflammatory responses in macro-

phages and lung epithelial cells.44–47 These cells function as

barriers and defense mechanisms of the host upon pathogen infec-

tion. Therefore, we decided to investigate if VgrG4-CTD targets

those cells. Protein extracts were obtained in biological triplicates

from A549 lung epithelial cells and macrophage-derived from the

human monocyte cell line THP-1, and used as a source of ligands

for VgrG4-CTD.

Soluble and membrane-enriched fractions were quantitatively,

and qualitatively evaluated. All samples presented a variety of protein

bands, ranging from ~10 to ~120 kDa. Protein expression profiles of

THP-1 � A549 cells were dissimilar, as expected. For both cell types,

membrane-enriched and soluble fractions presented a distinct pattern,

thus justifying the need for processing both fractions of each sample

(Figure S3).
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Beads were covered with an excess of VgrG4-CTD, and empty

sites were blocked. Then, treated beads were incubated with the dif-

ferent protein extracts. As control of unspecific binding, noncovered

beads were incubated with glycine and then with the protein extracts.

After washing steps, bound proteins were recovered, and processed

for mass spectrometry identification (Figure 2A). Proteins containing

at least one unique peptide were considered identified. It is crucial to

note that unique peptides are exclusively found in one protein among

all protein sequences available in the database. Therefore, the reliable

identification of a unique peptide is enough proof of its presence in a

sample.48

Finally, proteins identified in pulldown assays using VgrG4-CTD-

coated beads, but not identified from control beads are the

VgrG4-CTD putative ligands. Proteomic analysis revealed 254 proteins

associated with VgrG4-CTD. From those, 165 were identified from

lung epithelial cells and 160 from macrophage extracts. Seventy-one

proteins were identified from both cell types (Figure 2B).

In all, 64 proteins were identified in the A549 soluble fraction and

119 in the membrane-enriched fraction. In the replicates of THP-1,

68 proteins were identified in the soluble fraction and 111 in the

membrane-enriched fraction (Figure 2B). Not surprisingly, some pro-

teins were identified in both soluble and membrane-enriched frac-

tions. Such dual identification may be due to their high abundance,

formation of macromolecular complexes, partial solubilization in the

first step of the extraction procedure, or even a mixture of different

protein isoforms that varies in subcellular localization. For example,

the cytoskeleton is anchored in the plasma membrane. Thus, it is rea-

sonable that its components are found in both fractions.

The experimental approach performed allows the identification of

proteins interacting directly or indirectly with VgrG4-CTD. It means

that VgrG4-CTD does not necessarily bind directly to each protein

identified, but it may interact with at least one protein of the com-

plexes trapped in the assay. Thus, the diversity of proteins identified

is expected.

3.3 | VgrG4-CTD interactome in A549 lung
epithelial cells

The proteins in the soluble fraction were identified with 1–32 pep-

tides per protein, sequence coverage up to 55%, and False Discovery

Rate (FDR) <1% (Tables S1 and S2). In membrane-enriched protein

extracts, VgrG4-CTD ligands were identified with up to 35 peptides,

protein sequence coverage up to 74%, and FDR <0.48% (Table S2).

Gene Ontology (GO) terms associated with A549 proteins were

identified (Figure 2C). Regarding terms related to biological processes,

F IGURE 1 VgrG4-CTD sequence does not contain known domains but is conserved in several K. pneumoniae isolates (KP), Klebsiella non-

K. pneumoniae (KnonKP), and also non-Klebsiella bacteria (nonK). (A) Schematic representation of the VgrG4 amino acid sequence. Functional
domains according to NCBI Conserved Domain Database are represented as gray boxes: Phage GPD, T6SS VgrG, and DUF 2345. The C-terminal
region (amino acids 761–899) does not contain any known domain, and is highlighted in a yellow box (VgrG4-CTD). (B) Scatter plot showing the
% identity, and % coverage of Blastp hits of VgrG4-CTD. Contour plot in the background represents the density of hits falling in the same
position of the plot. (C) Violin plots showing the density of VgrG4-CTD hits according to hit length (amino acids).
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the highest number of hits (56) was assigned to “nitrogen compound

biosynthesis” (56), followed by “amide metabolism” (44) and “transla-
tion” (41). The most enriched terms were “ribosome assembly”
(~21�), “translation” (~15�), and “regulation of RNA splicing” (~12�).

Accordingly, the most enriched term for cellular component analysis is

“ribosome” (~21�), and for a molecular function is “structural compo-

nent of ribosome” (~24�).

Indeed, numerous ribosomal proteins were identified. Diverse

elongation factors and nuclear proteins were also found. The identi-

fication of these proteins suggests that VgrG4-CTD might be a bac-

terial nucleomodulin and induce global changes in protein expression

profile. Nucleomodulins comprise a family of effector proteins

targeting processes as chromatin dynamics, histone modification,

DNA methylation, RNA splicing, DNA replication, cell cycle, and cell

signaling pathways (reviewed by Reference 49). We identified

nucleolin as part of the VgrG4-CTD interactome network. Interest-

ingly, the E. coli T3SS nucleomodulin effector EspF induces a signifi-

cant redistribution of nucleolin, suppressing host ribosome

biogenesis, and promoting increased bacterial access to nutritional

resources, as well as pathogen persistence.50 There are also reports

of intracellular pathogens such as Legionella pneumophila that manip-

ulate the host cell translation machinery,51 and some human

pathogens secrete bacterial effectors that act as modifiers of the

host chromatin landscape to subvert host metabolism.51,52 More-

over, several plant pathogens hijack the host nuclear processes

targeting their nuclear proteins.53,54 Thus, K. pneumoniae may

employ similar strategies using its T6SS effectors.

It is also noteworthy the identification of cytoskeleton-associated

proteins. GO terms such as “cytoskeleton” (40 hits, ~2.2� enriched),

“structural constituent of cytoskeleton” (8 hits, ~10� enriched), “poly-
meric cytoskeletal fiber” (8 hits, ~10� enriched), and “cytoskeleton-
dependent intracellular transport” (10 hits, ~7� enrichment) are

highlighted (Figure 2C). Proteins identified include actin, alpha and

beta-tubulin, myosin, and vimentin (Table 1). These proteins belong to

the microtubules, microfilaments, and intermediate filaments, and are

somehow closely interconnected inside the cells. Their identification

suggests that VgrG4-CTD can modulate cytoskeletal rearrangements

to favor bacterial infection.

Several pathogens modulate the host cell cytoskeleton for their

benefit.55–57 K. pneumoniae interfere with host cell processes avoiding

phagosome–lysosome fusion, evading phagocytosis, and transcellular

cross epithelial barriers.58 The molecular mechanisms of such modula-

tion are not yet depicted, but our findings suggest that VgrG4 is

involved. We found that VgrG4-CTD associate with Talin. Curiously,

F IGURE 2 VgrG4-CTD ligands. (A) Methodological approach used to characterize the VgrG4-CTD interactome network. Briefly, latex beads
covered with VgrG4-CTD were incubated with A549 or THP-1 proteins extracts (soluble and membrane-enriched fractions). Bound proteins were
eluted, and mass spectrometry identified. (B) Venn diagrams showing the number of proteins identified in each sample. (C) Gene ontology terms
enriched in A549 or THP-1 putative ligands of VgrG4-CTD. Terms associated to biological processes, cellular components and molecular
functions are shown. The size of the circles are proportional to the number of proteins associated to the term (ranging from 7 to 113), and the
color scale is related to the enrichment factor (from 1.7 to 32).
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it has been shown that a talin-mediated integrin activation induces

F-actin polymerization, and promotes K. pneumoniae internalization in

A549 cells.47 In another hand, it has been reported that E. coli and

Aeromonas hydrophila VgrG1 interact with actin.33,59–61 Thus, even

without sequence conservation to previously known actin-binding

domains, VgrG4-CTD probably have an analogous role to previously

characterized T6SS effectors.

Another possibility is that VgrG4-CTD modulates cell–cell

and cell–extracellular matrix adhesions, as “cadherin binding,”
“focal adhesion,” “cell–substrate junction,” and “cell adhesion

molecule binding” are also terms highly enriched. Interestingly,

the serine–threonine phosphatase 1A identified negatively regu-

lates the formation of functional tight junctions, modulating the

formation of Par3 scaffold through association with 14–3-3

TABLE 1 Cytoskeleton structural and associated proteins identified as putative VgrG4-CTD interacting partners.

Accession Protein description A549-S A549-M THP-1-S THP-1-M

ACTB_HUMAN Actin, cytoplasmic 1 x x x x

ACTN1_HUMAN Alpha-actinin-1 x

ACTN4_HUMAN Alpha-actinin-4 x x

ARP3B_HUMAN Actin-related protein 3B x x

ARPC4_HUMAN Actin-related protein 2/3 complex subunit 4 x x

CNPY2_HUMAN Protein canopy homolog 2 x

COF1_HUMAN Cofilin-1 x x

FLNA_HUMAN Filamin-A x x

GELS_HUMAN Gelsolin x

ITB2_HUMAN Integrin beta-2 x x

K1C10_HUMAN Keratin, type I cytoskeletal 10 x x

K1C18_HUMAN Keratin, type I cytoskeletal 18 x

K1C9_HUMAN Keratin, type I cytoskeletal 9 x x

K2C1_HUMAN Keratin, type II cytoskeletal 1 x x x

K2C8_HUMAN Keratin, type II cytoskeletal 8 x x

KRT81_HUMAN Keratin, type UU cuticular Hb1 x

KTN1_HUMAN Kinectin x

LMNA_HUMAN Prelamin-A/C x x

LMNB1_HUMAN Lamin-B1 x

ML12A_HUMAN Myosin regulatory light chain 12A x x

MYH9_HUMAN Myosin-9 x x

MYL6_HUMAN Myosin light polypeptide 6 x x

SPTN1_HUMAN Spectrin alpha chain, nonerytrocytic 1 x

TAGL2_HUMAN Transgelin-2 x

TBA1B_HUMAN Tubulin alpha-1B chain x x x

TBA1C_HUMAN Tubulin alpha-1C chain x

TBB2A_HUMAN Tubulin beta-2A chain x

TBB5_HUMAN Tubulin beta chain x x x

TCPA_HUMAN T-complex protein 1 subunit alpha x

TCPB_HUMAN T-complex protein 1 subunit beta x x

TCPD_HUMAN T-complex protein 1 subunit delta x

TCPE_HUMAN T-complex protein 1 subunit epsilon x x

TCPG_HUMAN T-complex protein 1 subunit gamma x x

TCPZ_HUMAN T-complex protein 1 subunit zeta x

TLN1-HUMAN Talin-1 x

TPM1_HUMAN Tropomyosin alpha-1 chain x

VIME_HUMAN Vimentin x

Abbreviations: A549-S, the soluble protein extract from epithelial A549 cells; A549-M, the membrane-enriched protein extract from epithelial A549 cells;

THP-1-S, the soluble protein extract from THP-1 macrophages; THP-1-M, the membrane-enriched protein extract from THP1 macrophages.
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protein (also identified as part of VgrG4-CTD interactome

network).62

It is noteworthy that the proteins identified are highly inter-

connected. Analysis of protein–protein interactions among the puta-

tive VgrG4-CTD ligands showed there are 155 nodes, and 703 edges

in the network (Figure 3A). It means an average number of neighbors

~15 per protein—quite more than expected. Thus, it indicates that the

approach used captured large protein complexes that VgrG4-CTD

interacts with.

3.4 | VgrG4-CTD putative ligands in THP-1
macrophages

In THP-1 extracts, proteins were identified with up to 66 peptides,

and sequence coverage up to 90% (Tables S3 and S4). To have a

global view of those proteins, GO terms have been assigned and

enrichment analysis performed. Overall, we observed several terms

also identified when analyzing epithelial cells (Figure 2C). Although

proteins identified in THP-1 and A549 were not the same ones, terms

associated with cellular components were similarly represented. The

majority of the proteins are ribosomal and translation-related,

involved in cell adhesion, or cytoskeleton-associated. Despite the

previously mentioned proteins, the identification of six subunits of

T-complex chaperonin is intriguing. T-complex is a molecular chaper-

one known to play a role in the folding of actin and tubulin63—

reinforcing that VgrG4-CTD somehow targets those filaments.

Another protein identified in both cell types is annexin A2

(AnxA2). AnxA2 has a role in the inflammatory response to

K. pneumoniae infection, facilitating TLR4 internalization, activation of

TRAM-dependent signaling, and release of anti-inflammatory cyto-

kines.64 With regards to intracellular membrane trafficking and vesi-

cles transport, small GTPases from Rab and Rac families were also

identified: Rab1A, Rab7A, Rab31, Rap1A, and Rac2. Depending on

their activation state (GDP or GTP bound states), these proteins

recruit a different set of effectors involved in vesicle formation and

trafficking, autophagosome assembly, as well as cellular processes

such as migration and adhesion. Several bacterial effectors target

those proteins. For instance, it has been shown that two Mycobacte-

rium tuberculosis effectors bind Rab1A to inhibit the autophagy of

F IGURE 3 Protein–protein interactions (PPI) among putative ligands of VgrG4-CTD in A549 (A) or THP-1 (B). PPI networks were depicted
from String database and visualized in Cytoscape. Nodes (dots) represent identified proteins. Edges represent physical interactions between

proteins, considering only high confidence interactions determined by experiments. Ribosome-related proteins are represented in blue,
cytoskeleton-associated proteins in red. Actin is highlighted in yellow.
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infected cells.65 A Salmonella typhimurium effector induces a post-

translational modification in Rab7, affecting the host endocytic vesic-

ular transport pathway and bacterial survival.66 Shigella flexineri

escapes from lysosomal degradation by delivering an effector that

inactivates Rab31.67 Thus, understanding how K. pneumoniae and

VgrG4-CTD modulate those proteins will certainly contribute to

improved knowledge of its pathogenesis. Apart from similarities

between A549 and THP-1 ligands, terms such as “endosome” (17 hits,

~2.2� enriched), and “endocytic vesicle” (13 hits, 5� enriched) were

primarily found in THP-1.

Concerning molecular functions, “protein folding chaperone” was

the most enriched term (~32�) among THP-1 ligands, although not

found in A549. “Ubiquitin protein ligase binding” (15 hits, ~6.5�
enriched) was also exclusively found in THP-1 samples. Regarding bio-

logical processes, “regulation of telomere maintenance” (~16�), “mito-

chondrial transmembrane transport” (~12�), “regulation of protein

stability” (~7.6�), “proton transmembrane transport” (~6.7�), “purine

nucleotide biosynthetic process” (~6.7�), “ribose phosphate biosyn-

thetic process” (~6.2�), and “posttranscriptional regulation of gene

expression” (~6�) were represented only among THP-1 proteins.

Protein–protein interaction analysis revealed 159 nodes,

483 edges, and a mean of ~10 interacting partners per protein

(Figure 3). There are proteins working as hubs connecting subnet-

works. Consistently with the several known roles of cytoskeleton,

actin is one of those hubs.

3.5 | VgrG4-CTD interacts with cytoskeleton
filaments

The proteomic approach employed suggests that VgrG4-CTD binds

cytoskeleton-associated proteins (such as actin, vimentin, alpha-actinin,

tubulin, myosin, cytokeratin, among others, Table 1). To validate mass

spectrometry data, we performed protein–protein binding assays on

F IGURE 4 VgrG4-CTD interacts with actin and other cytoskeleton structural proteins. (A) VgrG4-CTD was adsorbed in microplate wells.
Empty binding sites were blocked with BSA. THP-1 protein extracts were incubated. Nonbound proteins were washed. Actin, tubulin, cytokeratin
and vimentin primary antibodies were used to detect them. Secondary antibody conjugated with peroxidase and TMB substrate were added to
reveal the interaction. Increased values at 450 nm indicate higher amounts of protein bound. (B) Purified actin was mixed with the recombinant
VgrG4-CTD-His6 and then incubated with Ni2+-affinity resin. The input, washes, and elution samples were analyzed by SDS-PAGE. Low-range
molecular weight (Biorad) is shown (kDa). (C) Fluorescence spectrum of VgrG4-CTD incubated with increasing concentration of actin. The
correlation between actin concentration and the peak of fluorescence emission is shown. White triangles curve represent the fluorescence
intensity of the different Actin concentrations with VgrG4-CTD. Black circles curve denotes pure actin. Blue squares indicate the subtraction of
free actin intensity values from the titration curve of actin with VgrG4-CTD.
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microplates. For those experiments, the recombinant VgrG4-CTD protein

was used to coat the wells that were subsequently incubated with A549

or THP-1 protein extracts. Bound actin, tubulin, vimentin, and cytokeratin

were immunodetected. This experiment is somehow similar to the pull-

down experiments using beads, however different blocking agents, con-

trols, and detectionmethodswere used. The results obtained confirm that

VgrG4-CTD interacts with actin, vimentin, and cytokeratin (Figure 4A).

Using this methodwe did not detect the interactionwith tubulin.

Then, we asked whether the VgrG4-CTD directly binds actin.

Thus, we performed a copurification experiment. We incubated the

purified actin with the recombinant VgrG4-CTD-His6 and then the

mixture with Ni2+-affinity resin. SDS-PAGE analysis of the bound and

free fractions revealed that untagged actin was retained with

VgrG4-CTD-His6 on the Ni2+ resin, suggesting a physical interaction

between the two proteins (Figure 4B). As a control experiment, we

have incubated pure actin with Ni2+-resin in the absence of

VgrG4-CTD. The unbound fraction (flow-through), wash, and eluate

(bound fraction) have been analyzed by SDS-PAGE. Actin band was

detected exclusively in the unbound fraction (data not shown). Thus,

it confirmed that pure actin does not bind directly to Ni2+-resin.

As the proportion of VgrG4-CTD recovered was higher than

actin, we decided to further investigate the interaction between

VgrG4-CTD and microfilaments. We measured the intrinsic fluores-

cence of VgrG4-CTD in the presence of increasing concentrations of

purified actin. Molecules absorb light and emit fluorescence according

to their structure. In proteins, tryptophan, tyrosine, and phenylalanine

amino acids are responsible for fluorescence emission. Changes in the

chemical environment affect this spectroscopic property. As protein–

protein interactions usually induce conformational changes and affect

the solvent exposure of aromatic residues, it implies alterations of

fluorescence emission. We observed that VgrG4-CTD suppresses

actin fluorescence intensity (Figure 4C), thus suggesting that

VgrG4-CTD directly binds actin.

3.6 | VgrG4-CTD induces actin remodeling in
macrophages

It is well known that several bacteria manipulate the host cytoskele-

ton for their benefit.68,69 It has been shown that microfilaments and

F IGURE 5 VgrG4-CTD induces actin remodeling in RAW 264.7 macrophages. Intracellular delivery of VgrG4-CTD disturbs actin filaments in
RAW 264.7 macrophages. Cells were treated with PULSin reagent carrying VgrG4-CTD for 4 h, as indicated. As a control, cells were stimulated

with the pure PULSin reagent. Cell cultures were then infected with KPH26-stained K. pneumoniae Kp52.145 (green) in MOI 50:1 for 1 h.
Phalloidin-stained Actin filaments (red) and nuclei (blue) are evidenced. Arrows point to the cellular protrusions observed in VgrG4-CTD
stimulated or infected cells. MOI, multiplicity of infection.
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microtubules are required to K. pneumoniae strain Ca0438 invade

and translocate across intestinal epithelium58 and to promote

K. pneumoniae strain 3091 internalization into bladder epithelial

cells.70 Moreover, it has been previously shown that both actin and

tubulin filaments are required for Kp43816 phagocytosis by MH-S

cells.58 Kp43816 strain harbors a VgrG4-CTD homolog. Our proteo-

mic results identified several proteins from microfilaments (actin,

alpha-actinin, filamin, etc.) as putative ligands of VgrG4-CTD, and

actin as a probable direct ligand. Thus, we checked whether

VgrG4-CTD could interfere with actin filaments organization in

eukaryotic cells. RAW 264.7 macrophages were stimulated with

VgrG4-CTD using the PULSin protein delivery reagent. PULSin con-

tains a cationic amphiphile molecule that forms noncovalent com-

plexes with proteins of interest. Complexes are then internalized via

anionic cell-adhesion receptors, then released and disassembled into

the cytoplasm. This process is not toxic and delivers functional pro-

teins. Noninfected cells stimulated with VgrG4-CTD presented a dis-

tinct pattern of actin filaments dispersion, with more cellular

protrusions than nonstimulated cells (Figure 5). Moreover, we

observed that cells infected with K. pneumoniae (which expresses

VgrG4) also present such protuberances. These data showed that the

pulldown assay was able to identify functionally relevant proteins in

the VgrG4-CTD interactome network. Additionally, it shows that

there are phenotypic alterations in host cells due to VgrG4-CTD inter-

action with actin.

4 | CONCLUSIONS

Proteomic and interactome approaches have been successfully used

as discovery-based nonbiased methodologies to give clues on molecu-

lar and cellular processes. The results suggest that VgrG4-CTD have a

role in the interaction of K. pneumoniae with host cells. VgrG4-CTD

interacts with ribosomal proteins, and cytoskeleton. It does bind actin

and induces actin remodeling in macrophages. These results provide a

ground basis for future studies.
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