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ABSTRACT
Phage-inspired antibacterial discovery is a new approach that recruits phages in search for 
antibacterials with new molecular targets, in that phages are the biological entities well adapted 
to hijack host bacterial physiology in favor of their own thrive. We previously observed that 
phage-mediated twitching motility inhibition was effective to control the acute infections caused 
by Pseudomonas aeruginosa and that the motility inhibition was attributed to the delocalization of 
PilB, the type IV pilus (TFP) assembly ATPase by binding of the 136-amino acid (aa) phage protein, 
Tip. Here, we created a series of truncated and point-mutant Tip proteins to identify the critical 
residues in the Tip bioactivity: N-terminal 80-aa residues were dispensable for the Tip activity; we 
identified that Asp82, Leu84, and Arg85 are crucial in the Tip function. Furthermore, a synthetic 
15-aa peptide (P1) that corresponds to Leu73 to Ala87 is shown to suffice for PilB delocalization, 
twitching inhibition, and virulence attenuation upon exogenous administration. The transgenic 
flies expressing the 15-aa peptide were resistant to P. aeruginosa infections as well. Taken 
together, this proof-of-concept study reveals a new antipathogenic peptide hit targeting bacterial 
motility and provides an insight into antibacterial discovery targeting TFP assembly.
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Introduction

The rapid emergence and dissemination of antimicro-
bial resistance (AMR) poses a serious threat to global 
public health [1]. With the advent of bacterial patho-
gens that acquired resistance to multiple classes of 
antimicrobials, not just one, it has become extremely 
challenging to control infectious diseases. Despite mul-
tidimensional worldwide efforts to address the AMR 
and multi-drug resistance (MDR), the most fundamen-
tal solution for this crisis is considered to discover and 
develop novel antimicrobial drugs in a timely manner.

Due to the shortage of conventional antibiotic pipe-
lines, alternative antibacterial strategies are urgently 
needed [2,3] and the therapeutic use of phages and 
the phage-inspired antibacterial discovery have 
attracted much attention as promising alternative 
approaches to tackle the AMR and MDR problems 
[4,5]. Besides the conventional phage therapy, combi-
nation of phages and antibiotics, exploitation of engi-
neered synthetic phages and phage-derived enzymes 
have been considered to treat bacterial infections 

[6,7]. Recent advances in our understanding of the 
phage lifecycles have further revealed that phages pos-
sess an arsenal of strategies to reprogram the host 
cellular physiology, in addition to killing the host bac-
teria [8,9]. In most cases, phage-derived proteins dis-
rupt the key host processes involved in transcription, 
translation, metabolism, cell division, motility and 
CRISPR-mediated immunity by interfering with their 
targets [10–13]. These traits of phages led us to identify 
phage protein(s) to specifically target the most vulner-
able host proteins involved in bacterial growth, viru-
lence and/or survival and to develop phage-inspired 
antibacterials with new antibacterial mechanisms.

We previously demonstrated that Pseudomonas aer-
uginosa temperate phage D3112 inhibits type IV pilus 
(TFP)-mediated twitching motility of its host bacterium 
[14]. Twitching motility is a bacterial group behavior 
for migration on a surface or spreading into host tissues 
by extension and retraction of TFPs [15,16]. Besides 
twitching motility, the TFPs are required for initial 
attachment and biofilm formation, which are deemed 
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required for the full virulence [17,18]. Thus, the func-
tion of TFPs might be considered as an antipathogenic 
target. The chemical inhibitors for pili or fimbriae for-
mation are called “pilicides”, as exemplified by bicyclic 
2-pyridones that inhibits P pilus assembly by sequester-
ing the pilus chaperon PapD in uropathogenic 
Escherichia coli [19,20]. We have evaluated the antibac-
terial efficacy of D3112 using murine and Drosophila 
infection models [14]: treatment of D3112 significantly 
reduced mortality and bacterial loads in both 
P. aeruginosa-infected mouse and Drosophila animals 
by inhibiting TFP function, rather than by killing the 
infected bacteria. Subsequently, we identified a phage 
protein, Tip that inhibits twitching motility of 
P. aeruginosa [21]: Tip directly binds to its bacterial 
target PilB, the TFP extension ATPase of P. aeruginosa 
and was sufficient to interfere with the assembly of TFP 
appendage by antagonizing PilB.

Based on the involvement of TFP-mediated twitch-
ing motility in acute virulence and biofilm formation of 
P. aeruginosa, we began to explore the potential of Tip 
as an antipathogenic platform that targets the bacterial 
motility. In this study, we identified the critical region 
(56-aa) at the C-terminal half and some residues (D82, 
L84, and R85) for the Tip bioactivity by truncation and 
point mutation analyses. We designed 6 Tip-derived 
peptides (P1~ P6) based on the critical 56-aa region 
of Tip. Among the synthetic peptides, P1 from Leu73 to 
Ala87, which was sufficient to inhibit the twitching 
motility and sequester for PilB upon exogenous admin-
istration. These results suggest that P1 could be an 
antipathogenic peptide that is inspired by phage life-
cycle to develop antibacterials with new antibacterial 
mechanisms.

Results

The C-terminal 56 amino acids of Tip are sufficient 
for twitching inhibition

Tip is a 136-aa protein that has no sequence similarity 
to the proteins with defined functions. It contains 
a serine-rich region at the N-terminal half and potential 
helices at the C-terminal region, presumably for macro-
molecular interactions. To determine the interaction 
domain of Tip for its bacterial target PilB, we created 
a series of the truncated Tip mutants (NΔ60, NΔ80, 
NΔ100, CΔ20 and CΔ40) (Figure 1(a)). The interaction 
between the truncated mutants and PilB were assessed 
by bacterial two-hybrid assay as described previously 
[21]. Except for NΔ60 and NΔ80, all of the truncated 
Tip mutants were defective in PilB interaction (Figure 1 
(b)), suggesting the N-terminal 80 aa residues are 

dispensable for PilB interaction. In contrast to the 
NΔ80 mutant, the NΔ100 mutant exhibited 
a complete loss of twitching inhibition (Figure 1(c)), 
indicating that the 20-aa region (Leu81 to Ser100) is 
required for the interaction with PilB. Interestingly, the 
truncation of the 20-aa from the C-terminal end 
resulted in the loss of PilB interaction, suggesting that 
the 20 C-terminal amino acids are also critical in PilB 
interaction. It is clearly demonstrated that the 
N-terminal 80-aa region of Tip is not essential and 
that the 20-aa region from Leu81 to Ser100 and the 
C-terminal region are critical in PilB inhibition.

A synthetic peptide (P1) inhibits the PilB function 
upon exogenous administration

A series of 6 peptides (P1~ P6) comprising the 
C-terminal 56-aa region of Tip were designed. The 
peptides were chemically synthesized as 15–16 mers 
with 5–6 aa overlaps (Figure 2(a)) to span the 56-aa 
region sufficient for the Tip function (Figure 1). The 
requirement of the bipartite regions (dark blue in 
Figure 2(a)) for the Tip function led us to an assump-
tion that one region might be preponderantly required 
for the Tip-PilB interaction and the other might sup-
port the interaction. To improve the peptide stability, 
we introduced amidation to the peptides at the C- 
termini [22]. Then we examined whether or not at 
least one of the peptides could represent the Tip activity 
upon exogenous administration. P5 was excluded due 
to its poor aqueous solubility, but P2 was included 
despite its viscosity upon solubilization. We tested 
them for the capability of PilB dysfunction, which 
could be assessed by four different readouts (Figure 
3). As shown in Figure 3(a), P1 and P2 could interfere 
with the viral infections of P. aeruginosa by TFP- 
specific phages such as PP7 and MPK7, whereas the 
interaction between PilB and Tip was specifically inhib-
ited by P1, but not by P2 (Figure 3(b)). The inhibitory 
effect of P2 on viral infections might be due to the 
viscosity of P2. It should be noted that only P1 was 
able to inhibit the twitching motility of PA14 (Figure 3 
(c)), which is a good agreement with the result in 
Figure 3(b). The twitching inhibitory activity of P1 
was evident as well in other twitching-proficient 
P. aeruginosa strains [23] (Figure S1). To further con-
firm that the observed TFP dysfunction by P1 was the 
consequence of the PilB delocalization, the polar loca-
lization of PilB was examined upon P1 administration 
into P. aeruginosa cells expressing PilB-GFP [21]. As 
shown in Figure 3(d), the predominant delocalization 
of PilB was observed in the cells upon P1 treatment, in 
contrast to treatment of a non-inhibitory peptide, P6, 
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Figure 1. Identification of the region of Tip critical in PilB inhibition.
(a) Schematic representation of the truncated Tip derivatives and their activities. The deletions at the N-terminus (NΔ60, NΔ80, and NΔ100) 
and at the C-terminus (CΔ20 and CΔ40) from Tip were constructed to determine the regions critical for the Tip activity. They are either 
deficient (-) or proficient (+) in the Tip activity (PilB interaction and twitching inhibition) as shown in b and c. The critical regions for the Tip 
activity are designated in blue colors with the amino acid numbers. (b) Bacterial two-hybrid assay with the truncated Tip derivatives was 
performed to determine the PilB-binding region. The full-length (FL) Tip and the truncated derivatives in A were cloned into pKT25 and then 
introduced to E. coli DHP1 containing pUT18C-PilB. The cells with Tip-PilB interaction were examined by β-galactosidase activity. (c) 
Twitching motility was assessed using the PA14 cells harboring the full-length (FL) Tip and the N-terminally truncated Tip derivatives in a, 
which were introduced at the attTn7 site as described elsewhere [21]. Twitching motility was examined in the absence (-) or presence of 
1 mM IPTG.

Figure 2. Design and synthesis of a series of Tip-derived peptides.
(a) Partial sequence alignment between Tip and its homologs of the related phages. A series of 6 peptides (P1 to P6) were designed with 
the spanned regions designated as colored horizontal lines. Each peptide consisted of 15–16 aa long with a 5-6-aa overlap between the 
neighboring peptides in a row. The critical regions for the Tip activity are designated in blue colors as in Figure 1(a). (b) Chemical synthesis 
of the Tip-derived peptides in (a). The sequences of the 6 peptides are shown with C-terminal amidation. The underlined residues (red and 
green) of P1 denote those subjected to the point mutation analysis (see texts and Figure 5). Asterisk (*) indicates the discarded peptide due 
to its poor aqueous solubility (P5).

VIRULENCE 1379



suggesting that the synthetic peptide P1 is sufficient for 
the Tip function by exogenous administration to 
P. aeruginosa.

P1 is predicted to be a unique amphipathic anionic 
cell-penetrating peptide comprising α-helical motifs 
[24], with the hydrophilic residues concentrated on 
one side of the helix and hydrophobic residues on 

the other side (Figure 4(a)), and thus was deemed 
capable of penetration of the bacterial cell wall and 
membrane to reach its target protein, PilB in the 
cytoplasm. To assess the bacterial permeability to P1, 
we conjugated P1 with FITC fluorescein and measured 
the ability of the FITC-P1 conjugate to interact with or 
enter into the artificial liposome consisting of 

Figure 3. Bioactivity of the Tip-derived peptides upon exogenous administration.
(a) Interference with TFP-specific phage infection. Ten and 100 plaque forming units (pfu) of PP7 and MPK7 phages [23,32] were mixed with 
the synthetic Tip-derived peptides (5 mM) in Figure 2b, except for P5 with poor solubility. The phage-peptide mixtures were spotted onto 
the lawn of PAO1. The TFP inhibition activities were assessed by the peptide-mediated reduction of pfu. (b) Interference with PilB-Tip 
interaction. E. coli stain, DHP1 containing pUT18C and pKT25 (vector), pUT18C-Zip and pKT25-Zip (Zip/Zip), and pUT18C–PilB and pKT25-Tip 
(PilB/Tip) were incubated with either nothing (-) or one of the synthetic peptides (P1, P2, and P6) for 10 min and spotted on a MacConkey 
agar supplemented with 1% maltose. (c) Twitching inhibition. Five microliters of either TDW (-) or one of the synthetic peptides (5 mM) 
were directly treated to the PA14 colonies on LB agar for 10 min, and then the colonies were used for twitching motility assay. The 
twitching zones were stained with 0.1% crystal violet. (d) PilB delocalization. The PA14 cells containing PilB fused with GFP [21] was treated 
with either TDW (-) or one of the synthetic peptides (1 mM) for 10 min. PilB delocalization was monitored by fluorescence microscope as 
described in Methods. The polar (i.e. both unipolar and bipolar) localization of PilB in the cells was indicated as a red arrow. (e) Quantitation 
of PilB delocalization. Each fraction of PilB localization (polar, empty; diffuse, filled) in the independent fields was measured and represented 
with error bars represent the standard deviations. Statistical significance between the groups is indicated, based on a p value of less than 
0.001 (***) by Student’s t test.

Figure 4. Structure and membrane permeability of P1.
(a) Helical wheel projection of P1. The hydrophobic and hydrophilic residues are separated by a dotted line. The arrows indicate the helical 
moment. Amino acid color codes: hydrophobic, yellow; cationic, dark blue; anionic, red; alanine and glycine, gray; proline, green; histidine, 
light blue. (b) Fluorescence quenching of the FITC-P1 conjugates by liposome. The liposome composed of phosphatidylethanolamine, 
phosphatidylglycerol and cardiolipin was prepared to mimic the P. aeruginosa membrane. FITC-P1 (64 μM) was incubated with noting (-; 
empty) or the liposome (+; filled). Triton-X100 was added to the mixture after 60 min (arrow). Fluorescence from free (i.e. untrapped) FITC- 
P1 was observed at the designated time points. (c) FACS analysis of the PA14 cells after FITC-P1 treatment. PA14 cells were incubated with 
noting (red) or FITC-P1 (64 μM) (green) for 30 min, and then washed with PBS. Fluorescence intensity of the cells was analyzed by flow 
cytometry, as described in Methods.
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phosphatidylethanolamine, phosphatidylglycerol and 
cardiolipin resembling the P. aeruginosa cell mem-
brane [25]. The fluorescence was measured after mix-
ing the FITC-P1 conjugate and the liposome (Figure 4 
(b)). The fluorescence gradually disappeared over 
time, suggesting that FITC-P1 could indeed interact 
with or enter into the liposome that quenches the 
fluorescence. The liposome-mediated fluorescence 
quenching was also confirmed by disrupting the lipo-
some with a nonionic detergent (Triton-X100). This 
was further substantiated by another experiment using 
flow cytometry (Figure 4(c)). P. aeruginosa cells that 
had been incubated with the FITC-P1 conjugate 
showed significantly higher intracellular fluorescence 
intensity. These results suggest that the synthetic pep-
tide P1 that spans from Leu73 to Ala87 might be 

sufficient for PilB dysfunction upon exogenous 
administration.

P1 contains the critical amino acid residues for the 
Tip function

It was intriguing that P1 contains the 8 amino acids in 
the dispensable region, since NΔ80 was fully functional 
(Figure 1). This has led us to the suggestion that the 
C-terminal 7 aa of the P1 (i.e. LDDLRHA) might be 
responsible for the direct interaction with PilB. To 
corroborate the role of the 7-aa region of Tip in PilB 
function, we generated 5 point mutants, three of which 
have the codon changes at the 7-aa region (D82K, 
L84P, and R85D) and two of which have the codon 
changes at the other (i.e. 8-aa) region (D74K and 

Figure 5. Amino acid residues in P1 critical for the Tip function.
Twitching motility (a) and PilB localization (b) were assessed using the PA14 cells harboring the wild type (WT) Tip and its point mutants 
(D74K, R78G, D82K, L84P, and R85D) for the amino acids within the P1 region. Twitching motility was examined in the absence (-) or 
presence of 1 mM IPTG as in Figure 1(a) and PilB localization was monitored in the presence of 1 mM IPTG by fluorescence microscope as in 
Figure 3(d). The polar (i.e. both unipolar and bipolar) localization of PilB in the cells was indicated as a red arrow. (c) Quantitation of PilB 
localization. The percentage of polar localization of PilB was determined in the absence (empty) or presence (filled) of 1 mM IPTG, with the 
error bars representing the standard deviations. Statistical significance between the groups is indicated, based on a p value of less than 
0.001 (***) by Student’s t test.
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R78G). As shown in Figure 5, three mutants (D82K, 
L84P, and R85D) for the 7-aa region did not inhibit 
twitching motility and PilB localization at all, whereas 
the other two mutants phenocopied the wild type in 
twitching motility and PilB localization. This result 
substantiated that the 7-aa region of P1 was critical 
for the Tip function in regard to inhibiting its target, 
PilB.

P1 shows therapeutic efficacy in Drosophila 
infection model

Experimental verification of the anti-PilB activity of P1 
in vitro led us to assess its antipathogenic activity 
in vivo, in that PilB is required for the full virulence 
of P. aeruginosa. To this end, we have chosen the 
Drosophila systemic infection model, as described for 
the antibacterial activity of the peptide antibiotic, poly-
myxin B [26]. Either P1 or P6 was administered to the 
flies by pricking with bacterial suspensions. As shown 

in Figure 6(a), P1 displayed antibacterial activity by 
significantly delaying the P. aeruginosa PA14-induced 
killing of Drosophila. In contrast, P6 did not show any 
antibacterial activity at all. It was intuitively under-
standable but should be noted that the antibacterial 
activity of P1 was specific to P. aeruginosa, in that 
flies infected by methicillin-resistant Staphylococcus 
aureus (MRSA) SA3 were not rescued upon P1 admin-
istration (Figure 6(b)). Pollitt et al. demonstrated that 
S. aureus lacks the observable surface appendages such 
as TFP [27]. It should be also noted that the bacterial 
growth was not significantly affected by treatment of 
both P1 and P2 peptides (Figure S2). This result con-
firmed the in vitro anti-PilB activity of P1 could be 
translated to the target-specific antipathogenic activity 
to attenuate the virulence of P. aeruginosa.

To further evaluate the therapeutic efficacy of P1 
using this genetically tractable animal model, we gen-
erated transgenic flies expressing the 15-aa P1 peptide 
under the control of the GAL4 driver [28]. The crossing 

Figure 6. Antibacterial efficacy of P1 in vivo.
(a) and (b). Mortality of PA14 and SA3-infected flies fed with P1. The wild-type Oregon R flies were infected with PA14 or SA3 cells that had 
been co-treated with nothing (empty) or 10 mM of the synthetic peptide P1 or P6 (filled). The survival rates were determined over time for 
the infected flies up to 48 h post-infection. (c) Ectopic P1 expression in transgenic flies. The constitutive transcriptions of P1 in UAS-P1 
/daGAL4 fly lines (M3, M4 and M6), which are isogenic mutants of w1118, were measured by RT-RTi PCR using total RNA extract, as describe 
in Methods. The relative transcriptional fold changes of P1 were determined in comparison to their parental strain w1118 and normalized 
using the reference gene rp49. (d) Mortality of ectopic P1-expressing transgenic flies upon PA14 infection. The w1118 (empty) and its isogenic 
UAS-P1/daGAL4 fly lines (M3, M4 and M6) (filled), which constitutive overexpresses P1, were systemically infected by PA14 pricking. Those 
infected flies were transferred to the new corn meal media and the survival rates were measured up to 48 h post-infection. The dotted lines 
represent the time required to reach 50% mortality. The statistical significance based on a log-rank test is indicated (***, p< 0.001).
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scheme from the heterozygote harboring the UAS-P1 
gene integrated into the second chromosome to the 
homozygotic flies used for the infection experiments 
was depicted in Figure S3. We have chosen two trans-
genic lines (M4 and M6) based on the increased tran-
scription of P1, as assessed by quantitative PCR (qPCR) 
of the P1 transcript (Figure 6(c)). As shown in Figure 6 
(d), the PA14-induced Drosophila killing was signifi-
cantly attenuated with reduced mortality scores (~75%) 
in the transgenic flies (M4 and M6), but not at all in the 
wild-type control. The virulence-attenuation was not 
observed either in the PA14-infected control transgenic 
flies (M3), whose P1 expression was significantly lower 
(Figure 6(c)). These results suggest that the twitching 
inhibitory peptide P1 specifically attenuate the acute 
virulence caused by P. aeruginosa in the experimental 
infections.

Discussion

Recent advances in phage research have geared much 
attention to phage-based antibacterial platforms not 
only for the treatment options to cure bacterial infec-
tions, but also for the new maneuvers to identify the 
bacterial targets [6,29,30]. Phages have been exploited 
per se as the antibacterial agents in case of the bacterial 
infections that are hardly cured by the currently avail-
able antibiotic regimens. In addition to this conven-
tional use of phage therapy, phages are considered as 
the knowledge platforms to identify new bacterial tar-
gets, because phages are the evolving being that are able 
to sagaciously hijack host machinery during the phage 
lifecycle. This ability that are acquired by evolutionary 
prey-predator interaction has led us to harness the 
phage lifecycle for antibacterial development [8]. Liu 
et al. [31] first recruited a high-throughput approach to 
identify antibacterial gene products and their bacterial 
targets, which enabled them to further identify chemi-
cal hits that exhibit antibacterial activities by inhibiting 
those targets. This strategy has been framed as “phage- 
inspired antibacterial discovery”, which require contin-
ued identification of more and more bacterial targets 
that are involved in the key processes of bacterial phy-
siology and biologically vulnerable to phage-derived 
proteins during the phage lifecycle [32–34].

Type IV pili (TFPs) are the bacterial dynamic fila-
mentous appendages that have multiple functions: they 
are required for DNA uptake and phage uptake [35,36]: 
they are also required for surface attachment, twitching 
motility and biofilm formation [37–38], and thus con-
sidered as an important mechanosensor in 
P. aeruginosa and Neisseria species [39,40]. The afore-
mentioned multiple functions of TFPs regarding 

bacterial pathogenesis render the TFP biogenesis and/ 
or function as an ideal and attractive target for anti-
bacterial discovery. In this regard, we previously iden-
tified a phage protein (Tip) and its bacterial target 
(PilB) in P. aeruginosa [21]. Tip is deemed involved 
in generalized superinfection exclusion, because PilB is 
the ATPase required for the TFP assembly that act as 
the primary receptor for many P. aeruginosa phages 
[23,41,42].

To translate this finding to new antipathogenic dis-
covery, we had hypothesized that a chemical mimetic 
that mimics the Tip in directly binding to PilB would 
be the ideal anti-PilB antipathogenic hit. However, the 
current lack of the structural details of the molecular 
interaction between Tip and PilB as well as the assay 
system for high-throughput examination of PilB dys-
function has prompted us to utilize the Tip itself as the 
anti-PilB hit by identifying the minimal scaffold for 
PilB dysfunction. As the result, we have identified the 
synthetic 15-aa peptide P1 that spans from Leu73 to 
Ala87, where the N-terminal 8-aa (i.e. Leu73 to Leu80) 
is deemed inessential for the Tip function. Based on the 
involvement of the C-terminal amino acids in the Tip 
function and the anti-PilB activity of P1 upon exogen-
ous administration, we suggest that the C-terminal 
region of Tip could contribute the Tip function either 
by enhancing the protein stability of Tip or by stabiliz-
ing the molecular interaction between the P1 region 
and PilB, where the 7 amino acids (LDDLRHA termed 
as P1.1) are critical for the direct interaction with PilB. 
Since we previously identified the 40-aa Tip-binding 
internal region of PilB [21], the molecular interaction 
between this peptide and the 40-aa region should be 
experimentally envisioned based on a virtual computa-
tional modeling of the P1.1-PilB interaction at the 40- 
aa Tip binding region. And, more importantly, further 
structural and pharmaceutical optimization to improve 
the antibacterial efficacy and the druggability can be 
performed on the 7-aa peptide scaffold by mutations 
and/or fusion with other functional modalities.

The TFP machinery is ubiquitously found in many 
Gram-negative bacteria, with the PilB-like ATPases 
highly conserved in Type II secretion system (T2SS) 
as well [43]. Furthermore, the 40-aa Tip-binding region 
was found with 100% sequence identity in various 
Gammaproteobacterial proteins, as exemplified in the 
secretory protein, GspE of Enterobacter cloacae. 
Therefore, we expect that this anti-PilB scaffold would 
be further explored as a new antipathogenic hit that 
inhibits group motility and toxin secretion in bacterial 
pathogens. Based on our previous observation that the 
mutations in the Tip-binding region of PilB resulted in 
the loss of twitching motility and virulence, the 
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emergence of resistance mutations in PilB might be 
likely mitigated even upon this antibacterial treatment. 
In conclusion, our finding suggests that more works 
need to be done for phage-inspired antipathogenic dis-
covery based on the yet-to-be discovered phage pro-
teins to target the virulence not the growth of the host 
bacterial pathogens.

Materials and methods

Bacterial strains and culture conditions

The bacterial strains used in this study are listed in 
Table S1. P. aeruginosa and E. coli strains were grown 
at 37°C using Luria-Bertani (LB) (1% tryptone, 0.5% 
yeast extract and 1% NaCl) broth or on 2% Bacto-agar 
solidified LB plates. Overnight-grown cultures were 
used as inoculum (1.6 × 107 cfu/ml) into fresh medium 
and grown at 37°C until logarithmic (OD600 of 0.7) 
phase, and then the cell cultures were used for the 
experiments described herein. Antibiotics were used at 
the following concentrations (μg/mL): carbenicillin 
(200), and Gentamicin (50) for P. aeruginosa; ampicil-
lin (50), gentamicin (25) and kanamycin (25) for E. coli.

For growth curve determination, P. aeruginosa PA14 
cells were used as inoculum (2.0 × 108 cfu/ml) into LB 
containing antibiotics and peptides (if required) and 
the the cultures were incubated in the microplate 
reader (EPOCH2, USA) at 37°C for 18 h. During the 
incubation, OD600 was measured at every 30 min.

Construction of truncated mutants

The truncated mutant constructs for Tip were gener-
ated by 4-primer SOEing (splicing by overlap exten-
sion) PCR and the resulting PCR products were cloned 
into pUC18T-mini-Tn7-LAC (mTn7lac) for IPTG- 
inducible expression or pKT25 for bacterial two hybrid 
assay as described elsewhere [21]. These plasmids were 
introduced into P. aeruginosa PA14 and the E. coli 
DHP1 by conjugation and electroporation, respectively.

Bacterial two-hybrid assay

A bacterial adenylate cyclase two-hybrid system for 
Tip-PilB interaction was performed as described pre-
viously [44]. The bait and the prey vectors are pKT25 
(for the Tip derivatives) and pUT18C (for PilB), respec-
tively. The recombinant pKT25 derivatives were 
cotransformed with pUT18C-PilB into the E. coli 
DHP1 reporter strain by electroporation. 
Electroporation was performed at a capacitance of 25 
μF, a resistance of 200 Ω, and a voltage of 2.5 kV using 

a Gene Pulser (Bio-Rad, USA). The transformants were 
grown on LB agar containing 40 μg/mL X-Gal for 2 d at 
30°C or MacConkey agar containing 1% maltose.

Twitching motility assay

A single colony from the overnight cultures on an LB 
agar plate was picked with a toothpick and stab- 
inoculated through a 3-mm thick of 1.5% LB agar 
plate to the bottom of the Petri dish. After incubation 
for 48 h at 30°C, a bacterial twitching zone at the 
interface between the agar and the surface was visua-
lized by 0.1% crystal violet staining.

Synthesis of peptides

The peptides were designed, synthesized, and 
C-terminally amidated by standard solid-phase meth-
ods using 9-fluorenylmethoxycarbonyl chemistry and 
then purified by HPLC. The purified peptides were 
confirmed by matrix-assisted laser desorption ioniza-
tion mass spectrometry (MALDI II; Kratos Analytical, 
Japan) and dissolved in water prior to use.

Phage infection competition assay

The phage strains (PP7 and MPK7) were enriched by 
a plate lysate method and then the plaque forming units 
(pfu) of the phage lysates were determined as described 
previously [23]. The phage aliquots containing 10 or 
100 pfu were mixed with the synthetic peptides 
(5 mM). The phage-peptide mixtures were spotted 
onto lawn of PAO1. After 24-h incubation, the plaques 
with clear zone of lysis were examined.

PilB delocalization assay

The GFP-fused pilB gene cloned into pUCP18 
(pUCP18-gfp-pilB) was introduced into the PA14 cells 
that possess mTn7lac-based integration for IPTG- 
inducible expression of Tip and its derivatives. The 
bacterial cells were grown on LB agar plates in the 
absence or presence of 1 mM IPTG. The PilB localiza-
tion was monitored as the fluorescence visualized using 
an Axio 5 fluorescence microscope (Carl Zeiss, 
Germany) at 488-nm excitation.

Structure modeling and membrane association 
assay

For structural modeling of P1, the helical wheel pro-
jection was generated using HeliQuest (http://heli 
quest.ipmc.cnrs.fr/cgi-bin/ComputParams.py). FITC- 
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conjugated P1 (FITC-P1) was prepared for cell pene-
tration assays by conjugating FITC and P1. Briefly, the 
mixture of was incubated for 4 h at room temperature 
in the dark, and then reacted with 1 M of ethanola-
mide for additional 2 h. After conjugation, the final 
product was purified by sephadex G-50 gel filtration 
and analyzed by reverse-phase HPLC. For fluorescence 
quenching assay by liposome, the bacterial membrane- 
mimicking liposome was prepared by gently mixing 
phosphatidylethanolamine, phosphatidylglycerol, and 
cardiolipin with 6:2:1 (v:v:v) ratio. The reconstituted 
liposomes were incubated with the FITC-P1 (64 μM) 
for 70 min. At 60 min, the liposome leakage was 
induced by triton X-100. The free FITC-P1 was mea-
sured by its fluorescence intensity at the designated 
time points. For fluorescence-activated cell sorting 
(FACS) analysis, the 100 µL of PA14 cell was treated 
with noting or FITC-P1 (64 μM) for 30 min. The 
treated cells were harvested and washed twice with 
PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 

and 1.8 mM KH2PO4) to remove the free FITC-P1. 
Fluorescence intensity of the cells were analyzed using 
a CytoFLEX flow cytometer (Beckman Coulter, USA).

Construction of transgenic fly lines

For pUAS-P1 expression transgenic fly construction, 
the P1 region of Tip was codon-optimized for 
Drosophila melanogaster, synthesized, and then cloned 
into a drosophila gene expression vector, pUAST [45]. 
The resulting plasmid (pUAST-P1) was used for 
P-element injection to w1118 (Bestgene Inc. USA), 
which generated transgenic lines (UAS-P1/CyO). The 
transgenic fly lines were then appropriately crossed 
with a GAL4 driver strains to obtain the balanced 
heterozygotes (UAS-P1/CyO-GFP; daGAL4/MKRS) as 
schematically depicted in Figure S1. These heterozy-
gotes were maintained and used to obtain the flies 
homozygous for UAS-P1 and daGAL4, which were 
used for experiments.

RNA assay for P1 expression

RNA extraction was performed from transgenic male 
flies using TRIzol® (Invitrogen, USA). The RNA sam-
ples were subjected to RNeasy Cleanup kit (Qiagen, 
USA) to completely remove residual DNA. For quanti-
tative measurement of the P1 RNA levels in the trans-
genic flies, quantitative PCR (qPCR) followed by cDNA 
synthesis was done by using 1 μg of the RNA samples, 
ReverTra Ace™ qPCR RT Kit (Toyobo, Japan) and 
TUNDERBIRD™ SYBR® qPCR Mix (Toyobo, Japan) as 
described previously [46]. The primers used for RNA 

assay are listed in Table S2, with the rp49 gene as the 
control.

Measurement of antibacterial efficacy

Drosophila systemic infection was performed as pre-
viously described [47]. Briefly, D. melanogaster strain 
Oregon R, w1118 and its fly lines were grown and 
maintained at 25°C with 50% humidity in a 12 h 
light/12 h dark cycle using the corn meal-dextrose 
medium [0.93% agar, 6.24% dry yeast, 4.08% corn 
meal, 8.62% dextrose, 0.1% methyl paraben, and 
0.45% (v/v) propionic acid]. For systemic infection, 4- 
to 5-day-old adult female flies were infected by pricking 
at the dorsal thorax with a 0.4 mm needle (Ernest 
F. Fullam, Inc.). The needle was dipped into PBS- 
diluted bacterial suspension containing either 
P. aeruginosa PA14 (107 cfu/ml) or S. aureus SA3 [48] 
(107 cfu/ml) grown to the OD600 of 3.0. The bacterial 
suspensions were injected with either P1 or P6 
(10 mM). Survival rates of the infected flies were mon-
itored for up to 72 h post-infection. Flies that died 
within 12 h for PA14 and SA3 were excluded in mor-
tality determination. Mortality assay was repeated at 
least four times.

Statistics

Statistical analysis was performed using GraphPad 
Prism version 8.0 (GraphPad Software, USA). Data 
for each analysis represents a least set of 3 independent 
replicates. Statistical significance between the groups is 
indicated, based on a p value of less than 0.001 (***, 
p < 0.001) by using Kaplan-Meier log-rank test and 
Student’s t test. Error bars represent the standard 
deviations.

Acknowledgments

We are grateful to Dr. Jiwon Shim (Hanyang University) for 
the balancer fly line (Sco/CyO-GFP; daGAL4/MKRS).

Funding

This work was supported by the National Research 
Foundation of Korea (NRF) Grants [NRF- 
2017M3A9E4077205 and NRF-2017R1A2B3005239].

Author contributions

Y.-H.C. conceived and designed the research. I.-Y.C. and B.- 
o.K. designed and performed the experiments, and collected 
and analyzed the experimental data. J.-H.H, J.P., H.K.K., and 

VIRULENCE 1385



Y.P. provided reagents. I.-Y.C., B.-o.K. and Y.-H.C. wrote the 
manuscript. All authors reviewed the manuscript.

Disclosure of potential conflicts of interest

The authors declare no conflict of interest. The funding spon-
sors had no role in any of the following: the design of the study, 
the collection, analyses, or interpretation of data, the writing of 
the manuscript, and the decision to publish the results.

ORCID

You-Hee Cho http://orcid.org/0000-0001-7942-5893

References

[1] Mullard A. Tackling antimicrobial drug resistance. Nat 
Rev Drug Discov. 2016;15:375.

[2] Dadgostar P. Antimicrobial resistance: implications 
and costs. Infect Drug Resist. 2019;12:3903–3910.

[3] World Health Organization. 2019 antibacterial agents 
in clinical development: an analysis of the antibacterial 
clinical development pipeline. Geneva, Switzerland: 
WHO; 2019.

[4] Kortright KE, Chan BK, Koff JL, et al. Phage therapy: 
a renewed approach to combat antibiotic-resistant 
bacteria. Cell Host Microbe. 2019;25:219–232.

[5] Theuretzbacher U, Piddock LJV. Non-traditional anti-
bacterial therapeutic options and challenges. Cell Host 
Microbe. 2019;26:61–72.

[6] Kim B-O, Kim ES, Yoo Y-J, et al. Phage-derived anti-
bacterials: harnessing the simplicity, plasticity, and 
diversity of phages. Viruses. 2019;11:268.

[7] Lu TK, Koeris MS. The next generation of bacterioph-
age therapy. Curr Opin Microbiol. 2011;14:524–531.

[8] De Smet J, Hendrix H, Blasdel BG, et al. Pseudomonas 
predators: understanding and exploiting phage-host 
interactions. Nat Rev Microbiol. 2017;15:517–530.

[9] Howard-Varona C, Lindback MM, Bastien GE, et al. 
Phage-specific metabolic reprogramming of virocells. 
ISME J. 2020;14:881–895.

[10] Bondy-Denomy J, Pawluk A, Maxwell KL, et al. 
Bacteriophage genes that inactivate the CRISPR/Cas 
bacterial immune system. Nature. 2013;493:429–432.

[11] Chevallereau A, Blasdel BG, De Smet J, et al. Next- 
generation “-omics” approaches reveal a massive 
alteration of host RNA metabolism during bacterioph-
age infection of Pseudomonas aeruginosa. PLoS Genet. 
2016;12:e1006134.

[12] Conter A, Bouche JP, Dassain M. Identification of 
a new inhibitor of essential division gene ftsZ as the 
kil gene of defective prophage Rac. J Bacteriol. 
1996;178:5100–5104.

[13] Lavigne R, Lecoutere E, Wagemans J, et al. 
A multifaceted study of Pseudomonas aeruginosa shut-
down by virulent podovirus LUZ19. mBio. 2013;4: 
e00061–13.

[14] Chung I-Y, Sim N, Cho Y-H. Antibacterial efficacy of 
temperate phage-mediated inhibition of bacterial 

group motilities. Antimicrob Agents Chemother. 
2012;56:5612–5617.

[15] Burrows LL. Pseudomonas aeruginosa twitching moti-
lity: type IV pili in action. Annu Rev Microbiol. 
2012;66:493–520.

[16] Skerker JM, Berg HC. Direct observation of extension 
and retraction of type IV pili. Proc Natl Acad Sci 
U S A. 2001;98:6901–6904.

[17] Craig L, Pique ME, Tainer JA. Type IV pilus structure 
and bacterial pathogenicity. Nat Rev Microbiol. 
2004;2:363–378.

[18] Hahn HP. The type-4 pilus is the major 
virulence-associated adhesin of Pseudomonas 
aeruginosa. Gene. 1997;192:99–108.

[19] Ogawara H. Possible drugs for the treatment of bacter-
ial infections in the future: anti-virulence drugs. 
J Antibiot. 2020. DOI:10.1038/s41429-020-0344-z

[20] Pinkner JS, Remaut H, Buelens F, et al. Rationally 
designed small compounds inhibit pilus biogenesis in 
uropathogenic bacteria. Proc Natl Acad Sci U S A. 
2006;103:17897–17902.

[21] Chung I-Y, Jang H-J, Bae H-W, et al. A phage protein 
that inhibits the bacterial ATPase required for type IV 
pilus assembly. Proc Natl Acad Sci U S A. 
2014;111:11503–11508.

[22] Sato AK, Viswanathan M, Kent RB, et al. Therapeutic 
peptides: technological advances driving peptides into 
development. Curr Opin Biotechnol. 2006;17:638–642.

[23] Kim ES, Bae H-W, Cho Y-H. A pilin region affecting 
host range of the pseudomonas aeruginosa RNA phage, 
PP7. Front Microbiol. 2018;9:247.

[24] Bechara C, Sagan S. Cell-penetrating peptides: 20 years 
later, where do we stand? FEBS Lett. 
2013;587:1693–1702.

[25] Conrad RS, Gilleland HE. Lipid alterations in cell 
envelopes of polymyxin-resistant Pseudomonas aerugi-
nosa isolates. J Bacteriol. 1981;148:487–497.

[26] Kim B-O, Jang H-J, Chung I-Y, et al. Nitrate respira-
tion promotes polymyxin B resistance in Pseudomonas 
aeruginosa. Antioxid Redox Signal. 2021;34:442–451.

[27] Pollitt EJ, Crusz SA, Diggle SP. Staphylococcus aureus 
forms spreading dendrites that have characteristics of 
active motility. Sci Rep. 2015;5:1–12.

[28] Park S-Y, Heo Y-J, Choi Y-S, et al. Conserved virulence 
factors of Pseudomonas aeruginosa are required for 
killing Bacillus subtilis. J Microbiol. 2005;43:443–450.

[29] Drulis-Kawa Z, Majkowska-Skrobek G, Maciejewska B, 
et al. Learning from bacteriophages - advantages and 
limitations of phage and phage-encoded protein 
applications. Curr Protein Pept Sci. 2012;13:699–722.

[30] Van Den Bossche A, Ceyssens P-J, De Smet J, et al. 
Systematic identification of hypothetical bacteriophage 
proteins targeting key protein complexes of 
Pseudomonas aeruginosa. J Proteome Res. 
2014;13:4446–4456.

[31] Liu J, Dehbi M, Moeck G, et al. Antimicrobial drug 
discovery through bacteriophage genomics. Nat 
Biotechnol. 2004;22:185–191.

[32] Bae H-W, Cho Y-H. Complete genome sequence of 
Pseudomonas aeruginosa podophage MPK7, which 

1386 I.-Y. CHUNG ET AL.

https://doi.org/10.1038/s41429-020-0344-z


requires Type IV pili for infection. Genome Announc. 
2013;1:e00744–13.

[33] Kiro R, Molshanski-Mor S, Yosef I, et al. Gene product 
0.4 increases bacteriophage T7 competitiveness by 
inhibiting host cell division. Proc Natl Acad Sci 
U S A. 2013;110:19549–19554.

[34] Yano ST, Rothman-Denes LB. A phage-encoded inhi-
bitor of Escherichia coli DNA replication targets the 
DNA polymerase clamp loader. Mol Microbiol. 
2011;79:1325–1338.

[35] Bradley DE. A function of Pseudomonas aeruginosa 
PAO polar pili: twitching motility. Can J Microbiol. 
1980;26:146–154.

[36] Mattick JS. Type IV pili and twitching motility. Annu 
Rev Microbiol. 2002;56:289–314.

[37] O’Toole GA, Kolter R. Flagellar and twitching motility 
are necessary for Pseudomonas aeruginosa biofilm 
development. Mol Microbiol. 1998;30:295–304.

[38] Tala L, Fineberg A, Kukura P, et al. Pseudomonas 
aeruginosa orchestrates twitching motility by sequen-
tial control of type IV pili movements. Nat Microbiol. 
2019;4:774–780.

[39] Howie HL, Glogauer M, So M. The N. gonorrhoeae 
type IV pilus stimulates mechanosensitive pathways 
and cytoprotection through a pilT-dependent 
mechanism. PLoS Biol. 2005;3:e100.

[40] Persat A, Inclan YF, Engel JN, et al. Type IV pili 
mechanochemically regulate virulence factors in 
Pseudomonas aeruginosa. Proc Natl Acad Sci U S A. 
2015;112:7563–7568.

[41] Bertozzi Silva J, Storms Z, Sauvageau D. Host receptors 
for bacteriophage adsorption. FEMS Microbiol Lett. 
2016;363:fnw002.

[42] Heo Y-J, Chung I-Y, Choi KB, et al. Genome sequence 
comparison and superinfection between two related 
Pseudomonas aeruginosa phages, D3112 and MP22. 
Microbiology. 2007;153:2885–2895.

[43] Wolfgang M, Van Putten JP, Hayes SF, et al. 
Components and dynamics of fiber formation define 
a ubiquitous biogenesis pathway for bacterial pili. 
EMBO J. 2000;19:6408–6418.

[44] Karimova G, Pidoux J, Ullmann A, et al. A bacterial 
two-hybrid system based on a reconstituted signal 
transduction pathway. Proc Natl Acad Sci U S A. 
1998;95:5752–5756.

[45] Brand AH, Perrimon N. Targeted gene expression as 
a means of altering cell fates and generating dominant 
phenotypes. Development. 1993;118:401–415.

[46] Lee J-Y, Ahn S-J, Park C, et al. Reverse genetic systems 
for Pseudomonas aeruginosa leviphages. Methods 
Protoc. 2019;2:21.

[47] Kim S-H, Park S-Y, Heo Y-J, et al. Drosophila 
melanogaster-based screening for multihost virulence 
factors of Pseudomonas aeruginosa PA14 and identifi-
cation of a virulence-attenuating factor, HudA. Infect 
Immun. 2008;76:4152–4162.

[48] Jang H-J, Chung I-Y, Lim C, et al. Redirecting an 
anticancer to an antibacterial hit against 
methicillin-resistant Staphylococcus aureus. Front 
Microbiol. 2019;10:350.

VIRULENCE 1387


	Abstract
	Introduction
	Results
	The C-terminal 56 amino acids of Tip are sufficient for twitching inhibition
	Asynthetic peptide (P1) inhibits the PilB function upon exogenous administration
	P1 contains the critical amino acid residues for the Tip function
	P1 shows therapeutic efficacy in Drosophila infection model

	Discussion
	Materials and methods
	Bacterial strains and culture conditions
	Construction of truncated mutants
	Bacterial two-hybrid assay
	Twitching motility assay
	Synthesis of peptides
	Phage infection competition assay
	PilB delocalization assay
	Structure modeling and membrane association assay
	Construction of transgenic fly lines
	RNA assay for P1 expression
	Measurement of antibacterial efficacy
	Statistics

	Acknowledgments
	Funding
	Author contributions
	Disclosure of potential conflicts of interest
	References



