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Abstract 

Given concerning trends in antibiotic resistance, phages have been increasingly explored as promising antimicrobial agents. However, a major 
problem with phage therapy is the overly high specificity of phages for their hosts, which is currently addressed by a personalized approach 
in v olving screening a bank of wild-type phages against each clinical isolate. To shorten this process, we propose that a focused library of 
synthetic phages could be rapidly selected for a member binding to a given clinical isolate. We created libraries of recombinant M13 phages 
expressing receptor-binding proteins based on the collective metagenome of inovirus phages, a diverse group whose members appear to infect 
nearly all bacterial ph yla. Using tw o rounds of a pull-down selection, phage variants were identified against several Gram-negative pathogens, 
including a variant (M13 PAB ) that bound to se v eral Pseudomonas aeruginosa strains, including clinical isolates. To confer bactericidal activity to 
the nonlytic phage, a last-line but nephrotoxic lipopeptide, colistin, w as cross-link ed to the M13 PAB virions. T he colistin-M13 PAB phage conjugate 
lo w ered the minimal inhibitory concentration of colistin by 1–2 orders of magnitude for multiple strains of P. aeruginosa and sho w ed a lack of 
hemolytic or cytotoxic activity in vitro , suggesting high potency combined with low toxicity. Thus, a metagenome-inspired library displayed on 
the M13 phage scaffold, when subjected to a short selection for binding to a bacterial clinical isolate, could yield a phage variant that targets the 
specified strain. This approach may improve the speed, consistency, and cost-effectiveness of personalized phage therapy. 
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Introduction 

Antibiotic resistance in bacterial pathogens is one of the lead-
ing threats to global healthcare [ 1 ]. The CDC reported 2.8 mil-
lion cases of antibiotic-resistant infections leading to 35 000
deaths in the U.S. in 2019, and the World Health Organiza-
tion estimates that the number of deaths attributed to drug-
resistant infections will grow to 10 million worldwide by
2050 [ 2–5 ]. Among bacteria, Gram-negative pathogens are
particularly problematic due to numerous antimicrobial re-
sistance mechanisms acquired vertically or horizontally [ 6–
9 ]. Alternative antimicrobial strategies include bacteriophage
(phage) therapy, based on naturally occurring viruses that
specifically infect bacteria [ 10 , 11 ]. Phages collectively show
high diversity in terms of morphology, genetic content, and in-
fection cycles [ 12–14 ]. Phage therapy typically employs lytic
phages to infect and kill bacteria through replication [ 14 ]. Po-
tential advantages of phages and phage-based products in-
clude high specificity, the ability to penetrate biofilms, rela-
tively low manufacturing cost, and safety [ 11 , 15 ]. 

However, phage therapy faces multiple challenges, includ-
ing bacterial resistance to phage, the host immune response,
and host cell specificity, each of which must be addressed
to advance clinical applications [ 16 , 17 ]. Regarding host cell
specificity, high specificity can be advantageous in reducing
impacts on the healthy microbiome compared to most an-
tibiotics [ 18 , 19 ]. However, the naturally high specificity of
phages can be disadvantageous in requiring the identification,
characterization, and manufacturing of a phage specific to the
particular clinical strain of the patient. One approach to sys-
tematize this process is to build a pre-characterized library of
phages [ 20 , 21 ], as in PhageBank™, a continuously expanding
phage library that has received FDA approval for clinical stud-
ies. However, collecting and characterizing each phage, com-
prising a highly diverse set of genomes, remains a resource-
demanding process. 

An alternative approach is to engineer a well-characterized
phage, such as M13, to target various bacterial species [ 22–
24 ]. During the attachment step of infection, phages achieve
specificity through the receptor-binding domain (RBD) of the
receptor-binding protein (RBP), which binds to the bacterial
receptor. Thus, engineering the RBD can control bacterial tar-
geting of this step. To avoid the need to engineer the full lytic
cycle on the new host species, the phage may be further mod-
ified to exert antibacterial effect upon binding regardless of
downstream infection. This approach therefore involves engi-
neering both host specificity, through the RBD interaction, and
mode of cell-killing, such as through attachment of bacterici-
dal cargo. This combination of engineered specificity and con-
trolled therapeutic effect has been called “controlled phage
therapy” [ 22 ]. M13 phage, widely used for phage display [ 25 ],
is a member of the Inoviridae family, whose members target
various Gram-negative bacteria and establish chronic nonlytic
infections [ 26 ]. The filamentous body of wild-type (WT) M13
virions is composed of ∼2700 copies of the major capsid pro-
tein pVIII (g8p), five copies of minor capsid proteins pIII and
pVI that cap one terminus of the virion, and pVII and pIX that
cap the other [ 27 ]. The M13 minor capsid protein pIII (g3p)
is the receptor-binding protein that allows WT M13 phages
to specifically recognize host Esc heric hia coli ( E. coli ) cells.
The g3p protein is composed of an N-terminal RBD [ 28 ] and
a C-terminal domain anchored in the phage virion, with the
domains connected by a glycine-rich linker [ 25 , 29 ]. The M13
RBD itself consists of an N2 domain that binds the tip of the 
F pilus and an N1 domain that interacts with TolA, connected 

by a shorter glycine-rich linker (Scheme 1 ). Swapping the WT 

RBD with the RBD of other inoviruses (e.g. phage If1 or Pf1) 
creates recombinant phages with redirected targeting to other 
Gram-negative bacterial species [ 23 , 30 ]. While the resulting 
recombinant phages bind their new target species, they may 
not complete a replicative cycle and are instead decorated with 

cargo effecting various functionalities. In particular, the major 
coat protein of M13 contains solvent-exposed primary amines 
and carboxylic acid functional groups that are amenable to 

bioconjugation for delivery of bactericidal agents [ 31 , 32 ]. 
Here we present a strategy to build a library of recombi- 

nant phages with diverse RBDs for targeting various Gram- 
negative bacterial species. Phage display selection with a ran- 
domized peptide library is a possible approach, but an ideal 
library for repeated screening in a therapeutic setting should 

be as small as possible while still including members that 
could bind to a wide variety of Gram-negative species. In 

other words, an ideal library would only include functional 
RBDs covering a variety of species. Recent metagenomic anal- 
ysis indicates that inoviruses are an extremely diverse group,
encompassing ∼10 

5 members with host species from nearly 
all bacterial phyla [ 33 ]. Given the close co-evolutionary re- 
lationship between phages and their hosts, we posited that a 
library based on the inovirus RBDs could be rapidly screened 

for phage variants capable of binding a given Gram-negative 
strain. Here we describe library construction and characteriza- 
tion, followed by 18 independent screens that identified M13 

variants that bound to Gram-negative pathogens, including 2 

strains of E. coli , 8 strains of Pseudomonas aeruginosa (in- 
cluding 6 clinical isolates), 5 strains of Klebsiella pneumo- 
niae (including 4 clinical isolates) , 1 strain of Acinetobacter 
baumannii, 1 strain of Burkholderia cepacia, and 1 strain of 
Chronobacter sakazakii . When loaded with bactericidal cargo 

(colistin), a phage conjugate killed the targeted species with 

high potency in vitro . Thus, synthetic RBD libraries based on 

the phage metagenome are a promising approach for rapidly 
identifying recombinant phages for controlled phage therapy.

Materials and methods 

Materials 

All chemical reagents used in this study, including colistin 

sulfate, were purchased from Millipore Sigma, if not spec- 
ified otherwise. Oligonucleotides used for library construc- 
tion, polymerase chain reaction (PCR), and quantitative PCR 

(qPCR) were ordered from Integrated DNA Technologies; 
sequences are listed in Supplementary Table S1 . Phagemid 

vector pADL-10b and helper phage CM13d3 were obtained 

from Antibody Design Labs. All restriction enzymes, Q5 PCR 

reagents, and DNA HiFi assembly kit reagents were purchased 

from New England Biolabs. DNA purifications from enzy- 
matic reaction steps (restriction enzyme digestion and PCR) 
were performed using the QIAquick PCR Purification Kit (Qi- 
agen). DNA purifications from agarose gel electrophoresis 
were performed using the QIAquick Gel Extraction Kit (Qi- 
agen). Purification of colistin-M13 

PAB was conducted using 
Slide-A-lyzer (20K MWCO, Thermo Fisher Scientific). Mix & 

Go! Competent Cells-JM109 were used for all transforma- 
tions (Zymo Research). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
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Scheme 1 . M1 3 phage and the metagenome-deriv ed RBP libraries. ( A ) T he WT M13 phage has a filamentous morphology that is ∼880 nm in length and 
6.6 nm in diameter [ 34 ]. The phage protein shell is composed of ∼2700 copies of the major capsid protein g8p with one end capped by five copies of 
the minor capsid proteins g7p and g9p, and the other end with five copies of the minor capsid protein g6p and the RBP g3p. Physical dimensions are 
indicated. ( B ) P utativ e Ino viridae RBPs w ere identified comput ationally through met agenome mining using kno wn RBPs of characteriz ed Ino viridae 
family members. ( C ) WT g3p is composed of the N1, N2, and C terminal domains connected by glycine-rich linkers. In the recombinant libraries, the N1 
and N2 domains and intervening linker were replaced with the putative RBD from the phage metagenome. Created in BioRender. Chen, I. (2025) 
https:// BioRender.com/ ndq4658 . 
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icrobial strains 

he microbial strains used in this study and their sources are
iven in Table 1 . Bacterial and yeast strains were revived from
lycerol stocks stored at −80 

◦C by streaking on LB agar plates
nd culturing in a 37 

◦C incubator. A single colony from each
late was inoculated into the corresponding liquid culture and

ncubated at 37 

◦C with shaking at 220 rpm. To ensure bacte-
ia were fully revived, the cells were subcultured > 3 times by
noculating 100 μL of overnight culture into 10 mL of fresh
edia prior to use. 
Clinical strains were obtained from routine aerobic bacte-
rial cultures performed in the UCLA Clinical Microbiology
Laboratory. All clinical isolates in this study were obtained
from lower respiratory tract specimens, including sputum and
bronchoalveolar lavage, and deidentified. Samples were inoc-
ulated on sheep blood agar plates (Becton Dickinson, MD,
USA) and incubated at 35 

◦C in 6%–10% CO 2 for 12 to 24 h.
Isolates were identified to species level using matrix-assisted
laser desorption / ionization time-of-flight mass spectrometry
(MALDI-TOF, VITEK MS, BioMérieux, NC, USA). 

https://BioRender.com/ndq4658
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Table 1. List of species, strains, and sources for microorganisms used in this work 

Species Strain name Source 

Esc heric hia coli ATCC 700927 American Type Culture Collection (ATCC) 
Esc heric hia coli DH5 α Zymo Research (Irvine, CA) 
Esc heric hia coli ATCC 25922 ATCC 

Pseudomonas aeruginosa ATCC 25102 ATCC 

Pseudomonas aeruginosa PAKpmrB6 Jian Li, Monash University [ 35 , 36 ] 
Pseudomonas aeruginosa 14 clinical isolates, designated A through M, and O UCLA Clinical Microbiology Laboratory 
Pseudomonas aeruginosa Clinical Strain 320 UCLA Clinical Microbiology Laboratory 
Klebsiella pneumoniae ATCC 700603 ATCC 

Klebsiella pneumoniae 4 clinical isolates, designated A through D UCLA Clinical Microbiology Laboratory 
Acinetobacter baumannii ATCC 19606 ATCC 

Burkholderia cepacia ATCC 25416 ATCC 

Chronobacter sakazakii ATCC 25944 ATCC 

Saccharomyces cerevisiae ATCC 204508 / S288c (Baker’s yeast) ATCC 
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RBP library design from metagenomic data 

To create a phagemid library expressing potential phage
RBDs fused to the C-terminal domain of M13 g3p, we used a
published metagenomic database containing 10 293 inovirus-
like genome sequences identified using machine learning [ 33 ].
The inovirus-like genomes, organized in GenBank files with
annotations, contain 75 325 open reading frames in total. A
local database containing these open reading frames (ORFs)
(putative inovirus protein or “PIP” database) was created (PIP
database, Supplementary Data File 1 ). The PIP database was
used to design two different phagemid libraries using charac-
terized inovirus RBPs as reference sequences. Putative RBD
sequences from the PIP database were included based on sim-
ilarity to reference sequences. The two libraries were designed
as follows. 

The first library (“Pa-RBD” library) was designed to tar-
get P. aeruginosa. The PIP database was searched for se-
quences similar to the RBPs from P. aeruginosa filamentous
phage Pf1 [ 37 , 38 ] (reference sequences: GenBank protein ID:
AAQ94686.1 and NP_039604.1; Supplementary Fig. S1 ) [ 39 ,
40 ]. Protein sequences in the PIP database with high similar-
ity to each reference sequence were identified using the Ba-
sic Local Alignment Search Tool (NCBI BLAST+ 2.11.0; de-
fault settings) [ 41 , 42 ] and sequence hits with E -value > 0.002
were removed. Given limitations on pool synthesis (described
below) and the length of the two reference RBPs (437 and
439 amino acids), we removed sequences < 300 or > 550
amino acids long (Code 2). To reduce redundancy, a pair-
wise alignment score was calculated among the remaining
hits using the Biopython package “pairwise2” module [ 43 ].
For any pair of hits having a pairwise alignment score ≥320,
the hit with a greater E -value was removed (Code 3). The
remaining hits for the two reference RBPs were combined
and any duplicates were removed (Code 4). A starting Met
was added to any sequences that did not begin with Met
(Code 5). Since signal peptides [ 44 ] are expected on true
RBPs, SignalP 5.0 (Version 5.0b, Platform: Linux) was used to
identify signal peptides, and sequences lacking them were re-
moved [ 45 ]. Since the phagemid vector contains a signal pep-
tide for phage production in E. coli , the native predicted sig-
nal peptides were removed from the sequence designs (Code
6). The RBPs of known inoviruses, including M13, If1, and
both Pf1 phage genomes, contain a glycine-rich linker separat-
ing the C-terminal domain, which integrates into the capsid,
from the solvent-exposed N-terminal RBD [ 30 ]. To identify
putative glycine-rich linkers in sequence designs, a sliding win-
dow of 30 amino acids was applied to identify the region with 

the highest combined abundance of linker-prone amino acids 
(Gly, Glu, Asn, Thr, Asp, Ser, and Pro) in each design [ 46 ]. The 
region N-terminal to the putative linker was designated as the 
putative RBD for each sequence. A hit was removed if it lacked 

a putative linker (i.e. had no window containing > 9 linker- 
prone amino acids) (Code 7). Given that the reference RBDs 
have lengths of 265 and 257 amino acids and that length ho- 
mogeneity is important for synthesis, putative RBDs < 200 

amino acids in length were removed, yielding 61 sequences 
designed to comprise the Pa-RBD library (Pa-RBD designs,
Supplementary Data File 1 ). Each putative RBD was manually 
inspected to ensure that no flexible linker domain remained in 

the RBD. The amino acid sequences were reverse-translated 

using the Python library “DNA Chisel” following a previ- 
ously described codon bias ( Supplementary Table S2 ) [ 47 ] 
and avoiding restriction sites for enzymes MlyI, NcoI, and 

AgeI, as well as consecutively repetitive 9-bp stretches (Code 
8). Flanking primer sequences (Gibson_upstream and Gib- 
son_downstream) were added to the beginning and end of 
each hit design for later PCR amplification, resulting in 61 

DNA sequences. 
The DNA sequences were designed to be assembled from 

synthetic oligonucleotides of fixed length (260 bp), with 

the following structure from 5 

′ to 3 

′ : a primer sequence 
Oligo_upstream (20 bp), followed by a designed Pa-RBD 

sequence (220 bp), and ending with the primer sequence 
Oligo_downstream (20 bp). The two primer sequences were 
used to amplify the oligonucleotides by PCR and were then re- 
moved using the type IIS restriction enzyme MlyI. For Gibson 

assembly to synthesize library sequences, adjacent oligonu- 
cleotides were designed to have 30 bp overlaps. Therefore,
assembly of four oligonucleotides could give an RBD up to 

229 amino acids. We designed two assembly reactions to 

create the Pa-RBD library: one comprising the 43 hits that 
could be assembled from four oligonucleotides (Pa4 assem- 
bly) and another comprising the 18 sequences that required 

five oligonucleotides (Pa5 assembly). Oligonucleotides were 
designed from the reverse-translated sequences by breaking up 

the desired RBD sequence into 220 bp-long sequences with 30 

bp overlap between adjacent oligonucleotides. The last frag- 
ment of the putative RBD was not necessarily 220 bp. If its 
length was ≤64 bp, the sequence was designed to be 64 bp 

long using the fill_up dummy sequence ( Supplementary Table 
S1 ) at matching positions. Then, any last fragments under 220 

bp were designed to be 220 bp long by adding a series of T 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
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ucleotides (260 bp total including the PCR primers, Code
). The sets of 172 (Pa4 oligos, Supplementary Data File 1 )
nd 90 (Pa5 oligos, Supplementary Data File 1 ) oligonu-
leotides were synthesized (Integrated DNA Technologies).
he design process of the Pa-RBD library is summarized in
upplementary Fig. S2 . 

The second library (“Ino-200RBD” library) created a
ore diverse set by sampling a larger fraction of the in-
virus metagenome RBDs, using a process summarized in
upplementary Fig. S3 . We followed the same strategy as
utlined above for the Pa-RBD library, with the follow-
ng changes. We used 39 characterized inovirus RBPs (all
nown inovirus RBPs as of Sep. 2022; Ino-200RBD ref seqs,
upplementary Data File 1) as reference sequences for BLAST.
o hits were removed based on E -values. Based on the rela-

ively poor assembly efficiency we observed from Pa5 com-
ared to Pa4 (see the “Results” section), we constrained the
BD design in Ino-200RBD to the N-terminal 229 amino
cid residues of each RBP, which would be amenable to four-
ragment assembly (Code 11). RBDs with protein sequences
ontaining “GGG” were removed to avoid glycine-rich do-
ains (Code 12). To limit the number of library members for

easible assembly ( ∼50 library members per pool), we ranked
andidate RBDs by a similarity score. Each PIP database mem-
er could match ≥1 of the 39 reference sequences. A sim-
larity score was calculated as the sum of the reciprocals
f E -values for matching reference sequences, and the top-
coring 200 candidates were identified (Ino-200RBD designs,
upplementary Data File 1 , Code 10). Oligonucleotides were
esigned and synthesized as described for the Pa-RBD library
Ino-RBD oligos, Supplementary Data File 1 ), noting that the
ummy sequence was not needed. These 200 candidates were
plit into four pools (InoN, where N = 1 to 4) for assembly
200 oligonucleotides per pool). 

onstruction of phagemid libraries 

he Pa4, Pa5, and four InoN assembly reactions were con-
ucted as follows. Two nanograms of the oligonucleotide
ool ( ∼7 × 10 

7 copies of each oligonucleotide) were am-
lified by 15 PCR cycles using primers Oligo_upstream and
ligo_downstream and purified using a QIAquick PCR pu-

ification kit (Qiagen). The purified pool was digested by
lyI and purified using a QIAquick PCR purification kit.

ach pool was assembled using the NEBuilder ® HiFi DNA
ssembly Master Mix (New England Biolabs) following the
anufacturer’s protocol. In brief, 10 μL of water contain-

ng 0.2 pmol of each digested and purified oligonucleotide
as mixed with the reaction master mix and incubated at
0 

◦C for 1 h. The reaction products were amplified by 20
CR cycles, using primers InsertApm_upstream and Inser-
Apm_downstream, and run on a 1% agarose gel. DNA from
he desired band was purified using the QIAquick Gel Extrac-
ion Kit. 

An AgeI restriction site was introduced on the phagemid
ector pADL-10b at the beginning of the pIII glycine-
ich linker by mutating amino acid Ser239 to Thr using
ite-directed mutagenesis as follows. The vector pADL-10b
as amplified for 15 PCR cycles using mutagenic primers

239T_Forward and S239T_Reverse, treated with KLD En-
yme Mix, and transformed into chemically competent cells.
he cells were grown and plasmid was purified using a
iniprep kit. The resulting phagemid vector pADL10b-S239T
and each assembly pool (Pa4, Pa5, and four InoN assembly
pools) were double-digested with restriction enzymes NotI
and AgeI, purified, ligated using ElectroLigase, and trans-
formed into competent cells. The phagemid libraries were
amplified by growth in E. coli and collected from cells us-
ing the QIAprep miniprep kit (Qiagen). The cells containing
phagemid libraries for the four InoN assembly reactions were
pooled, making the final Ino-200RBD phagemid library. The
Pa4, Pa5, and Ino-200RBD phagemid libraries were linearized
by single digestion with NcoI, purified, and characterized by
PacBio sequencing. The library preparation and sequencing
were conducted by CD Genomics (A Division of CD Bio-
sciences, Inc., NY) Complete Plasmid Sequencing service us-
ing PacBio SMRT sequencing (single-molecule, ZMW-based,
long-read) for real-time base detection and consensus-based
accuracy. The Pa4 and Pa5 libraries were pooled together, cre-
ating the Pa-RBD phagemid library. 

Characterization of phagemid libraries 

To analyze the Pa4, Pa5, and Ino-200RBD libraries from
PacBio sequencing data, all reads were first extracted into
FASTA file format using the SMRT Link software (version
10.1.0.119588) [ 48 ]. Each read was screened by identifying
the glycine-rich linker and signal peptide on phagemid vec-
tor pADL10b-S239T to isolate the intervening RBD sequence
(Code 13). Only DNA sequences with both the signal pep-
tide and the glycine linker with AgeI restriction site were con-
sidered valid phagemids from the library, such that an exact
match to 33 nucleotides was required. Given an observed frac-
tional yield of valid reads ( y ), this requirement allows calcu-
lation of an upper bound on the effective sequencing error
rate ( μ); namely, (1- μ) 33 < y . For y = 80%, μ < 0.67%.
Reads in which the glycine-rich linker was found as a reverse
complement were converted to the forward strand. The se-
quences with codons in-frame were translated in silico , and
sequences that were out-of-frame were removed from the li-
braries (Code 13). Sequencing read databases (SR databases
Pa4_read, Pa5_read, and Ino200_read) were generated us-
ing BLAST+, containing the translated putative RBDs from
PacBio reads of each library. The number of times each unique
protein sequence was found in each SR database was deter-
mined. 

To match each sequence read in the SR databases to se-
quences in the original design, each read was compared to the
corresponding designed phagemid library using BLAST+, and
the three designed sequences with the lowest E -values were
recorded (Code 14). As a control, the same analysis was per-
formed on the set of reference sequences to establish the distri-
bution expected whether the sequence reads conformed per-
fectly to the design. To represent the sequencing data, force-
directed graphs were created using the Javascript D3 graphing
library [ 49 ]. The force governing the placement of the nodes
was related to the E -value between the reference and RBD se-
quences; specifically, E -values were scaled by dividing by the
mode E -value in the dataset followed by a log-transformation,
and the minimum value was used as a baseline, according to
the following equation (Code 17–21). 

fo rce ∝ log 
(

E value 
)

− min ( log 
(

E value 
)

) . 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
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Production and purification of phage libraries 

One milliliter of frozen glycerol stock of E. coli cells trans-
formed with each phagemid library (5 × 10 

8 cells / mL) was
inoculated in 10 mL of 2 ×YT media with 100 μg / mL ampi-
cillin and 1% w / v glucose, and grown at 37 

◦C at 250 rpm
until OD 600 = 2. Then 1 mL of the culture was sub-cultured
in 45 mL of the same media until OD 600 = 0.5. Fifty mi-
croliters of helper phage CM13d3 at 1 × 10 

13 virions / mL
were added to the culture for superinfection and cultured
for 30 min, followed by supplementation of isopropyl β-D-
1-thiogalactopyranoside (IPTG) and kanamycin to 200 μM
and 50 μg / mL, respectively, to induce recombinant pIII ex-
pression to produce phages. The cells were cultured overnight
at 25 

◦C with shaking at 200 rpm and then pelleted by cen-
trifugation at 7000 × g for 10 min. The supernatant was fil-
tered through a 0.22 μm nitrocellulose filter, and the filtrate
was concentrated to 2 mL volume and buffer-exchanged to
1 × PBS buffer using an Amicon Ultra-15 Centrifugal Filter
50 kDa MWCO (Millipore). The phage concentration was
determined by spectrometry following the equation 

virions 
mL =

( A 269 − A 320 ) ×6 ×10 16 

numb er of b ases 
phag e g enome 

and confirmed by qPCR using primer pair

qPCR_upstream and qPCR_downstream [ 50 , 51 ]. The phages
were diluted to 1 × 10 

13 virions / mL with 1 × PBS buffer and
stored at 4 

◦C for short-term storage. 

Phage selection for binding bacterial cells 

To identify members of the Pa-RBD and Ino-200RBD
phagemid libraries that bind target pathogens, two rounds of
selection were performed as follows. Four milliliters of log-
phase cell culture (OD 600 = 1) of the target pathogens were
grown in LB media at 37 

◦C [ P. aeruginosa strains: ATCC
25102, engineered strain PAK pmrB6 (Pm 

r ), and 15 clinical
strains; E. coli strains: DH5 α and ATCC 700927; A. bauman-
nii strain ATCC 19606; B. cepacia strain: ATCC 25416; C.
sakazakii strain: ATCC 25944; and K. pneumoniae strains:
ATCC 700603, and four clinical strains] ( Table 1 ). Cells were
pelleted by centrifugation at 5000 × g for 5 min, washed twice
in 1 × PBS buffer, and resuspended in 1 × PBS at the original
volume [ 36 , 52 ]. One hundred microliters of purified phage
at 1 × 10 

13 virions / mL were mixed with the cells and in-
cubated on a rotator for 30 min at room temperature. The
cells were spun down at 3000 × g and washed with 5 mL
of 1 × PBS buffer with 1% w / v bovine serum albumin (BSA)
three times. The cells and any bound phages were pelleted and
DNA was extracted from the pellet using a Qiagen miniprep
kit. The DNA was eluted in 25 μL of Milli-Q 

® water, and
phage sequences were amplified by 15 PCR cycles using back-
to-back primers OrfiF1longForward and OriF1longReverse.
The PCR products were purified using a QIAquick PCR Pu-
rification Kit, circularized by ligation using KLD enzyme mix,
and transformed into competent cells ( E. coli strain TG1). The
transformed cells were cultured to produce phages and the se-
lection steps were repeated as described earlier. After the sec-
ond round of selection, the transformed cells were plated on
LB agar plates supplemented with 100 μg / mL ampicillin and
incubated at 37 

◦C overnight. Sixty colonies were picked from
each library selection and sent for Sanger sequencing using
primers Sequencing_upstream and Sequencing_downstream. 

qPCR phage-bacteria binding assay 

The quantity of phages binding to different bacterial targets
in each sample and the concentration of phage stocks were
determined using qPCR. For stock solutions, dilution to 100 

μL was used for the sample. To quantify the amount of phage 
binding to different bacterial cell targets, a known quantity of 
phages in 100 μL volume was mixed with 1 mL of bacterial 
cells in the exponential growth phase at a concentration of 
OD 600 = 1 and incubated for 30 min at room temperature.
The samples were centrifuged at 4000 x g for 5 min, washed 

two times with 1 × PBS buffer, and resuspended in 1 × PBS 
buffer back to the original volume. 

For qPCR, samples were processed by the QIAprep Spin 

Miniprep Kit (Qiagen; standard protocol) to lyse bacterial 
cells and / or phage capsids and collect phagemid DNA. DNA 

was eluted from the spin columns in 50 μL of MilliQ water.
Phagemid in the eluted samples was quantified using qPCR 

with a standard curve made from a known concentration stan- 
dard of purified phagemid vector pADL-10b. The qPCR as- 
say was carried out in 10 μL reaction volumes with triplicates 
for samples and duplicates for standards using SYBR Green 

Master Mix (Bio-Rad Laboratories) with primer set qPCR- 
upstream and qPCR-downstream on a Bio-Rad C1000 PCR 

machine. PCR conditions: 95 

◦C for 30 s, then 45 cycles of 30 

s at 95 

◦C and 15 s at 60 

◦C, followed by melt curve analysis 
(10 s at each increment using 0.5 

◦C increments up to 95 

◦C). 

M13 

PAB deletion mutants 

Based on the predicted structure of PAB protein by Al- 
phaFold2, four regional deletion mutants of PAB were de- 
signed: N-terminus deletion mutant (dNT-PAB), α-helix dele- 
tion mutant (d α-PAB), β-sheet deletion mutant (d β-PAB), and 

C-terminus deletion mutant (dCT-PAB). Primer pairs used for 
PCR mutagenesis of the pADL-10b derivative expressing PAB 

were: dNT -PAB-F with dNT -PAB-R, d α-PAB-F with d α-PAB- 
R, d β-PAB-F with d β-PAB-R, and dCT-PAB-F with dCT-PAB- 
R, respectively ( Supplementary Table S1 ). PCR mutagenesis 
was performed using Q5 Hot Start High-Fidelity 2 × Mas- 
ter Mix (New England Biolabs) and amplicons were circular- 
ized by a kinase, ligase, and DpnI (KLD) enzyme mix (New 

England Biolabs). Plasmids were verified by whole-plasmid 

sequencing and subsequently transformed into Mix & Go 

TG1 cells (Zymo Research), which were grown on ampicillin- 
containing LB agar plates. Cultures of TG1 cells transformed 

with each deletion mutant were stored as 10% glycerol stocks 
at −80 

◦C until further use. Chimeric M13 phages expressing 
these deletion mutants of PAB as RBDs were produced and 

quantified as described earlier. 

Transmission electron microscopy 

Samples were prepared for transmission electron microscopy 
(TEM) of bacterial cells, phages, and phages bound to bacte- 
rial cells following a previously developed protocol [ 53 ]. Cell 
samples were prepared by inoculating an overnight culture 
into 10 mL fresh MH broth (1:20 v / v) and allowing the cul- 
ture to grow to OD 600 = 0.5. The cells were washed twice with 

1 × PBS buffer and resuspended to 1 / 5 of the original volume.
Phage samples were prepared at 1 × 10 

13 virions / mL. To im- 
age phages bound to cells, 100 μL of phages were mixed with 

100 μL of the bacterial suspension and incubated for 30 min,
washed two times using 1 × PBS buffer with 1% w / v bovine 
serume albumin (BSA), and resuspended to 100 μL volume.
The TEM sample grids were prepared at room temperature 
by loading 8 μL of each sample on a Formvar / Carbon 200 

Mesh, Ni TEM grid (Electron Microscopy Science) and incu- 
bating for 2 min. The sample grid was washed four times with 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
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ashing solution (1 × PBS buffer with 1% BSA) and blocked
ith blocking solution (1 × PBS buffer with 0.5% w / v gelatin)

or 1 h at room temperature. To label the phages, the sam-
le grid was incubated with primary anti-M13pVIII antibody
Thermo Fisher Scientific) for 1 h, washed with washing so-
ution four times, incubated with gold nanoparticles (6 nm
ia.) coated with donkey anti-mouse IgG (Abcam) for 1 h,
nd washed with water five times. The sample was negatively
tained with 8 μL of 1% uranyl acetate for 1.5 min, dried with
 Kimwipe, and imaged on an FEI Tecnai T12 transmission
lectron microscope. 

ynthesis of colistin-M13 

PAB 

rimary amines on M13 

PAB phage were blocked by mixing 1
L of phage at 1 × 10 

13 virions / mL in 1 × PBS buffer with 10
M Sulfo-NHS-Acetate on a rotator for 2 h at room temper-

ture. The sample was dialyzed for 2 h three times using 1 ×
BS buffer and two times with 0.1 M MES (pH 5.5) buffer
t 4 

◦C, using a Slide-A-Lyzer dialysis cassette (20K MWCO,
hermo Fisher Scientific). The phage product was then incu-
ated with a mixture of EDC (20 mM) and Sulfo-NHS (50
M) in 100 μL of water for 20 min at room temperature for

ctivation. The sample was dialyzed three times in 1 × PBS
pH 7.2) buffer for 40 min at 4 

◦C and was mixed with 1 ×
BS to reach 1 × 10 

12 virions / mL concentration. One hun-
red microliters of colistin sulfate (0.75 mg / mL) was mixed
ith 1 mL of activated phage and incubated at room tem-
erature for 2 h on a rotator. The product, colistin-M13 

PAB ,
as purified using dialysis for 4 h two times with 1 × TBS
uffer and three times with 1 × PBS buffer at 4 

◦C, then fil-
ered through a 0.22 μm nitrocellulose membrane filter. The
oncentration of colistin-M13 

PAB was determined using UV
pectrometry as described earlier, and the sample was stored
t 4 

◦C for short-term storage up to 12 weeks. For amino acid
omposition analysis, 1 × 10 

13 virions of colistin-M13 

PAB in
otal were synthesized in four separate batches and pooled
ogether into one sample tube for analysis by Creative Pro-
eomics (Shirley, New York). 

inimal inhibitory concentration and minimal 
actericidal concentration assay 

o characterize the colistin and colistin-M13 

PAB minimal in-
ibitory concentration (MIC) and minimal bactericidal con-
entration (MBC), we followed an established microdilution
rotocol [ 54 , 55 ]. In a nontreated, U-shaped bottom 96-well
late (Fisher Scientific), 5 × 10 

5 CFU of log-phase bacterial
ells in Mueller–Hinton (MH) broth were added to each well
xcept wells in the last column. Colistin or colistin-M13 

PAB ,
erially diluted in MH broth in two-fold dilutions, was added
o each well ( N = 3 replicates for each reagent at each con-
entration). In the second to last column, 50 μL of MH broth
ithout antibiotics was added to wells as a growth control

 N = 3). In the last column, 100 μL of MH broth was added
o wells as sterility controls ( N = 3). The sterile covered plates
ere incubated overnight without shaking at 37 

◦C. The cell
rowth in each well was measured by optical density at 600
m on a plate reader (Tecan Group Ltd). A lack of visible cell
ellet was observed to always correspond to a < 0.2 increase
f OD 600 value in these experiments, and these observations
ere interpreted as no cell growth in a well. The well contain-

ng the lowest concentration of each antibiotic resulting in no
rowth indicated the MIC. To determine the MBC, 50 μL of
the culture at the MIC and higher reagent concentrations were
spread onto MH agar plates and incubated overnight at 37 

◦C.
The plates without colony growth indicated the reagent was
bactericidal at that concentration, and the lowest bactericidal
concentration gave the MBC. 

In vitro hemolysis assay 

To characterize the hemolysis activity of colistin and colistin-
M13 

PAB at serially diluted concentrations, an established
hemolysis assay protocol was followed [ 55 , 56 ]. Five
milliliters of 10% sheep red blood cells (MP Biomedicals) were
washed five times with 1 × PBS buffer by spinning down at
500 × g for 5 min on a benchtop centrifuge, discarding su-
pernatant, and gently resuspending to the original volume in
1 × PBS buffer. After the last washing step, the sample was
diluted to a 4% red blood cell solution and aliquoted into
1.5 mL Eppendorf tubes (100 μL in each tube). One hundred
microliters of colistin or colistin-M13 

PAB at 2 × the desired fi-
nal concentration, 1 × PBS for negative control, or 2% Triton
X-100 for positive control, was added to each tube ( N = 3).
The mixtures were incubated for 1 h at 37 

◦C. After incuba-
tion, samples were spun down at 500 × g for 5 min, and 100
μL of supernatant from each tube was transferred into a 96-
well plate. Absorbance at 405 nm was measured using a plate
reader and the hemolytic activity was determined using the
following equation: 

% hemolysis = 

(
A sample − A PBS 

)
/ ( A Triton X −100 − A PBS ) , 

where A sample , A PBS , and A Triton X-100 are absorbance values at
405 nm of the experimental sample, negative control, and pos-
itive control, respectively. 

In vitro mammalian cell toxicity assay 

The toxicity of colistin and colistin-M13 

PAB on mammalian
cell cultures was assessed using human embryonic kidney
(HEK-293) cells (ATCC CRL-1573) following a previously
established protocol [ 57 , 58 ]. The cells were revived from liq-
uid N 2 storage (90% FBS, 10% dimethyl sulfoxide (DMSO))
by thawing in a 37 

◦C water bath, pelleting, and resuspend-
ing in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1% antibi-
otics (penicillin / streptomycin) in Falcon 

® polystyrene tissue
culture flasks with ventilated caps (Corning). The cells were
incubated at 37 

◦C with 5% CO 2 until 80%–90% confluency.
Then, cells were detached from the culture flask using trypsin-
EDTA and seeded at a density of 1 × 10 

4 cells / well in 24-
well plates (Corning). The cells were then treated with DMEM
containing 1% antibiotics (penicillin / streptomycin) and sup-
plemented with either colistin sulfate (2, 8, or 64 μg / mL) or
colistin-M13 

PAB (5 × 10 

9 , 1 × 10 

10 , or 2 × 10 

10 virions / mL).
HEK-293 cells were also cultured in DMEM with or without
penicillin / streptomycin as controls ( N = 3). The media was
refreshed every 2 days. 

HEK-293 cell viability, indicated by metabolic activ-
ity, was quantified using 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide MTT assay (Millipore Sigma)
following the manufacturer’s protocol. After 1, 3, and 5 days
of culture, 100 μL of 5 mg / mL MTT stock solution was added
to the wells, incubated for 4 h at 37 

◦C, and mixed with 1 mL
of solubilization solution and incubated at 37 

◦C overnight.
The absorbance of the samples was read at 550 nm (reference
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wavelength at 650 nm) using a Tecan Infinite M200 PRO plate
reader (Tecan Group Ltd). 

HEK-293 cell spreading and morphology were observed
by staining the cells with Alexa Fluor 594 phalloidin and
4 

′ 6-diamidino-2-phenylindole dihydrochloride (DAPI) (Invit-
rogen) staining at room temperature. After 1, 3, and 5 days of
culture, the cells were fixed using 4% (v / v) paraformaldehyde
for 10 min, washed with 0.3% (v / v) Triton-X for 10 min, and
blocked with 1 × PBS buffer containing 1% BSA for 30 min
at room temperature. A light-sensitive mixture of 0.1% (v / v)
Alexa Fluor 594 phalloidin and 0.05% (v / v) DAPI in 1 × PBS
was added to stain the cells for 20 min. All procedures were
conducted at room temperature. After washing with 1 × PBS
for two times, the cells were imaged with an AxioObserver Z1
inverted microscope (Zeiss) ( N = 2). 

Results 

Construction of phagemid libraries 

To construct libraries of recombinant M13 phages with RBD
sequences from the Inoviridae family, we searched for se-
quences with similarity to known Inovirus RBDs in a pu-
tative Inovirus protein database (“PIP” database). The PIP
database was created from protein sequences encoded by
10 295 Inovirus -like genomes previously identified using ma-
chine learning from published metagenomic databases [ 33 ].
Using two P. aeruginosa filamentous phage RBPs as references,
we designed a “Pa-RBD” library theoretically consisting of
61 protein sequences. Using all known Inovirus RBPs (39 se-
quences as of Sep. 2022; Supplementary Data File 1 ) as ref-
erence sequences, we identified the top 200 candidates for an
“Ino-200RBD” library design. 

To synthesize the sequences, we conducted several pooled
oligonucleotide assembly reactions (Scheme 2 ). Each reaction
contained gene fragments with 30 bp overlapping regions be-
tween adjacent fragments that would be assembled into mul-
tiple full-length genes using Gibson assembly [ 59 ]. Two as-
sembly reactions were used to synthesize the Pa-RBD library:
one for the 43 sequences that could be assembled from four
oligonucleotides each (Pa4 library) and one for the 18 se-
quences that required five oligonucleotides each (Pa5 library).
The larger Ino-200RBD library was synthesized using only
four-oligonucleotide assembly, truncating sequences past the
first 229 amino acids of each RBD, using four reaction pools
with each pool theoretically assembling 50 sequences. The
Gibson assembly reactions resulted in DNA of approximately
the expected lengths ( Supplementary Fig. S4 A). The assem-
bled products were amplified by PCR, digested, cloned into
phagemid vector pADL10b-S239T, and transformed into E.
coli competent cells. 

DNA from the Pa4, Pa5, and Ino-200RBD phagemid
libraries was characterized using PacBio sequencing (see
the “Data Availability” section). Valid reads were defined as
reads demonstrating an in-frame protein placed between the
signal peptide and the glycine-rich linker of the phagemid vec-
tor. While the Pa4 and Ino-200RBD libraries gave a high yield
of valid reads ( ∼80%), the Pa5 library gave a lower yield
(7.5%) ( Supplementary Fig. S5 ), suggesting inefficient assem-
bly of five fragments. 

The length distribution of valid reads roughly matched the
design for the three libraries ( Supplementary Fig. S6 ). To deter-
mine whether the designed sequences were assembled within
the libraries, the Levenshtein distance was calculated for each 

read to the reference sequences. For the Pa4, Pa5, and Ino- 
200RBD libraries, 83.7%, 66.7%, and 34.5% of the designed 

sequences had a Levenshtein distance of < 100 bp to a se- 
quence read in the corresponding library , respectively . How- 
ever, the majority of reads did not exactly match a designed 

sequence, indicating a substantial amount of unintended frag- 
ment combinations and / or mutations (Fig. 1 ); indeed, 0 / 18,
26 / 43, and 30 / 200 of the designed sequences were observed 

in the PacBio sampling of the Pa4, Pa5, and Ino-200RBD li- 
braries, respectively. Of the valid reads, the vast majority were 
unique ( > 99.9%; 29 047 out of 29 056 reads) in the Pa5 

library, compared to 55.7% (16 956 out of 30 420 reads) 
in the Pa4 library and 23.8% (15 380 out of 64 583 reads) 
in the Ino-200RBD library. Overall, library synthesis using 
pooled assembly resulted in an unexpectedly diversified set of 
sequences. While the library design was based on the Inovirus 
metagenome, the synthesized library contained many addi- 
tional recombinants. While some of the designed sequences 
were observed in the library, at the same time, most of the syn- 
thesized sequences increased the library complexity beyond 

the original design. 

In vitro selection of recombinant phage binding to 

P. aeruginosa strains 

Pa4 and Pa5 were combined into a single library, Pa-RBD.
To identify P. aeruginosa -binding clones, phages were pro- 
duced from the Pa-RBD library (1 × 10 

12 virions) and incu- 
bated with ∼4 × 10 

8 CFU of bacteria from each of 15 dif- 
ferent P. aeruginosa strains (ATCC 25102 and 14 clinical iso- 
lates; Table 1 ). Cells were spun down and washed, and un- 
bound phages were discarded. Phagemid DNA from the pel- 
let was extracted, amplified, and transformed into competent 
E. coli cells to produce phages for a second round of selec- 
tion. After the second round, phages binding to P. aeruginosa 
strain ATCC 25102 and nine of the clinical isolate strains 
(A, B, C, E, F, G, J, K, L) were detected by PCR amplifying 
the phagemid ( Supplementary Fig. S4 B). However, five clinical 
isolates (D, H, I, M, and O) did not yield a visible PCR band,
indicating no detectable phage was bound to these cells after 
two rounds of selection. For each of the 10 strains exhibit- 
ing bound phages, we randomly sampled 60 phagemid clones 
through Sanger sequencing. A single member of the Pa-RBD 

library (phage designated “M13 

PAB ”) dominated the bound 

phages across strains, constituting > 90% of sampled clones,
indicating that M13 

PAB could recognize multiple strains of P.
aeruginosa . M13 

PAB showed similarity to two Pa-RBD designs 
(24 937 and 50 842 in Supplementary Data File 1 ; Fig. 1 B) in 

the Pa5 library, suggesting that it arose as a recombinant of 
these two designs (Fig. 2 A and B). M13 

PAB phages were pro- 
duced, purified, and verified for binding by qPCR to the six P.
aeruginosa strains that had yielded M13 

PAB during the selec- 
tion (ATCC 25102 and clinical strains A, B, C, E, and F). To 

test the breadth of activity, M13 

PAB was also assayed for bind- 
ing to the polymyxin-resistant strain PAK pmr B6 and to clin- 
ical strain M, against which M13 

PAB was not initially selected 

(Fig. 2 C). M13 

PAB phage exhibited > 100-fold more binding to 

each P. aeruginosa strain compared to a negative control ( Sac- 
charomyces cerevisiae ). TEM images confirmed that M13 

PAB 

phage was bound to the bacterial cell wall through one ter- 
minus of the virion structure and not bound via the sidewall,
consistent with binding mediated by g3p (Fig. 3 ). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
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Scheme 2. Construction strategy of phage RBD libraries. Colored blocks represent matching sequences among the oligonucleotides. Each oligo in the 
initial single-stranded DNA (ssDNA) pool contained five regions from 5 ′ to 3 ′ : an upstream PCR amplification domain (black), an upstream Gibson 
assembly o v erlap region (v arious colors), a nono v erlapping RBD-encoding region (gra y, with RBD “A” designed to be assembled in order from segments 
A1 to A4, and so forth), a downstream Gibson assembly overlap region (various colors), and a downstream PCR amplification domain (navy). The ssDNA 

oligo pool was amplified by PCR using primers targeting the 5 ′ (black) and 3 ′ (navy) regions. The resulting products were digested using type IIS 
restriction enzymes to remo v e the PCR primer regions, leaving blunt ends. The fragments were then assembled by Gibson assembly (NEBuilder HiFi 
DNA Assembly), which in theory would produce the RBDs as illustrated. The assemblies were PCR-amplified using primers targeting the 5 ′ and 3 ′ ends 
(pink and purple), digested with NotI and AgeI, and cloned into the phagemid v ector pADL-10b-S239T f or transf ormation into E. coli . Triple dots represent 
the presence of more RBD sequences progressing through the depicted w orkflo w. T he schematic sho ws f our-oligo assembly per RBD, as used in Pa4 
and the Ino-200 libraries, while the Pa5 library used five-oligo assembly. Created in BioRender. Chen, I. (2025) https:// BioRender.com/ kyjhqhk . 
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ffect of sequence deletions on M13 

PAB phage 

inding activity 

he RBD of M13 

PAB was a 92-mer (MW: 10 kDa) peptide
ermed the “PAB” protein here, which is expected to be nega-
ively charged (theoretical pI = 4.16). Using AlphaFold2, PAB
as predicted to be composed of four domains: an unstruc-

ured N-terminal domain (residues 1–20), an α-helix (residues
21–35), a β-sheet (41–73), and a disordered C-terminal re-
gion (residues 74–92) [ 60–62 ] (Fig. 4 A and Supplementary 
Table S6 ). To identify the region important for P. aerugi-
nosa binding, four deletion mutants were created, correspond-
ing to the deletion of each domain: M13 

PAB -dNT, M13 

PAB -
d α, M13 

PAB -d β, and M13 

PAB -dCT, respectively. The produc-
tion of phage virions from each mutant was confirmed by UV-

https://BioRender.com/kyjhqhk
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
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Figure 1. Representation of sequence space for the designs in the Pa4 ( A ), Pa5 ( B ), and Ino-200RBD ( C ) libraries co-registered with the PacBio 
sequencing reads. Force-directed graphs were based on sequence similarity. Blue nodes (with number labels referencing the PIP database; 
Supplement ary Dat a File 1 ) represent the designed sequences; t an nodes represent a randomly selected subsample of sequencing reads [5%, 25%, 
and 25% of the valid reads in panels (A–C), respectively]. Each read was matched to the three most similarly designed RBD sequences using BLAST 
(lines; darker = more similar). Red nodes represent sequences similar to sequences selected for binding. M13 PAB was the only sequence selected out 
of the Pa4 (A) and Pa5 (B) libraries. No exact match of M13 PAB was found in the Pa4 and Pa5 reads. The BLAST e-value between each read and M13 PAB 

was calculated, and reads with e -values in the lowest quartile were highlighted as red nodes. The red nodes are concentrated around designs 24 937 
and 24 670 in the Pa5 library, suggesting an origin of M13 PAB as a recombinant of these two designs. For the Ino-200RBD library (C), multiple sequences 
were selected for binding, and sequences exactly matching the selected sequences were highlighted using red nodes. 
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Figure 2. M13 PAB receptor-binding domain and binding to P. aeruginosa strains. ( A ) Amino acid sequence of the 92-amino acid RBD of M13 PAB phage. 
Residues 1–51 (purple), 52–70 (navy), and 71–92 (brown) are identical (100% sequence identity, 0 gaps) to the first and second fragments of RBD 24947 
(24947 –1, 24947 –2) and the fifth fragment of RBD 50842 (50842–5), respectiv ely, as mapped in panel (B). ( B ) Hypothesiz ed origin of the M13 PAB RBD 

DNA sequence from Gibson assembly of three fragments. Insert_Apm_upstream and Insert_Apm_downstream are PCR priming sites used to amplify 
the assembled RBD; NotI and AgeI restriction sites were used to clone the insert into the phagemid. Lower-case x denotes nonoverlapping bases that 
contribute to the PAB coding sequence; upper-case X denotes o v erlapping sequences that contribute to the PAB coding sequence. The highlight color 
matches the DNA sequence with the amino acid sequence in panel (A). “= ” indicates bases of 24947–2 that were absent from PAB. “+” indicates 
spacer bases in 50842–5 that were added for technical reasons (see the “Materials and methods” section). ( C ) Binding of M13 PAB phage with strains of 
P. aeruginosa . M13 PAB phage (10 11 virions) was incubated with 1 mL of cells at OD 600 = 1 ( ∼10 8 cells), and bound phage was quantified by qPCR after 
washing. Binding of each P. aeruginosa strain was compared to the yeast control. Significantly greater binding to P. aeruginosa was observed in all cases 
(B onferroni-adjusted P -v alues f or pairwise tw o-sided Welch t -tests: A TCC 251 02, P < .00 1; C.S. A, P < .00 1; C.S . B , P = .035; C.S . C, P < .001; C.S . E, 
P = .002; C.S. F, P < .001; C.S. M, P = .007; pmrB6, P < .001). Data are mean ± SD ( n = 9 per group, three technical replicates for each of three 
experimental replicates). C.S. = clinical strain; pmr B6 = PAK pmr B6; yeast = S. cerevisiae ATCC204508 / S288c (gray). 
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Figure 3. M13 PAB phage bound to different P. aeruginosa strains visualized by TEM (negative stain). Since filamentous phages have similar morphology 
to bacterial str uct ures such as pili, phages were specifically labeled with gold nanoparticles (dark spheres) coated with antibodies against pVIII, allowing 
phages (y ello w darts) to be easily differentiated from other str uct ures. Gold-labeled M13 PAB phages are shown ( A ) without bacteria; or incubated with P. 
aeruginosa strain: ( B ) ATCC 25102; ( C ) clinical strain A; ( D ) clinical strain B; ( E ) clinical strain C; and ( F ) polymyxin-resistant mutant PAK pmr B6. Note that 
phage width is increased by the labeling reagents. Scale bars = 500 nm. 
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vis absorption spectrometry. Binding activity of WT and mu-
tant M13 

PAB phages to P. aeruginosa strain ATCC 25102 was
measured by incubating cells with phages, centrifuging and
washing, and quantifying bound phage by qPCR. M13 

PAB -
d α, M13 

PAB -d β, and M13 

PAB -dCT demonstrated similar bind-
ing as WT M13 

PAB , but M13 

PAB -dNT binding was reduced
by > 10-fold, indicating that the N-terminal domain was im-
portant for binding the P. aeruginosa cells (Fig. 4 B). 

Conjugation of colistin to M13 

PAB phage 

To test the ability of M13 

PAB phage to deliver antimicro-
bial cargo to P. aeruginosa , we conjugated colistin to syn-
thesize “colistin-M13 

PAB .” Colistin contains primary amines
from five 2,4-diaminobutyric acid (Dab) residues, while the
major coat protein of M13 and M13 

PAB phage, g8p, has
three solvent-accessible carboxyl groups. M13 

PAB phage was
pretreated to block reactive amines to prevent phage cross-
linking and then conjugated to colistin via EDC chemistry. The
colistin-M13 

PAB product was purified by dialysis and sterile
filtration. 

The amount of colistin conjugated per virion in colistin-
M13 

PAB was determined using amino acid composition anal-
ysis to measure the mole percentage of Thr and Leu residues,
which are part of the colistin lipopeptide. The measured com-
position was compared to expectations calculated for vary-
ing stoichiometry of colistin molecules conjugated per g8p
protein ( Supplementary Fig. S7 , Supplementary Table S3 , and 

Supplementary Text S1 ) [ 27 ]. The analysis indicated that on 

average, ∼2.5 colistin molecules were conjugated per copy of 
pVIII, or 6750 colistin molecules per virion (1.3 × 10 

−11 μg 
of colistin per virion). This measured ratio was used to calcu- 
late the concentration of colistin in colistin-M13 

PAB given the 
phage concentration. 

Antimicrobial activity of colistin-M13 

PAB on P. 
aeruginosa 

The antimicrobial effect of colistin-M13 

PAB was tested on sev- 
eral strains of P. aeruginosa , including seven clinical isolate 
strains, and compared to colistin sulfate. MIC was determined 

as the lowest concentration of colistin or colistin-M13 

PAB that 
prevented visible cell growth. From each culture lacking ob- 
servable cell growth, 50 μL were plated to determine the MBC.
To validate the MIC test, a reference strain of E. coli (ATCC 

25922) was tested and found to have an MIC of 0.5 μg / mL,
which is within the acceptable range (0.25–1 μg / mL) [ 63 , 64 ].
For colistin, strains with MIC ≤ 2 μg / mL are considered sen- 
sitive, and strains with MIC ≥ 4 μg / mL are considered resis- 
tant [ 64 , 65 ]. 

The MIC measurements showed that the colistin-sensitive 
P. aeruginosa strains were also sensitive to colistin-M13 

PAB 

( Table 2 ). Moreover, colistin-M13 

PAB reduced the MIC as well 
as the MBC ( Supplementary Table S4 ) by > 1–2 orders of mag- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
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Figure 4. PAB domain effects on binding to P. aeruginosa . ( A ) The highest-ranked predicted str uct ure of PAB protein by AlphaFold2, with the 
N-terminus and C-terminus indicated. ( B ) Binding of M13 PAB and mutants M13 PAB -dNT (deleting N-terminal domain), M13 PAB -d α (deleting alpha helix), 
M13 PAB -d β (deleting beta sheet), and M13 PAB -dCT (deleting C-terminal domain) to P. aeruginosa ATCC 25102 when mixing 1 × 10 11 virions of phages 
with 1 mL of cells at OD 600 = 1 (OD 600 = 1 corresponds to ∼10 8 cells / mL) and incubating for 30 min at room temperature on a rotator. The amount of 
bound phage was measured by quantitative PCR. Bar height is the average of technical quadruplicate data on experimental duplicates, and error bars 
show 1 standard deviation. Significant loss of binding is caused by deletion of the N-terminal domain ( P < .0 0 01, t wo-sided Welch t -test). 

n  

M  

v  

t  

k

I

H  

a  

i  

<  

p  

f  

a  

μ  

h  

t  

s
 

c  

b  

b  

a  

v  

2  

a  

T  

m

S

T  

1  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/18/gkaf984/8267755 by U

C
LA C

ollege Library user on 10 O
ctober 2025
itude. For the colistin-resistant strain PAK pmr B6, colistin-
13 

PAB decreased the MIC by 63-fold, bringing the MIC
alue into the sensitive range. Thus, colistin-M13 

PAB substan-
ially reduces the amount of colistin required to inhibit and
ill P. aeruginosa . 

n vitro hemolysis and cytotoxicity assays 

emolysis activity was tested for colistin (2 to 64 μg / mL)
nd colistin-M13 

PAB (2.5 × 10 

9 to 8 × 10 

10 virions / mL) by
ncubation with sheep red blood cells. Materials exhibiting
 2% hemolysis are considered nonhemolytic [ 66 ]. Similar to
revious reports [ 67 , 68 ], we observed no hemolytic activity
or colistin at the concentrations tested, although hemolysis
pproached 2% at the highest concentration of colistin (64
g / mL) ( Supplementary Fig. S8A ). For colistin-M13 

PAB , no
emolytic activity ( < 0.4%) was observed over the concen-
ration range, including the MIC CMP for the colistin-resistant
train tested (PAK pmr B6) ( Supplementary Fig. S8B ). 

The effect of colistin and colistin-M13 

PAB on mammalian
ell viability was tested by the MTT assay using human em-
ryonic kidney cells (HEK-293; ATCC CRL-1573). Cell via-
ility > 80% in the MTT assay is an accepted threshold for
 condition to be considered nontoxic [ 69 ]. No detectable in
itro toxicity was observed up to 64 μg / mL colistin or up to
 × 10 

10 virions / mL of colistin-M13 

PAB , compared to the neg-
tive control, up to day 5 ( Supplementary Fig. S8 C and D).
hese results indicate compatibility of colistin-M13 

PAB with
ammalian cells in vitro . 

tability of colistin-M13 

PAB in refrigerated storage 

he MIC of the same batch of colistin-M13 

PAB , stored in
 × PBS buffer at 4 

◦C, was tested weekly on P. aeruginosa
strain ATCC 25102 for 12 consecutive weeks. The MIC stayed
within a factor of two over the 12 weeks ( > 50% activity re-
tained) ( Supplementary Fig. S9 ). 

In vitro selection of recombinant phages binding to 

several Gram-negative species and clinical isolates 

To test the generalizability of phage selection from a
metagenome-inspired library, we conducted two rounds of in
vitro selection from the Ino-200RBD library for binding to
each of the following 11 Gram-negative strains: E. coli DH5 α,
E. coli (ATCC 700927), P. aeruginosa (ATCC 25102), A. bau-
mannii (ATCC 19606), B. cepacia (ATCC 25416), C. sakaza-
kii (ATCC 25944), K. pneumoniae (ATCC 700603), and K.
pneumoniae clinical strains (A, B, C, and D). Bound phages
were isolated for each strain (Fig. 5 ; Supplementary Data 
File 1 ). The lengths of the RBDs of the selected phages ranged
from 23 to 251 amino acids, with most RBDs being around
100 amino acids long ( Supplementary Fig. S10 ). Multiple se-
quence alignments were conducted using COBALT [ 70 ] on
RBDs of all selected phages from both libraries (Pa-RBD
and Ino-200RBD) to identify homology across the selected
phages ( Supplementary Data File 2 ). A plurality 435-residue
consensus sequence was obtained in Jalview [ 71 ] (most fre-
quent residue per column, ignoring gaps; Supplementary Data 
File 3 ). Within this, a 128-residue fragment (residues 181
to 308) showed homology by BLASTP (nonredundant pro-
tein sequences database) to P. aeruginosa attachment pro-
teins ( Supplementary Data File 4 ). Some phage RBDs, such
as IB1 and IB4, were isolated from selections against multi-
ple strains (Fig. 5 ), suggesting a broad binding range among
Gram-negative organisms. At the same time, other phages
were only isolated from a single selection (e.g. phages IB2 and
IB3), suggesting higher specificity. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf984#supplementary-data
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Table 2. Minimum inhibitory concentration (MIC) of M13 PAB phage (MIC MP ), colistin (MIC col ), and colistin-M13 PAB (MIC CMP ) 

Species Strain 
MIC MP 
(virions / mL) MIC col ( μg / mL) MIC CMP 

MIC col 
MIC CMP (n-fold reduction in 
MIC) 

(virions / mL) ( μg / mL) a 

E. coli ATCC 25922 0.5 
P. aeruginosa ATCC 25102 > 1 × 10 12 1 1.25 × 10 9 0.016 63 
P. aeruginosa PAKpmrB6 > 1 × 10 12 64 8 × 10 10 1.036 63 
P. aeruginosa Clinical Strain A > 1 × 10 12 0.5 1.25 × 10 9 0.016 31 
P. aeruginosa Clinical Strain B > 1 × 10 12 0.5 6.25 × 10 8 0.008 63 
P. aeruginosa Clinical Strain C > 1 × 10 12 0.5 6.25 × 10 8 0.008 63 
P. aeruginosa Clinical Strain E > 1 × 10 12 0.5 6.25 × 10 8 0.008 63 
P. aeruginosa Clinical Strain F > 1 × 10 12 0.5 6.25 × 10 8 0.008 63 
P. aeruginosa Clinical Strain G > 1 × 10 12 0.5 6.25 × 10 8 0.008 63 
P. aeruginosa Clinical Strain L > 1 × 10 12 0.5 1.25 × 10 9 0.016 31 
P. aeruginosa Clinical Strain 320 > 1 × 10 12 0.5 6.25 × 10 8 0.008 125 
a calculated using the measured conversion factor of 1.3 × 10 −11 μg of colistin per virion. MICs were determined in triplicate samples as the concentration 
where no cell growth was observed in any of the three samples. Plate reader raw data is provided in Supplementary Table S5 . 

Figure 5. RBDs selected from the Ino-200RBD library. Pool composition of the Ino-200RBD library after two rounds of in vitro selection on each of 11 
pathogens listed at top, measured by Sanger sequencing of 60 randomly selected clones per selection. Each colored / patterned block represents a 
unique phage RBD (labeled IB1 to IB27). Singletons (i.e. sequences found only once among all sets) are shown collectively in gray at the top of each bar. 
RBD sequences found at > 50% in a selection (e.g. IB2) or in multiple pathogen selections (e.g. IB1) are shown as solid colors. Other RBD sequences 
are shown as patterns. 
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iscussion 

iven the challenge of antibiotic resistance, phage-based ther-
peutics have been increasingly explored. However, the overly
igh specificity of most WT phages necessitates a lengthy
creening process to identify lytic phages against a particular
linical isolate. In addition to identification, this process re-
uires genome sequencing and analysis to ensure that the WT
hages do not contain antibiotic resistance or toxin-encoding
enes, as well as growth of the phage on a nonmodel organism
nd purification from bacterial cell lysate. In comparison, the
13 genome has been well-characterized and lacks antibiotic

esistance or toxin genes, and M13 grows on standard labo-
atory strains of E. coli and is extruded through the cell wall
nto the media rather than released through lysis. These sig-
ificant advantages suggest a promising platform for therapy
sing genetically and / or chemically modified M13. 
In this work, we propose an approach to mine the RBDs

f phages based on metagenomic data. A library of potential
BDs was created by pooled assembly PCR of oligonucleotide

equences from inovirus RBDs, generating a highly diverse set
f recombinant sequences displayed on an M13 platform. As
reviously observed [ 72 ], gene synthesis efficiency decreased
s the number of fragments to be assembled increased. In our
ase, Pa4 and Ino200-RBD assembly were relatively efficient
ompared to Pa5 assembly. With four-fragment designs, si-
ultaneous pooled assembly of 200 designs yielded a library

rom which hits could be selected against each strain tested.
he critical limitation on library size is likely to be synthetic

i.e. cost of oligonucleotides), since multiple pooled assembly
eactions could be performed in parallel to achieve greater li-
rary sizes, and the selection procedure itself would not be
reatly affected by a modest increase (1–2 orders of magni-
ude) in library size. Indeed, the Ino-200RBD library design
as down-selected to 200 designs from a more comprehen-

ive metagenomic library design (that might have included all
redicted inovirus RBDs) due to the cost of oligonucleotide
ynthesis. In principle, a library of phages engineered to ex-
ress RBDs from the inovirus metagenome should have a high
robability of yielding members that bind to the wide variety
f Gram-negative organisms, which serve as natural hosts of
noviruses. 

Using this method, we prepared and characterized two
hage libraries, a Pa-RBD library that was designed to tar-
et P. aeruginosa strains and an Ino-200RBD library to tar-
et a broader range of Gram-negative bacteria. In theory, a li-
rary encompassing all inovirus RBDs from the metagenomic
atabase would have been an ideal starting point. However,
he cost of oligonucleotide synthesis on such a scale was pro-
ibitive for this study, leading to down-selection of the library
esign to a maximum of 200 designed RBDs. These RBD de-
igns were chosen by sequence similarity to known inovirus
BDs to maximize the frequency of functional RBDs. How-

ver, this approach necessarily results in loss of sequence di-
ersity. Inoviruses differ in receptors, even for the same bacte-
ial host species. For example, the primary receptor for M13
s the F pilus, while the primary receptor of another filamen-
ous coliphage, If1, is the I pilus, and the molecular mecha-
ism of infection differs between M13 and If1 despite shar-

ng the same secondary receptor (TolA) [ 30 ]. Similarly, Pf1
nd Pf3, which both infect P. aeruginosa , use different pri-
ary receptors, namely the type IV PAK pilus or the conjuga-

ive RP4 pilus (not the type IV PAO pilus), respectively [ 73 ].

 

Based on the diversity of host receptors, high diversity in the
metagenome-based library would be theoretically desirable.
Interestingly, one-pot Gibson assembly created many recom-
binants (Figs 1 and 2 B), expanding on the original library de-
sign. Using two rounds of selection for binding, one member
(M13 

PAB ) of the Pa-RBD library was isolated, showing bind-
ing activity toward multiple strains of P. aeruginosa. Similarly,
several members from the Ino-200RBD library were isolated
individually for binding to E. coli , P. aeruginosa , A. bauman-
nii , B. cepacia , C. sakazakii , and K. pneumoniae, including
clinical isolates. Results from the parallel Ino-200RBD library
selections indicated the library contains members having a va-
riety of broadness in host binding range, illustrating the poten-
tial for selecting phages with high or low specificity depending
on the application. 

Compared to lytic phage banks used for phage therapy,
the recombinant phages developed in this work do not have
intrinsic bactericidal activity. While M13 is naturally non-
lytic, applying an analogous approach to lytic phages is also
likely to yield nonlytic phages due to a lack of compatibil-
ity of infection and replication mechanisms across strains and
species. Therefore, in general for this approach, antimicrobial
activity should be conferred through an independent mech-
anism, such as delivery of antibiotic molecules (in this case,
colistin). Interestingly, the rate of bacterial cell-killing by deliv-
ered antibiotics could be significantly faster than that of a lytic
phage [ 74 ]. Colistin is a membrane-active, cationic lipopeptide
that is currently used as a last-line therapy to treat systemic in-
fections against multidrug-resistant Gram-negative pathogens
such as P. aeruginosa [ 75–77 ]. The positively charged peptide
ring of colistin interacts with the negatively charged bacte-
rial cell surface, and insertion of a hydrophobic chain into
the outer membrane causes membrane disruption and cell
death [ 78 ]. Although effective, clinical use of colistin is lim-
ited by its high rate (36.2%) of associated nephrotoxicity [ 79 ],
which is caused by low selectivity for bacterial versus mam-
malian cell membranes. Administration of the prodrug, col-
istin methane sulfonate, reduces toxicity but also reduces an-
timicrobial activity [ 80 ]. In this work, the low-specificity inter-
action between colistin and bacterial cells is supplanted by a
higher-specificity interaction between the recombinant phage
RBD and cell surface antigens. Colistin was nonspecifically
cross-linked to M13 

PAB phage by carbodiimide chemistry. Al-
though nonspecific conjugation raises a general concern of in-
hibiting binding activity, prior literature indicates that nonspe-
cific conjugation of cargo does not necessarily hinder binding
of recombinant M13 phages to their targets [ 23 , 31 , 81 ]. In-
deed, colistin-M13 

PAB was found to lower the MIC by ∼30–
125-fold across multiple P. aeruginosa strains tested, includ-
ing reducing the MIC for a colistin-resistant strain to below
the breakpoint value. In addition, colistin-M13 

PAB was non-
hemolytic and nontoxic to mammalian cells in vitro , suggest-
ing that the phage conjugate could widen the therapeutic win-
dow of colistin. 

While the library-based phage therapy approach should
substantially shorten the time between isolation of the
causative organism and purified phage product, several con-
siderations remain, such as immunogenicity resulting in neu-
tralization of phages. Interestingly, drug-conjugated M13 elic-
its ∼4-fold lower anti-phage antibodies compared to uncon-
jugated M13 phages in vivo [ 82 ]. Use of a phage platform like
M13 rather than WT phages also raises the possibility that
the phage could be engineered to reduce immunogenicity by
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genetic or chemical modification of the major coat protein.
Additional issues include biodistribution and pharmacokinet-
ics of the engineered phage, as well as the frequency of bac-
terial resistance, and the presence of microbiome community
members that may interfere with binding specificity for spe-
cific applications. Nevertheless, engineering a scaffold phage
like M13 allows these parameters to be optimized in advance
compared to using a WT phage. 
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