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ABSTRACT: Antimicrobial resistance is a global health threat that is
exacerbated by the overuse and misuse of antibiotics in medicine and
agriculture. As an alternative to conventional antimicrobial drugs, phage
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therapy involves the treatment of infected patients with a bacteriophage that ibapsnape N
naturally destroys bacterial pathogens. With the re-emergence of phage “irmmmons 5 .
therapy, novel tools are needed to study phages. In this work we set out to ~ M-rrormema ’ G
screen and isolate peptide candidates that bind to phages and act as affinity  rerarnouma ; ‘
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tags. Such peptides functionalized with an imaging agent could serves as
versatile tools for tracking and imaging of phages. Specifically, we screened a
phage display library for peptides that bind to the Good Vibes phage (GV),
which lyses the bacterial pathogen Pseudomonas aeruginosa. Isolated
monoclonal library phages featured a highly conserved consensus motif,
LPPIXRX. The corresponding peptide WDLPPIGRLSGN was synthesized with a GGGSK linker and conjugated to cyanine S or
biotin. The specific binding of the LPPIXRX motif to GV in vitro was confirmed using an enzyme-linked immunosorbent assay. We
demonstrated imaging and tracking of GV in bacterial populations using the fluorescent targeting peptide and flow cytometry. In
conclusion, we developed fluorescent labeled peptides that can bind to bacteriophage GV specifically, which may enable real-time
analysis of phage in vivo and monitor the efficacy of phage therapy.
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B INTRODUCTION

Antimicrobial resistance (AMR) complicates treatment of
serious infections with conventional antibiotics." The World
Health Organization (WHO) has declared AMR as one of the
top 10 global public health threats,” with the potential to cause
more deaths than major diseases such as HIV and malaria,
especially in low-resource settings.” In the US alone, more than
2.8 million infections with AMR pathogens are reported every
year, leading to more than 35,000 deaths.* AMR is exacerbated
by the misuse and overuse of antibiotics in medicine and
agriculture, and the lack of novel antibiotics in the drug
discovery and development pipeline suggests that the AMR
crisis will worsen over time.

Pseudomonas aeruginosa is one of the leading nosocomial
AMR pathogens.3’6 This Gram-negative bacterium is an
opportunistic pathogen that rarely infects healthy individuals
but is a grave threat to immunocompromised patients.”
Antimicrobials are the gold standard to treat P. aeruginosa
infections, but this creates selective pressure that favors the
emergence of AMR strains.®* AMR P. aeruginosa can exclude,
metabolize or export first-line antibiotics making the infections
much harder to treat.”'’

Phage therapy is an alternative to conventional antibiotics
involving the use of bacteriophages that naturally infect
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pathogenic bacteria and kill them.'' Interest in phage

therapeutics has been rekindled by the AMR crisis.'” Like
other viruses, phages are abundant and ubiquitous nucleopro-
tein structures comprising a DNA or RNA genome encased in
a proteinaceous capsid.’ Phage infection is specific to a
particular species or even strains of bacteria, killing the cells by
lysis or initiating a latent infection known as lysogeny.'* Phage
therapy effectively controls bacterial infections, including P.
aeruginosa,">'® and has been used under emergency author-
ization to save patients infected with multidrug-resistant
bacteria.'” ™" The recognition of the potential impact of
phage therapy on MDR infections led to the foundation of the
first phage therapy center in the US, the Center for Innovative
Phage Applications and Therapeutics (IPATH) at UC San
Diego.

With the re-emergence of phage therapy, there is an urgent
need for novel tools, such as affinity tags, that allow to study
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phages in the preclinical or clinical setting. For example,
surveillance of administered phages in vivo is challenging.
Unlike small molecule antibiotics whose concentration can be
assessed in blood, intravenous administrated phages are rapidly
cleared so that their replicates and concentrations are difficult
to evaluate at the infection site.”"~>* Another unique challenge
is that phages replicate in the patient. Therefore, direct phage
labeling with quantum dots, radioisotopes and fluorochromes
can be used to monitor the distribution of injected phage, but
progeny phage generated following the infection of bacteria
cannot be detected.””** For these reasons there is a need for
novel reagents that allow to study phages in cells and in vivo for
imaging and quantification.

Here, we describe an alternative approach to label phage by
introducing a fluorophore-conjugated peptide that binds
noncovalently to the phage surface. We identified peptides
that bind specifically to the Good Vibes phage (GV), which
infects P. aeruginosa. The peptides were isolated from a phage
display library by three rounds of biopanning. Monoclonal
library phages featured a highly conserved consensus motif
(LPPIXRX) in the peptide sequences. The corresponding
peptide was synthesized, labeled with biotin or cyanine §
(CyS); the binding specificity of the peptide for GV was
evaluated by enzyme-linked immunosorbent assay (ELISA).
Finally, we used flow cytometry to confirm that the CyS-
labeled peptide preferentially bound to GV attached to the
surface of P. aeruginosa cells.

B MATERIALS AND METHODS

Preparation of Good Vibes (GV) Phage. Wastewater
from the Tijuana River, San Diego, CA (32°33'24.7"N,
117°07'09.7"W) was centrifuged (4000g, 10 min, 4 °C) to
remove soil particles and other debris. The supernatant was
passed through a 0.45-um filter and added to an overnight P.
aeruginosa culture (incubated overnight at 37 °C in lysogeny
broth (LB), shaking at 200 rpm). The culture was diluted OD
= 0.2, which represents the stationary phase. The centrifuga-
tion, filtration, and inoculation steps were repeated daily for
the next S days. On the final day, the sample was centrifuged
and filtered as above, and 4 pL of the filtrate was spotted onto
a P. aeruginosa lawn and incubated at 37 °C overnight to form
plaques.

The plaques were picked and suspended in phosphate-
buffered saline (PBS) as 10-fold serial dilutions. We plated 100
UL of the 1075 and 107 dilutions with 100 uL P. aeruginosa
(OD = 0.2) and 3—4 mL of warm top agar. At these dilutions,
well-separated plaques were able to form in the whole-plate
assays, allowing us to distinguish between phage morphologies.
Plates were left in the incubator overnight at 37 °C. The
following day individual plaques were identified, picked, and
suspended in PBS. The assays were carried out three times to
ensure that all morphologies were identical, thus representing
homogeneous phages.

The phages were harvested and purified by picking plaques
from the whole-plate assays and suspending them in 200 uL
PBS. We then mixed 200 pL of an overnight P. aeruginosa
culture (OD = 0.2) with 25 mL of LB and incubated for 20
min at 37 °C, shaking at 200 rpm. We added 25 uL of 0.001 M
MgCl,, 25 pL of 0.001 M CaCl,, and 200 uL of the phage
suspension and incubated overnight as above. The next day the
culture was centrifuged (4000g, 30 min, 4 °C) and passed
through two 0.45-um filters to remove bacterial cells before
storage at 4 °C. Titers of the stock were determined by serial

dilution using the whole-plate plaque assay method described
above.

Isolation of GV-Binding Peptides. GV-binding peptides
(GVBPs) were isolated using a PhD-12 Phage Display Peptide
Library Kit (New England Biolabs) as previously described,
with slight modifications.”® Each well of a Nunc Maxisorp flat-
bottom 96-well plate was coated with 10'° phage per unit (pfu)
GV overnight at 4 °C. Three rounds of aflinity selection were
carried out to enrich for GVBPs by increasing the stringency of
selection in each round. This was achieved by washing with
Tris-buffered saline (TBS) containing increasing concentra-
tions of Tween-20 (TBST) from 0.1% to 0.3% to 0.5%. The
enriched phages were eluted and amplified according to the
manufacturer’s protocol.

Characterization of GV. GV phages were characterized by
transmission electron microscopy (TEM) as previously
reported.”® Briefly, 5 4L of 0.2 mg/mL GV phages was diluted
in Milli-Q water and was adsorbed to Formvar/carbon-coated
400 mesh copper grids (Electron Microscopy Science) for 2
min. The grid was washed with S pL of water for 1 min
followed by adsorption of 5 uL of 2% (w/v) uranyl acetate
(Fisher Scientific) for 2 min. Solution was removed from the
grid by blotting with filter paper. TEM grids were imaged with
FEI Tecnai G2 Spirit transmission microscope at 80 kV.

Spot Test Assay. Overnight cultures of P. aeruginosa were
incubated in fresh 2X yeast extract tryptone (YT) medium at
37 °C until the OD reached ~0.2. We then mixed 200 yL of
the culture with 3—5 mL warm soft agar (0.5% w/v) and
layered it onto the solid agar plate. The soft agar was allowed
to solidify for 15 min under flowing air. We then spotted 10 uL
of the phage dilution onto the agar plate and air-dried for
another 15 min. The plate was then inverted and incubated at
37 °C overnight. The presence of clear zones at the spotting
sites was recorded the next day.

Whole Genome Sequencing of the GV Phage. Phage
DNA was extracted from 100 uL of high-titer phage lysates
using the Qiagen DNeasy Blood and Tissue Kit. DNA
quantification was performed and standardized using the
Qubit dsDNA HS assay. DNA preparation and sequencing was
performed using the Illumina Nextera DNA FlexKit and
Adapter Indexes followed by whole genome sequencing using
the lab’s MiSeq sequencing platform. Sequencing reads were
downloaded from Illumina Basespace, then trimmed for length
and quality, and assembled de novo using CLC Genomics
Workbench 9.

Polyclonal ELISA. A Nunc Maxisorp flat-bottom 96-well
plate was coated with 6 X 10° pfu GV per well (in TBS, pH 8)
and incubated overnight at 4 °C. Plates coated with 2% (w/v)
bovine serum albumin (BSA) were used as negative controls.
The next day, the plates were blocked with 2% (w/v) BSA at
room temperature for 1 h, shaking at 800 rpm. The plates were
then washed with 0.1% TBST (3 X 1 min) before adding 20
uL of amplified phage from each biopanning cycle to each well
in 5% (w/v) BSA. After further incubation at room
temperature for 1 h, shaking at 800 rpm, the plates were
washed with 0.5% TBST (3 X S min) before adding 100 uL of
horseradish peroxidase (HRP)-conjugated anti-M13 mono-
clonal antibody (Abcam ab50370, diluted 1:500) and
incubating at room temperature for 1 h, shaking at 800 rpm.
After further washes in 0.5% TBST (3 X S min), we added 100
uL of the tetramethylbenzidine (TMB) substrate (Thermo
Fisher Scientific) to each well. The plates were incubated in
the dark for 10 min, and the absorbance was measured at 370
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nm using an Infinite 200 Rx plate reader (Tecan Life Sciences)
with 25 flashes in 96-well flat-bottom plate mode.

Monoclonal ELISA. The protocol was similar to the
polyclonal ELISA. We added 100 uL of amplified phage from
the previous biopanning cycle to each well, followed by
incubation at room temperature for 1 h, shaking at 800 rpm.
Monoclonal phages differing in absorbance between GV and
BSA by at least 0.3 units were isolated for DNA sanger
sequencing (Eurofins Genomics).

Cross-Reactivity Assay. The protocol was similar to the
polyclonal ELISA. We coated wells with 10 ug cowpea mosaic
virus (CPMV) or 10" GV particles to assess their binding
activity.

Synthesis and Testing of GV-Binding Peptides. The
linear peptides GVBP-biotin (H,N-
WDLPPIGRLSGNGGGSK /biotin/-CO,H) and GVBP-FITC
(H,N-WDLPPIGRLSGNGGGSK/CyS/-CO,H) were pre-
pared by solid phase peptide synthesis (GenScript) with a
purity of 75%. Peptide sequence H,N-WDLPPIGRLSGN-
CO,H was obtained from the most prevalent monoclonal
phages in terms of hits. We added the C-terminal linker GGGS
to improve flexibility as well as a lysine residue to provide a
side-chain amide bond that could be used to attach cyanine S
(CyS) by addition or biotin by substitution.

GVBP-biotin ELISA. GV (1, 10, or 65 ug) was coated onto
Nunc Maxisorp flat-bottom 96-well plates and incubated for 1
h at room temperature, shaking at 400 rpm. All incubation and
washing steps were carried out at room temperature, shaking at
400 rpm, unless otherwise stated. The wells were blocked for 1
h with 300 uL of 5% (w/v) BSA followed by washing once
with 0.1% PBST for S min. We then added 0.01 pg of GVBP-
biotin peptide to the wells and incubated for 1 h. The wells
were then washed three times with 0.1% PBST for S min each
before adding streptavidin HRP conjugate (ab7403) diluted
1:10,000 and incubating for 30 min. The wells were washed
another three times as above before adding 100 uL of TMB
substrate and incubating for 5—10 min in the dark. The
reaction was stopped by adding 50 uL of 2 M H,SO,, and the
absorbance was measured at 450 nm using an Infinite 200 Rx
plate reader as described above.

GVBP-Cy5 ELISA. GV (0.1, 1, 10, or 63 ug) was coated
onto Corning Costar 96-well white solid plates and incubated
for 1 h at room temperature, shaking at 400 rpm. All
incubation and washing steps were carried out at room
temperature, shaking at 400 rpm, unless otherwise stated. The
wells were blocked for 1 h with 300 uL of 5% (w/v) BSA
followed by washing once with 0.1% PBST for 5 min. We then
added 0.05 pg of GVBP-CyS peptide and incubated for 1 h.
The wells were washed three times with 0.1% PBST for S min
each before adding 100 uL of distilled water. The fluorescence
was measured using an Infinite 200 Rx plate reader with
excitation and emission wavelengths of 647 and 665 nm,
respectively, and a gain of 50.

SYBR Tagging of GVER2738 Monoclonal Phage. We
mixed 200 pg of the GVER3738 monoclonal phage with 0.5
uL of SYBR safe DNA gel stain (APExBIO) and topped up to
500 pL with distilled water. After mixing on a rotator for 15
min at room temperature and passing through a 0.45-um PES
filter to remove unbound SYBR dye, the protein concentration
was quantified using the Pierce BCA protein assay kit (Thermo
Fisher Scientific). We fractionated 10 ug of GVER2738 with
and without SYBR by 1.2% (w/v) TAE agarose gel
electrophoresis for 35 min at 110 V to assess the intercalation

of the SYBR stain. The same gel was stained with Coomassie
Brilliant Blue to show the colocalization of SYBR-stained
nucleic acid and phage coat proteins.

Competitive ELISA. The protocol was similar to the
polyclonal ELISA with slight modifications to obtain the Kp
value. We coated the wells with 5 pg of GV, then GVER2738
(1,0.5,1,2,3,4, or S ug) was added to the wells together with
GVER2738-SYBR (1, 0.5, 1, 2, 3, 4, or S ug). Bound
GVER2738-SYBR was detected using an Infinite 200 Rx plate
reader as described above.

Flow Cytometry. An overnight culture of P. aeruginosa was
diluted 100-fold in fresh medium. The culture was incubated at
37 °C to reach ODyyy ~ 0.2 before adding ~10"" pfu of GV to
the cells and incubating at 37 °C for 15 min. The cells were
pelleted by centrifugation (6000g, 15 min, at room temper-
ature), washed once with 800 xL TM buffer (10 mM Tris base,
S uM CaCl,, 10 mM MgSO,, pH 7.4), and resuspended in 200
uL of the same buffer. We added GVBP-Cy5 (2 X 10" units)
and incubated the mixture for 15 min at room temperature
before centrifugal washing three times with 0.1% PBST (6000
& S min, at room temperature). The pellet was resuspended in
200 uL TM buffer and the binding of GVBP-CyS to GV was
analyzed using an Accuri C6 Plus flow cytometer (BD
Biosciences). A total of 30,000 events were collected for
each analysis.

B RESULTS AND DISCUSSION

Isolation, Preparation, And Characterization of Good
Vibes Phage (GV). We isolated a lytic phage that infected P.
aeruginosa and named it Good Vibes (GV) phage. Morpho-
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Figure 1. Characterization of Good Vibes phage (GV). (A)
Transmission electron micrograph of negatively stained GV. (B)
Spot test assay of GV using the double-layer agar technique. (C)
Complete genome map of GV visualized using the SnapGene Viewer.
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Figure 2. Detection of GV-binding monoclonal phages by ELISA. (A) Polyclonal ELISA of enriched binders from each round against GV. (B)
Monoclonal ELISA of 40 monoclonal phages against GV (red dots) and BSA (negative control, green dots).
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8 THLPPIMRNLQF 5.7
9 NGVWLPPIARVL 2.6
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Figure 3. Analysis of the monoclonal phages that bind GV. (A) Sequences of GV-binding peptides with a highly conserved motif shown in bold
red. (B) Heat map showing the cross-reactivity of GV monoclonal phages against GV (target), MAT (same family as GV), cowpea mosaic virus
(CPMYV, unrelated plant virus), and bovine serum albumin (BSA). (C) Sequence alignment of all peptides from GV monoclonal phages using the
T-coffee multiple sequence alignment server (https://tcoffee.crg.eu/). (D) SAROTUP analysis (http://i.uestc.edu.cn/sarotup/cgi-bin/ TUPScan.
pl) of the potential GV-binding peptide WDLPPIGRLSGN. Number in brackets represents the probability in percentage.

logical analysis by transmission electron microscopy (TEM)
placed the phage in the family Myoviridae, featuring an
icosahedral head, contractile tail, and tail fibers connecting the
base plate (Figure 1A). The spot test assay confirmed the lytic
activity of GV by producing clear plaques on a bacterial lawn of
P. aeruginosa (Figure 1B). Whole-genome sequencing of GV
revealed that the total length of its linear genomic DNA was
65.8 kbp consisting of 24% A, 28.6% C, 23.7% G, and 23.7% T,
with 92 predicted coding sequences (Figure 1C).

Isolation of GV-Binding Peptides. We carried out three
rounds of biopanning with a PhD-12 Phage Display Peptide
Library Kit to isolate GV-binding peptides (GVBPs). The
stringency was increased in every round to remove nonspecific

38056

binders and to enrich for monoclonal library phages against
GV, which was confirmed by the increasing absorbance signal
detected by polyclonal ELISA (Figure 2A). Forty monoclonal
phages from the third round were randomly picked for
monoclonal ELISA against the target (GV) and BSA as a
negative control (Figure 2B). Monoclonal library phages with
an absorbance difference of 1.0 were selected for Sanger
sequencing.

The main advantage of phage display technology is that the
genotype (DNA sequence) and the phenotype (displayed
peptide) are directly linked, allowing us to determine the
nature of the peptide binders by DNA sequencing.”’ We
identified nine unique peptide sequences enriched against GV
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phage GVER2738 and the empty phage M13KE to GV and MAT. Data are means + standard deviations (n = 3, one-way ANOVA; **p < 0.01).
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Figure S. Analysis of GVER2738 binding activity by competitive ELISA. (A) Competitive ELISA between GVER2738 and GVER2738-SYBR
against GV (target) and GVBSA (negative control). Agarose gel shows the intercalation of SYBR with GV under UV light. The same gel was
stained with Coomassie Brilliant Blue to show the colocalization of phage nucleic acid and coat proteins. (B) ELISA showing the binding of GVBP-
biotin to GV and (C) GVBP-CyS to GV. Data are means + standard deviations (n = 3, one-way ANOVA; *p < 0.0S).

(Figure 3A). The most prevalent peptide sequence
(WDLPPIGRLSGN) accounted for 50% of the sequenced

phages. We also observed the consensus motif LPPI in most of

alignment revealed strong conservation, with a consistency
score of at least 77 out of 100 (Figure 3B). The major hit
WDLPPIGRLSGN was therefore chosen for synthesis and

the peptide sequences (Figure 3A, bold red). Peptide sequence further characterization.
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Figure 6. Analysis of GVBP-CyS binding by flow cytometry. (A) Scatter plots showing percent of APC+ cells by gating on P. aeruginosa cells. Mean
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standard deviations (n = 3, one-way ANOVA; ***%*p < 0.0001).

Cross-reactivity assays, in which the nine unique monoclonal
phages were screened against the target (GV), Matera (MAT,
also representing the family Myoviridae), cowpea mosaic virus
(CPMYV, a plant virus), and BSA as a negative control, showed
that monoclonal phage displaying peptides WDLPPIGRLSGN
or THLPPIMRNLQF produced a strong signal against both
GV and MAT, but not against CPMV or BSA (Figure 3C).
Cross-reaction to MAT was anticipated because MAT and GV
are closely related and share a high degree of structural
similarity. SAROTUP analysis predicted that the
WDLPPIGRLSGN peptide is not polystyrene binder and
contains no target-unrelated motifs (Figure 3D). However,
monoclonal phages displaying this peptide were predicted to
be fast growing, suggesting the phages have a higher infection
rate or secretion rate but may not display a target-specific
binder.”>*’

Validation of Monoclonal Phage GVER2738 Binding
to GV. The binding of monoclonal phage GVER2738 to GV
was confirmed by ELISA. We showed that monoclonal phages
displaying the peptide WDLPPIGRLSGN bound more
strongly to GV and MAT than the unrelated virus TRI-180
and the negative control BSA (Figure 4A). GVER2738 also
bound more strongly to GV (our target) than the closely
related virus MAT. We also compared the binding activity of
GVER2738 and empty M13 phage (M13KE). Monoclonal
phages displaying peptide WDLPPIGRLSGN bound more
strongly than MI3KE to GV and MAT (Figure 4B). Again,
GVER2738 also bound more strongly to GV than MAT. These
results confirmed that the binding of GVER2738 to GV and
MAT reflected the recognition of the displayed peptide rather
than the M13 capsid.

Next, we carried out a competitive binding assay between
monoclonal phage GVER2738 and GVER2738 intercalated
with SYBR dye (GVER2738-SYBR) with GV as the target
(Figure SA). The same amount of GV was coated onto the
plates and the same amount of GVER2738-SYBR was used in
each assay. By increasing the amount of GVER2738, fewer
binding sites on the GV surface were available for its
competitor GVER2738-SYBR, resulting in a weaker SYBR
signal with the increasing amount of GVER2738. The signal
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from the wells coated with GV was much stronger than that
from the negative control wells (coated with BSA), indicating a
specific noncovalent interaction between the peptides dis-
played on the monoclonal phage and GV. The KD value of the
binding with GV was ~12 times higher than BSA. To confirm
these results, we synthesized the WDLPPIGRLSGN peptide,
which we describe as the GV-binding peptide (GVBP), with
two separate C-terminal modifications: biotin (GVBP-biotin)
and CyS (GVBP-CyS). We confirmed by ELISA that the
intensity of signals representing bound GVBP-biotin and
GVBP-Cy5 became stronger with increasing amounts of GV
coating the plates (Figure SB and C).

Flow Cytometry Analysis of GVBP-Cy5 Binding to GV.
The binding of GVBP-CyS to GV in a population of P.
aeruginosa cells was investigated by flow cytometry (Figure
6A). The adherence of GVBP-CyS on GV bound to P.
aeruginosa cells can be detected by flow cytometry using the
APC channel. Higher GVBP-CyS bound to GV leads to higher
APC shift compared to population without GVBP-CyS. The
population containing both cells and phages (Figure 6A, panel
(iv)) showed the highest APC+ shift of 15.4% in the presence
of GVBP-CyS, although the population containing cells
without phages also showed a moderate shift of 7.6% when
the peptide was added, indicating that the peptide binds
nonspecifically to the bacterial cells (Figure 6A, panel (iii)).
These results correlated with the median fluorescence intensity
(MFI) values (Figure 6B). The population containing cells and
phages plus GVBP-CyS generated the strongest fluorescent
signal, indicating the binding of GVBP-CyS to phage particles.
A weaker signal was detected in the absence of phage. The
binding of GVBP-CyS to the phage therefore increases the
APC+ signal.

Data support that P. aeruginosa cells can be tracked and
imaged using the identified GVBP. To proceed with in vivo
studies, the sensitivity of the approach should be improved;
this may be achieved through multivalency therefore
introducing avidity effects; e.g.,, multivalent peptides could be
synthesized, and nanoparticle formulations could be utilized to
generate high multivalency.
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B CONCLUSION

We have successfully isolated 12-mer peptides binding to GV,
a phage that infects and lyses the pathogenic bacterium P.
aeruginosa. We isolated nine unique peptide sequences using
peptide phage display technology, and the consensus motif
LPPI was found in most of the peptides following multiple
sequence alignment. ELISAs using monoclonal phage
GVER2738 and modified GVBPs confirmed that the peptides
bind to GV and closely related phage but not to unrelated
viruses. Flow cytometry also showed the significant binding of
CyS-labeled GVBP to GV. This preliminary data may facilitate
the development of in vivo tracers for the real-time analysis of
phage therapy.
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