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Abstract

T7 phage libraries displaying random peptides are powerful tools for screening peptide

sequences that bind to various target molecules. The T7 phage system has the advantage of less

biased peptide distribution compared to the M13 phage system. However, the construction of

T7 phage DNA is challenging due to its long 36 kb linear DNA. Furthermore, the diversity of

the libraries depends strongly on the efficiency of commercially available packaging extracts.

To address these issues, we examined the combination of seamless cloning with cell-free

translation systems. Seamless cloning technologies have been widely used to construct short

circular plasmid DNA, and several recent studies showed that cell-free translation can achieve

more diverse phage packaging. In this study, we combined these techniques to construct four

libraries (CX7C, CX9C, CX11C, and CX13C) with different random regions lengths. The

libraries thus obtained all showed diversity > 10° plaque forming units (pfu). Evaluating our

libraries with an anti-FLAG monoclonal antibody yielded the correct epitope sequence. The

results indicate that our libraries are useful for screening peptide epitopes against antibodies.

These findings suggest that our system can efficiently construct T7 phage libraries with greater

diversity than previous systems.
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Introduction

T7 phage display technology has been used to screen peptide ligands for various target

molecules. The T7 phage grows at a high rate; plaques can usually be detected within 2-3 h,

which is faster than the growth and plaque formation process of the filamentous M13 phage

(812 h)(1). In addition, peptide libraries constructed on T7 phage scaffolds exhibit less amino

acid sequence bias than libraries based on the M 13 phage(2). These technical differences arise

mainly from differences in the morphogenesis and process of the lifecycle of the two phages.

After assembly in the periplasm, constituents of the M13 phage must be secreted from the cell

membrane. Thus, only peptides compatible with this pathway are displayed on the phage,

resulting in a loss of library diversity. T7 phages, in contrast, are assembled in the bacterial

cytoplasm and released upon host cell lysis, which does not generally limit peptide expression.

Given these advantages, the T7 phage has been frequently selected to screen short random

peptides in vitro(3-5) and in vivo(6-8).

One drawback to T7 phage display technology is the difficulty of library construction. The

T7 phage’s genomic DNA consists of 36 kb of long linear double-stranded DNA (dsDNA). In

contrast to short circular plasmid DNA, the purification of T7 phage genomic DNA and
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subsequent preparation of vector arms is a complex process requiring multiple steps. To

compensate for these difficulties, a cloning kit is currently available from Novagen (Merck

Millipore)(9). This cloning system includes restriction enzyme digestion and ligation

reactions(6, 10). The insert DNA can be prepared by polymerase chain reaction (PCR) using

primers with restriction enzyme sites at both ends, after which cohesive ends are obtained using

restriction enzymes. The insertion of random oligonucleotides using a restriction enzyme and

ligase raises several concerns. In addition to the insertion of unwanted amino acid sequences

directly after the g10 protein sequence, restriction enzyme sites in random sequences can also

cause unintended digestion, resulting in a loss of diversity. The ligation step involves a three-

fragment reaction, in which the target DNA is inserted between the left and right arms of the

phage DNA. A previous report demonstrated that the efficiency of phage packaging with the

cloning kit is around 10% plaque forming units (pfu)/ug (the pg represents mass of phage

DNA)(6).

Seamless cloning is a powerful tool in molecular biology, as it leaves no unwanted

nucleotides between the insert and the vector. This technique is useful when multiple inserts

need to be cloned in a specific order or reading frames must be conserved. In recent years,

homology-based cloning technologies such as Gibson Assembly(11), In-Fusion cloning(12)
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and NEBuilder HiFi DNA Assembly(13), which is an improved Gibson Assembly product,

have facilitated seamless cloning. The principle of Gibson Assembly and NEBuilder is based

on three enzymes: T5 exonuclease, Phusion DNA polymerase, and Tag DNA ligase. T5

exonuclease degrades DNA ends in the 5’ to 3’ direction, yielding single-stranded DNA

overhangs. After an annealing step between the insert and vector overhangs, Phusion DNA

polymerase fills in the complementary chain and then Taq DNA ligase seals the gap. Therefore,

seamless cloning is advantageous over conventional ligation methods in that target genes can

be cloned at any position, regardless of the presence of restriction enzyme sites. However, this

method has not been rarely applied to long linear DNA such as T7 phage genomic DNA, and

it has not been applied at all to phage libraries. For this application, the possibility of T5

exonuclease affecting the terminal DNA sequence of the T7 phage should be considered, but

no reports have yet verified it.

Another concern regarding the preparation of a T7 phage library is related to the phage

packaging step. To date, preparation of the T7 phage packaging extract remains a hurdle, and

this step generally depends on the kit from Novagen (Merck Millipore) described above(9).

Meanwhile, an in vitro translation system has reportedly enabled the packaging of more than

10'® monoclonal T7 phages(14—16) and the rebooting of newly designed phages(17, 18). In



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

this system, the T7 RNA polymerase encoded in the phage genomic DNA is first expressed in

the kit extract, which triggers the expression of a series of phage components. Interestingly,

this in vitro reaction allows for not only the biosynthesis and assembly of phage proteins but

also the packaging of phage genomic DNA into capsids. To our knowledge, the application of

this principle to library construction has not been reported, though previous studies have

applied it to prepare designed monoclonal phages. Our new technology provides a

breakthrough in the T7 phage system that overcomes the disadvantage of inefficiency in

conventional methods of constructing phage libraries.

In this study, we developed a simple three-step process to generate high-diversity T7 phage

libraries displaying short cyclic peptides (CX7C, CX9C, CX11C, and CX13C). First, using T7

phage genomic DNA as a template, PCR was performed for regions 20 kb upstream and 16 kb

downstream of the target. Next, the resulting two-segment PCR products were connected using

the NEBuilder HiFi DNA assembly system. Finally, phages were synthesized and packaged

using an in vitro translation system. Verification using the generated libraries confirmed the

presence of intact sequences at both ends of the T7 genomic DNA sequence. The performance

of library construction was validated by screening against an anti-FLAG M2 monoclonal

antibody. Our system provides a platform for facile construction of T7 phage libraries with
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high diversity.

Materials and methods

Strains and culture conditions of the bacteria and bacteriophages

Escherichia coli strain BLT5403 [F~, ompT, hsdSs (r8 " mg ™), gal, dem pAR5403 (Amp®)]

and bacteriophage T7Select 10-3b were obtained from Merck Millipore (Darmstadt, Germany).

BLT5403 cells were cultured in lysogeny broth (LB) medium (Nacalai Tesque, Inc., Kyoto,

Japan) containing 100 pg/ml of ampicillin sodium salt (LB-Amp; Nacalai Tesque, Inc.).

Phage titration

Phage libraries or phage pools were diluted in LB medium or SM buffer (50 mM Tris-HCI,

pH 7.5, 100 mM NaCl, 10 mM MgSO4, and 0.01% gelatin) at appropriate dilution rates.

BLT5403 cells in the exponential growth phase and diluted phages were added to 3—4 mL of

LB top agar (0.75%) and plated on Petri dishes. The plates were incubated at 37°C and the

plaques were counted.
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Construction of peptide-displaying phage libraries

Plasmid pAR5403 was isolated from BLT5403 cells using a FastGene Plasmid Mini Kit

(Nippon Genetics Co., Ltd., Tokyo, Japan) according to the manufacturer’s instructions.

T7Select 10-3b DNA (Merck Millipore) was digested with HindIIl (New England Biolabs,

Beverly, MA, USA). The left phage arm was prepared through PCR using 10 ng of digested

phage genomic DNA as the template, 30 pmol of the forward primer 10-3b 1-34 (5'-

TCTCACAGTGTACGGACCTAAAGTTCCCCCATAG-3"), and 30 pmol of the reverse

primer 10-3b_20396-20421 Rv (5-AGAATTCGGATCCCCGAGCATCACAC-3) in a final

volume of 100 pl. The right phage arm was constructed using forward primers containing

random oligonucleotides CX7C-fw, CX9C-fw, CXI11C-fw, and CXI3C-fw (5'-

TGTGATGCTCGGGGATCCGAATTCTGGAAGCGGTTCTGGTTCATGT[NNK].TGCTA

AGCTTGCGGCCGCACTCGAGTAAC-3', n = 21, 27, 33, 39, respectively, where K

represents equimolar amounts of T and G, and N is equimolar amounts of A, T, G, and C), and

the reverse primer 10-3b_36214-36249 Rv (5'-

AGGGACACAGAGAGACACTCAAGGTAACACCCAAAG-3'). These two reactions were

performed using KOD One PCR Master Mix (Toyobo Co., Ltd., Osaka, Japan) according to

the manufacturer’s instructions. The PCR products were purified through phenol/chloroform
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extraction and ethanol precipitation. Briefly, 3 M sodium acetate and distilled H.O were added

to the reaction solutions to obtain 300 ul of 0.3 M sodium acetate solution, and an equal volume

of phenol/chloroform/isoamyl alcohol (25:24:1) (Nacalai Tesque, Inc.) solution was added. The

PCR products were precipitated with the addition of 750 pl ethanol and incubation for 2 h at

—30°C, followed by centrifugation for 30 min at 4°C and 16,200 % g. The precipitates were

washed with 1 ml of 70% ethanol, air-dried, and dissolved in TE (10 mM Tris-HCI, pH 8.0,

and 1 mM ethylenediaminetetraacetic acid [EDTA]). The purified left and right arms (0.3 pmol

each) were assembled using NEBuilder HiFi DNA Assembly Master Mix (New England

Biolabs) in a total volume of 60 ul according to the manufacturer’s instructions. Then, 100 ng

of the assembled phage DNA and 36 ng of plasmid pAR5403 were added to 9 ul of LS70

Master Mix, a component of the myTXTL T7 Expression Kit (Daicel Arbor Biosciences, Ann

Arbor, MI, USA), to reach a final volume of 12 ul and incubated at 29°C for 16 h. The titers

of the prepared phage libraries were counted as described above. The value of phage packaging

efficiency [pfu/pg] is calculated by dividing the number of total phage plaques (pfu) by the

amount of DNA used (ng). The phages were then amplified through growth in 500 ml of liquid

medium with BLT5403 until lysis occurred. The amplified libraries were centrifuged at 4°C

and 12000 x g for 30 min and then the supernatants were filtered using a cell culture filter unit
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(polyethersulfone, 0.22 um) with a 500-ml capacity (Thermo Fisher Scientific, Waltham, MA,

USA). Polyethylene glycol (PEG) 8000 and NaCl were added to the filtrates at final

concentrations of 10% and 1 M, respectively, and the mixture was incubated on ice overnight

to precipitate phages. The PEG-precipitated solutions were centrifuged at 4°C and 12000 x g

for 1 h and then the supernatants were discarded. The pellets were resuspended in 60 ml of SM

buffer and dispensed into 1.6-ml aliquots. The libraries were stored at —80°C.

Biopanning using the anti-FLAG antibody M2 clone

The wells of an Immobilizer Amino F8 Module Clear Kit (Thermo Fisher Scientific) were

coated with 100 pl of 1 pg/ml of monoclonal anti-FLAG M2 antibody (Sigma-Aldrich, St.

Louis, MO, USA) diluted with coating buffer (30 mM Na>CO3 and 70 mM NaHCO3, pH 9.6)

at 4°C overnight. The wells were washed three times with phosphate-buffered saline (PBS) and

blocked with 10 mM ethanolamine diluted in coating buffer at room temperature for 1 h. After

the blocked wells were washed with PBST (PBS-containing 0.05% Tween20) three times, 200

ul of phage library mixture containing 32.5 ul from each of four phage libraries along with 3%

bovine serum albumin and 0.1% Tween20 were added. After 30 min of binding, the wells were

washed ten times with PBST (except for the 4th and 5th rounds, which used 0.25 M and 0.5 M
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NaCl in PBST, respectively) and then the phages were eluted with 50 pl of 1% sodium dodecyl

sulfate (SDS) in PBS. The eluted phages were collected in 10 ml of LB-Amp medium, and the

titer was measured by taking a portion of eluted phages, diluting it appropriately, and then

plating it. The relative binding efficiency was calculated by dividing the number of phages

retrieved from the well after washing by the number of phages added to the well. The eluted

phages in LB medium were amplified through incubation with BLT5403 cells at 37°C until

lysis occurred. The subsequent rounds of panning were performed using the same methods as

in the 1st round.

Sample preparation for next-generation sequencing (NGS)

For the preparation of NGS samples, the 1st and 2nd PCR steps were performed using

PrimeStar HS DNA Polymerase (Takara Bio Inc., Shiga, Japan). The 1st PCR was performed

using phage libraries and screened phage pools as templates. For primers, NGS 1Ist F (5’ -

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGTCAGGTGTGATGCTCGG-3')

and NGS 2nd R (5 -

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATCTGCGTTAGCGTCACCTT-

3") were used as the forward and reverse primers, respectively. The resulting 1st PCR products
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were purified using a FastGene Gel/PCR Extraction Kit (Nippon Genetics Co., Ltd.) according

to the manufacturer’s instructions. Next, the 2nd PCR was performed using the primer set from

the Nextera XT Index Kit (Illumina, San Diego, CA, USA) with the 1st PCR products as

templates. The 2nd PCR products were analyzed via gel electrophoresis using 1.5% agarose in

TAE (Tris, acetic acid, and EDTA) buffer, and the desired bands were extracted. The products

were purified using a FastGene Gel/PCR Extraction Kit (Nippon Genetics Co., Ltd.). The

sequences of the purified DNA products were analyzed with the Illumina iSeq 100 sequencing

system (Illumina).

NGS data analysis

The Fastq files generated by the iSeq 100 system were analyzed using Python 3.9.12 scripts.

After translation of the sequence reads into amino acid sequences, the peptides displayed

following the sequence of the gl10 capsid protein were extracted. The number of reads per

sequence was counted and normalized so that the total number of reads equaled 10°. Finally,

cyclic sequences (e.g., sequences ending with cysteine residues) were extracted. To evaluate

the diversity of each library, Shannon’s diversity index was calculated as described

previously(19, 20). Then, the diversity index J', known as Pielou’s evenness index, was
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calculated by dividing the logarithm of Shannon’s diversity index values by the logarithm of

the number of samples(21). Pielou’s evenness index ranges from 0 to 1 as diversity varies from

low to high. For WebLogo 3(22) analysis in the screening using the anti-FLAG M2 antibody,

the amino acid residues at positions of —1, +1, +2, and +3 from the YK motif were extracted

and the top 100 reads were subjected to analysis. Graphs were drawn using GraphPad Prism

software.

PCR of phage clones in the packed libraries for verification of DNA ends

Four amplified libraries were mixed and plated on petri dish at appropriate dilution rates

and plates were incubated at 37°C until plaques appeared. 8 clones were picked up and

amplified. PCR was performed using PrimeStar HS DNA Polymerase (Takara Bio Inc.) with

the following primers designed to amplify the ends of the phage genomic DNA; 1-15 (5’ -

TCTCACAGTGTACGG -3°), 1-18 (5° - TCTCACAGTGTACGGACC -3°), 6-23 (5° -

CAGTGTACGGACCTAAAG -3°), 14-29 (5° - GGACCTAAAGTTCCCC -3°), 181-200 Rv

(5’ - AGGTGACTTTAGGAGGATAC -3°), 185-200_Rv (5’ - AGGTGACTTTAGGAGG -3°),

36001-36022 (5> - TATCAGTGTCACCTAAAGAGGG -3°), 36001-36018 (5° -

TATCAGTGTCACCTAAAG -3°), 36234-36249 Rv (5° - AGGGACACAGAGAGAC -3°),
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36230-36249 Rv (5° - AGGGACACAGAGAGACACTC -3’), 36236-36245 Rv (5 -

ACACAGAGAGACACTCAAGG -37), 36212-36231 Rv 5 -

TCAAGGTAACACCCAAAGAC -3°). The reaction solutions were analyzed via gel

electrophoresis.

Comparison of phage packaging efficiency of myTXTL and packaging extract

For myTXTL reaction, 100 ng of intact phage genomic DNA, 1 nM of pAR5403 and 2%

of PEG5000 were added to 9ul of myTXTL master mix with a final volume of 12 pl. For

packaging extract, 100 ng of intact phage genomic DNA was added to 5 ul of packaging extract

with a final volume of 6 ul. The titers of phages were measured by taking a portion of the eluted

phages, diluting it appropriately, and then plating it. The packaging efficiencies were calculated

as described above.
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Results

Construction of T7 phage libraries

One of the major difficulties in T7 phage library construction lies in the diversity of

libraries. First, we evaluated the efficiency of phage production per unit mass using phage

genomic DNA in the TXTL reaction and the packaging reaction with the packaging extract.

While previous report has indicated the production of up to approximately 10" pfu of

monoclonal phages with addition of dNTPs into the reaction solution to replicate phage

genomic DNA(16), our goal is to generate phage libraries with independent sequences.

Therefore, we conducted the reactions without adding dNTPs to the reaction mixture in order

to prevent DNA replication. Using 100 ng of phage DNA in both experiments, the TXTL

reaction resulted in the production of 1.26 x 10° pfu (1.26 x 10'° pfu/ug), while 9.57 x 10° pfu

(9.57 x 107 pfu/ug) of phages were produced using the packaging extract, indicating a 132-

fold increase in efficiency (Fig. 1A).

We next aimed to prepare four phage libraries (CX7C, CX9C, CX11C, and CX13C).

To achieve DNA assembly using two linear segments for four libraries, we conducted long

PCR of the T7 phage genome regions 20 kb upstream and 16 kb downstream of the target (Fig.
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1B). For each downstream PCR, the DNA sequence that overlaps the upstream 25 bases and a

sequence encoding random peptides were added to the 5’ end of the primer. The image obtained

from agarose electrophoresis showed the PCR products of both fragments as single bands (Fig.

1C). Next, the two obtained fragments were assembled using the NEBuilder HiFi DNA

assembly kit. The reactant samples showed new bands above the upstream and downstream

fragments, indicating that assembly was achieved (Fig. 1C, arrowhead). We then performed in

vitro translation and the packaging reaction using the myTXTL system. The resulting

diversities were 2.6 x 10° (CX7C), 2.6 x 10° (CX9C), 3.6 x 10° (CX11C), and 2.9 x 10°

(CX13C) (Fig. 10).

Low sequence diversity bias in the T7 phage libraries

The practical diversity of phage libraries is determined by the bias of random sequences in

the library and the efficiency of phage packaging. To evaluate the bias of the obtained libraries,

we performed NGS analysis. A comparison of the counts per sequence for each library showed

that out of hundreds of thousands of reads, a maximum of six duplicated clones was detected,

and the majority of sequences had only one count, indicating that little duplication occurred in

the amino acid sequences of our random peptide libraries (Fig. 2). Next, the evenness of the
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clones in the prepared library was examined using Pielou’s evenness index. This index has

been used to assess the T-cell receptor repertoire(21). Pielou’s J' values, which are calculated

for each library by dividing the Shannon index H'by the maximum H' value (i.e., Hunax), Were

>0.998 for all libraries. This result indicates that our short random peptide libraries were highly

unbiased.

Verification of the DNA ends of the clones in the packaged libraries

In the NEBuilder reaction, the 5’ ends of dSDNA are generally removed by TS exonuclease.

As T7 phage genomic DNA is linear, the terminal DNA is likely to be included, which may

impair library performance. To assess the effect of exonuclease activity, the terminal DNA was

amplified through PCR using primers targeting each of the two ends (Fig. 3A). In this analysis,

if the terminal DNA is lost, product bands will not be observed. PCR using genomic DNA from

the three clones showed that all DNA removed from the library was intact (Fig. 3B). The

removed terminal DNA may have been repaired by an intrinsic mechanism in E. coli after the

NEBuilder and packaging reactions. These results indicate that the activity of TS exonuclease

in the NEBuilder reaction solution does not affect the prepared libraries.
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Validation screening using an anti-FLAG monoclonal antibody

To further test library performance, we screened the libraries against an anti-FLAG

monoclonal antibody, M2 clone. This clone was originally obtained by immunizing mice with

the FLAG peptide DYKDDDDK. The epitope of the resulting M2 antibody is DYKXXD(23).

An antibody-coated plate or control non-coated plate was incubated with a mixture of four

libraries and the bound phages were eluted and amplified in E. coli. We performed a total of

six rounds. The out/in ratio indicated a 715-fold increase from the 1st screen (2.39 x 1075) to

the 6th screen (1.71 x 1072), demonstrating that the phage was well enriched (Fig. 4). The ratio

of phage titers in antibody-coated plates to non-coated plates increased by 10,683-fold during

the screening process, further indicating that the phage was sufficiently enriched.

NGS analysis of the screened phage pools

Next, the displayed peptide sequences of the phage pool were analyzed using NGS. Notably,

the top 20 peptide sequences in the 6th round all contained the consensus sequence YK and

most exhibited the correct epitope sequence DYKXXD (Fig. 5A), indicating that our screening

system and the random peptide libraries were valid. There was one sequence

“CAVRESIDCYKC” showing 10 amino acids between two cysteines. It is possible that the
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three-base shifted sequence was coincidentally included in the oligo DNA synthesis process.

For quantitative analysis of the obtained sequences, the frequency of occurrence of amino acid

sequences was visualized using WebLogo 3. The top 100 sequences containing the YK motif

in each round were extracted, and the amino acids at positions —1, +1, +2, and +3 from YK

were visualized. As a result, the DYKXXD sequence was clearly identified in the 2nd round

(Fig. 5B and C), indicating that two rounds of screening were sufficient to retrieve the FLAG

epitope sequence in our study. When the matching peptides were categorized by peptide length,

it was observed that 13-mer peptides showed a higher rate of matches, followed by 11-mer

peptides, in this screening process (Fig. 5D). This result suggests that the FLAG epitope was

originally a linear epitope and thus binds preferentially to peptides from longer libraries, which

have linear shapes.

Discussion

Phage random peptide libraries have been applied to a variety of screening applications.

Traditionally, they have been used to screen for epitope sequences of antibodies and binding
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motifs of target molecules. However, their application is not limited to such analyses. For

example, screening with anti-carbohydrate (Le?) antibodies led to the identification of a series

of epitope peptides that mimic the structure of carbohydrates(24, 25). D-peptides that bind to

natural target molecules can be obtained using the mirror-image screening technique(5, 26).

Furthermore, due to its robust structural stability, T7 phage can be screened in vivo(7, 8, 27).

Thus, the T7 system has the potential for future application to a wide variety of biological

investigations.

In general, the quality of a peptide library can be defined by high diversity and low bias in

the displayed sequences. As T7 phage lyses bacterial cells simultaneously with amplification,

the peptide sequences are not affected by the phage’s life cycle, resulting in the production of

unbiased peptide libraries. However, the diversity of libraries has been limited to date due to

the reliance on complex genetic manipulation and packaging methods(6). In this study, we

established a novel approach to simplify the library construction process and to increase library

diversity. In the previous protocol, preparing the insert DNA involves 4-step experiments(28).

Firstly, randomized library DNA and reverse complementary strand extension primer are

annealed. The annealed duplex DNA is extended by Klenow fragment DNA polymerase I. Then,

the DNA is digested by two restriction enzymes. Finally, the prepared insert DNA is ligated
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with double digested phage DNA by restriction enzymes (vector arm) for making the full length

of phage DNA. In contrast, the method described in this report simplifies the process to only

two steps. Researchers only need to perform PCR of the two fragments of the phage DNA and

then employ the NEBuilder reaction to connect the parts of the phage DNA. Moreover, the

TXTL system dramatically simplifies the library construction process, particularly when

considering per diversity size along with the increase of efficiency of reaction. This is because

of the high efficiency of producing phages by using TXTL system, which is over 100 times

compared to previous method of using packaging extract. With respect to amino acid bias, the

conventional method involving the use of two restriction enzymes for insert DNA digestion

leads to the loss of enzyme recognition sequences, introducing slight bias. However, our

method avoids such specific losses, resulting in lower bias compared to the previous approach.

Notably, no effect on the genomic DNA of the resulting library was observed from removal

of the terminal DNA by T5 exonuclease, as verified through PCR (Fig. 3). However, the repair

mechanism of the terminal DNA remains unclear. One possible mechanism is a T7 phage-

specific DNA replication system in the host E. coli(29). T7 phage DNA contains a 160-bp

terminal repeat sequence at both ends. During replication, intermediates containing overhangs

hybridize with each other to form head-to-tail concatemers. In the packaging step, the linked
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DNA is cleaved by site-specific nucleases to release genomic monomers. In this study, the

reaction with NEBuilder may have removed approximately 50 bp of T7 phage DNA from both

termini, although hybridization could still occur with the remaining 60 bp of the repeat

sequence. In that case, the intact phage DNA would eventually be repaired. The performance

of the libraries was demonstrated through model screening using an anti-FLAG M2

monoclonal antibody, which has been tested in previous studies(23, 30, 31). In total, six rounds

of panning reactions were performed, and the epitope sequences were detected after the 2nd

round (Fig. 5B). Interestingly, the epitope sequence DYKXXD was most frequently detected

in peptides derived from CX13C libraries (Fig. SD). Given that the FLAG epitope is a linear

epitope, longer peptides, which exhibit a greater degree of linearity than other cyclic peptides,

are more likely to provide matches. Overall, our system is useful for generating highly diverse

T7 phage libraries and can be applied to other visualization systems, including other antibodies

(e.g., Fab, Sctv, and VHH) and proteins, in the future.
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Figure legends

Fig. 1. Construction of short random peptide libraries using T7 phage. (A) Comparison of

phage packaging efficiency of myTXTL and packaging extract. (B) Overall schematic diagram

of library construction. (C) Agarose gel electrophoresis of DNA fragments after PCR and the

NEBuilder reaction. The HindIII digestion site is located in the multi-cloning site of T7 phage

10-3b DNA. For PCR products, representative upstream and downstream fragments of library

CX7C are shown. (D) Diversity of the resulting T7 phage libraries. pfu, plaque-forming units.

Fig. 2. Peptide sequence bias in each library. Sequence-by-sequence counts resulting from

NGS in the CX7C, CX9C, CXC11, and CX13C libraries. The total read counts and numbers

of clones in each library are shown. Shannon index H' and Pielou index J' values were

calculated as described in the Materials and methods section.

Fig. 3. Verification of DNA ends after library preparation. (A) Primer sets were adjusted for

length and designed to have equal melting temperatures. (B) The results of PCR verification.

T7 phage clones were selected from the prepared CX7C library and PCR was performed using
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their DNA as the template. For each clone, validation was performed with four primer sets at

both DNA ends. The results presented are representative images of three clones.

Fig. 4. Model screening using the anti-FLAG monoclonal antibody, M2 clone, as the target

molecule. For the panning reaction, a mixture of the CX7C, CX9C, CX11C, and CX13C

libraries was used. Phage pools collected from antibody-coated wells (Ab[+]) were used in the

following round. Relative binding efficiencies were calculated as described in the Materials

and methods section.

Fig. 5. NGS analysis of model screening for anti-FLAG antibodies. (A) Sequencing results

sorted by NGS counts in the 6th round. DNA sequences in Fastq files were translated into

amino acids, and cyclic peptides with two cysteine residues at both ends were extracted and

ranked by count. (B) Sequence logo analysis. After extracting YK motif-containing amino

acids at positions —1 to +3, the top 100 sequences in terms of counts were extracted. The

sequences obtained in each round were analyzed using WebLogo3 and represented as bits (left)

and probability (right). (C) Number of YK sequences in the top 100 sequences. (D) Differences

in the occurrence of DYKXXD domains in the top 100 sequences of each of the four libraries.
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