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Abstract. Phage display has become an efficient, reliable and popular molecular technique for generating libraries
encompassing millions or even billions of clones of divergent peptides or proteins. The method is based on the cor-
respondence between phage genotype and phenotype, which ensures the presentation of recombinant proteins of
known amino acid composition on the surface of phage particles. The use of affinity selection allows one to choose
variants with affinity for different targets from phage libraries. The implementation of the antibody phage display
technique has revolutionized the field of clinical immunology, both for developing tools to diagnose infectious
diseases and for producing therapeutic agents. It has also become the basis for efficient and relatively inexpensive
methods for studying protein—protein interactions, receptor binding sites, as well as epitope and mimotope iden-
tification. The antibody phage display technique involves a number of steps, and the final result depends on their
successful implementation. The diversity, whether natural or obtained by combinatorial chemistry, is the basis of
any library. The choice of molecular techniques is critical to ensure that this diversity is maintained during the phage
library preparation step and during the transformation of E. coli cells. After a helper phage is added to the suspen-
sion of transformed E. coli cells, a bacteriophage library is formed, which is a working tool for performing the affinity
selection procedure and searching for individual molecules. Despite the apparent simplicity of generating phage
antibody libraries, a number of subtleties need to be taken into account. First, there are the features of phage vector
preparation. Currently, a large number of phagemid vectors have been developed, and their selection is also of great
importance. The key step is preparing competent E. coli cells and the technology of their transformation. The choice
of a helper phage and the method used to generate it is also important. This article discusses the key challenges
faced by researchers in constructing phage antibody libraries.
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AHHoTauua. Qarobii gucnnen ctan 3GGeKTUBHONM, HaLEXHOW 1 BOCTPeOOBaHHON MONEKYNAPHON TEXHUKOW AnA
co3aaHusa 6MONNOTEK, cofepPKalLUX MUITMOHBI MW JaXke MUNMAPAb! KIIOHOB, SKCMOHMPYIOLWMX pasfiMyaowmecs
nenTuabl nnv 6enKkun. B ocHoBe 3TOro MeToAa NeXUT COOTBETCTBME MeXKAY reHoTUNoM 1 deHoTunom dara, obecneun-
BaloLLee Mpe3eHTaLMIo Ha MOBEPXHOCTY GparoBbiX YaCTUL, PEKOMOMHAHTHBIX 6EMKOB C N3BECTHBIM AMUHOKNCIOTHBIM
cocTaBoM. Micnonb3oBaHue npouenypbl ahpdUHHOM ceneKkumm No3BonseT NPoBoAUTb 0TOOP 13 darosbix 6MbnoTeK
BapWaHTOB, 06MafaloLmnx CPOACTBOM K PasfiMyHbIM MULLEHAM. BHeapeHre TexHonorum ¢aroBoro gucnnes aHTu-
Tesl IMesio PeBOSIOLMOHHOE 3HaueHne B 0611acTy KIMHNYECKOW MMMYHONOIMK, KaK ANA CO3AaHNA UHCTPYMEHTOB
LNarHOCTUKN UHGEKLMOHHBIX 3a601eBaHNI, TaK 1 LA NOAYYEHNA TepaneBTMUECKUX areHToB. OHa CTana Takxe oc-
HOBOW 3P EKTUBHBIX U OTHOCUTENbHO HEJOPOTX METOA0B NCCNIef0BaHNA 6eoK-6e1KoBbIX B3aUMOAENCTBUI, Cail-
TOB CBA3bIBAHUA PeLLenToOpPOB, MAEHTUOUKALMMN SMMTOMOB U MUMOTOMOB. TexHoNorusa ¢aroBoro AUCNIes aHTUTeN
BKJ/tOYaeT B cebA pAa 3Tanos, OT YCMELWHOM peanm3aumn KOTopbix 3aBUCUT GUHaNbHbIN pe3ynbraT. OcHoBa nobon
61bNMOTEKN — pa3HOO6Pa3ue, NPUPOLHOE UM NOTyYEHHOE MPU MOMOLLM METOAOB KOMOMHATOPHON XuMmn. Kpntu-
YecKmn BaXkHbIM ABNAETCA NoA60P MOMEKYNAPHbIX TEXHWK, 0b6ecneymBaloLmMx cOXpaHeHne 3Toro pasHoobpasma Ha
STane nonyyeHus 6ubnrotek darmmg 1 Ha 3Tane TpaHchopMaumm kneTok E. coli. Mocne fobasneHnsa para-nomoLy-
HMKa K CycrneH3un TpaHchopMmnpoBaHHbIX KNeTok E. coli nponcxoant popmrpoBaHmne bubnmnotekn 6aktepnodaros,
KOTopas CNyXUT pabounm MHCTPYMEHTOM [/1A NPOBefeHNA Npoueaypbl abPUHHON Cenekummn u nomcka UHANBUAY-
anbHbIX MoneKysn. HecMoTpA Ha KaxyLLytoca NpoCcToTy co3faHnA GaroBbix 6MGMOTEK aHTUTEN, CYLLeCTBYET PAA TOH-
KOCTell, KOTopble HEOOXOANMO yumnTbIBaTb. B nepByio ouepenb 3T0 0CO6EHHOCTV NOATOTOBKYM parMUaHOro BeKTopa.
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Problems of creating antibody phage libraries
and their solutions

B HacTosLee Bpems pa3paboTaHo 60oMbLuoe KoNmuecTBO GarmMuHbIX BEKTOPOB, M UX BBIGOP TakKe MeeT 6osblioe
3HaueHwue. KnoyeBbiM 3Tanom CYUTAeTCA NOATOTOBKA KOMMETEHTHbIX KNeToK E. coli n TexHonorus vx TpaHcdopma-
umun. HemanoaxeH Bblbop ¢dara-nomMoLyHrKa U cnocoba ero noarotoBku. CTaTbA NOCBsALLEHa OCHOBHbIM Npobne-
MaM, C KOTOPbIMY CTaKMBAKTCA UCCIe[oBaTeNV NPY co3aaHnn daroBbix 61MGNMOTEK aHTUTES.

KntoueBble cnoBa: ¢arosas 6ubnmoTeKka; pennmkaTiBHaa popmMa 6akTeprodara; MOHOKNOHaNbHbIe aHTUTeNa; dar-

MOMOLWHUK; KOMMETEHTHbIE KNeTKW.

Introduction

In 1985, Smith was the first to describe the phage display
technique and show that filamentous phages are able to
display a peptide of interest on their surface after insertion
of a foreign DNA fragment into the major coat protein gene
(Smith, 1985). Subsequently, Parmley and Smith described
the process for selecting and enriching phage libraries based
on affinity binding called “biopanning” (Parmley, Smith,
1988). And in 1991, McCafferty and Winter were the first to
use phage display technology for antibody production, hav-
ing generated their combinatorial libraries using filamentous
bacteriophages to screen for antigen-specific monoclonal
antibodies (McCafferty et al., 1990).

The filamentous bacteriophages M 13, f1, and fd were key
tools of phage display technology. They are stable in solu-
tions under various conditions, including extreme pH and
high temperatures (Brigati, Petrenko, 2005), and insensitive
to lytic enzymes (including DNases and proteases) (Larocca
et al., 2002).

The filamentous bacteriophage M 13 (Fig. 1) is one of the
most commonly used bacteriophages for antibody phage dis-
play (Sokullu et al., 2019). M 13 phage has a high replication
capacity, and large foreign DNA fragments can be inserted
into its genome by genetic engineering methods. This bac-
teriophage is non-lytic, infects and replicates in Escherichia
coli strains carrying F+ that form F-pili (O’Callaghan et al.,
1973). The greatest portion of the virion consists of single-
stranded DNA covered with approximately 2,700 copies of
the major coat protein pVIII. Each end of the phage consists
of five copies of two different proteins: pVII and pIX at one
end, pIII and pVT at the other end (see Fig. 1). Virion length

depends on the length of the genome packed into a phage
particle. Up to 12,000 nucleotides can be added to the wild-
type genome without disrupting phage packaging (Rasched,
Oberer, 1986).

During the replication cycle of filamentous bacteriophages,
their genome is simultaneously present in the bacterial cell
as a large number of copies of the replicative form (double-
stranded circular DNA) and single-stranded DNA (ssDNA).
The presence of ssDNA in the DNA sample interferes with
cloning as it creates a “background” of clones without inser-
tion of the target gene. Using the purified replicative form, it
is possible to clone DNA fragments within the sites encoding
the bacteriophage protein of interest, mainly the pIll and pVIII
proteins. Such vector systems are referred to as systems 3
and 8, respectively (Kay et al., 1996).

The main differences in using the plll and pVIII proteins
consist in the length of foreign peptides, presentation of
chimeric proteins on the surface of the phage progeny, and
the effect on viability (Ilyichev et al., 1989; Bass et al., 1990;
Barbas et al., 1991). Compared to the pVIII protein, the
pllI protein can ensure representation of longer amino acid
sequences (Nikeld et al., 1978). The pVIII protein system
is commonly used for small peptides. Larger polypeptides
interfere with the function of the pVIII protein, so a system
with the plII protein is used for them. Due to the structural
properties of Ff phages, application of the pIII protein in the
phage display system results in less than five copies of the
fusion protein being present in the phage progeny. It is only
in the absence of the pIIl gene in the helper phage genome
that five copies of this protein will be present in the phage
progeny (Smith, 1993).

pVill Bacteriophage

ssDNA

plll pVI

Fig. 1. Schematic representation of the filamentous bacteriophage M13.

pVii pIX

The filamentous phage M13 is approximately 880 nm long and 6.5 nm wide and is surrounded by single-stranded DNA. The capsid
of bacteriophage M13 is formed by five copies of different minor coat proteins (plll, pVI, pVIl, and plX), but the major coat protein pVIIl,
represented by ~2,700 copies, makes up the most part of the capsid (Chung et al., 2011).
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Fig. 2. Distinguishing between a phagemid and a phage vector.

The use of pVIII allows production of phage particles
containing much more than five copies of chimeric proteins:
hundreds or even thousands of them (Veronese et al., 1994).
However, because of the multiple copies of chimeric proteins,
the avidity effect begins to play a major role, which can im-
pede the selection of protein variants with different affinities.
Therefore, pVIIl is used in phage display to expand the range
of potential ligands, and plII is used to reduce or eliminate
the avidity effect to select high-affinity proteins. In addi-
tion, the N-terminal domain of the major coat protein plII
is involved in host cell infection. To infect E. coli, filamen-
tous phages use filamentous bacterial structures known as
F-pili. The end of the phage with the plII protein interacts
with the TolA protein on the bacterial surface. Although the
plII protein is relatively large, excessive perturbation of its
structure can lead to disruption of its interaction with F-pili.
This can have a significant effect on progeny phage viability;
therefore, applications of the plll protein for protein frag-
ment display are limited. Such problems do not occur when
the VIII protein is used.

As for the application of other bacteriophage proteins, very
few papers have so far reported the feasibility of using the
pVII and pIX proteins (Gao et al., 1999, 2002). The pVII and
pIX proteins form a complex at the end of the phage particle
opposite to the end carrying the widely used pllI protein. In
order to demonstrate the feasibility of using these proteins
for display, a phagemid variant was developed in which the
variable regions of the heavy and light chains of the antibody
were fused to the N-termini of pVII and pIX, respectively.
Remarkably, the fusion proteins interact to form a functional
Fv-binding domain on the phage surface. This approach looks
promising for displaying complex libraries of peptides and
proteins that could form combinatorial heterodimeric struc-
tures of the Fv domain of an antibody. However, this format
has not yet been widely used.

In addition to phage vectors, phagemids are also used for
library construction. Phagemids are vector molecules combin-
ing the properties of a plasmid and a phage vector (Kay et al.,

1996). The main difference between phagemids and phage
vectors is that phagemids are vectors derived from Ff-phages
that contain the plasmid origin of replication (Ori) for double-
stranded replication and the f1 Ori to allow single-stranded
replication and packaging into phage particles (Fig. 2). They
usually either do not encode at all, or encode only one type of
major coat protein, and other structural and functional proteins
required to complete the bacteriophage life cycle are provided
by the helper phage (Ledsgaard et al., 2018).

An alternative approach is proposed by Chasteen and his
team, who have developed “bacterial packaging cell lines”
containing M 13-based helper plasmids (Chasteen et al., 2006).
The use of such cells ensures the synthesis of phage packag-
ing proteins that assemble phage particles as efficiently as a
helper phage infection, thereby eliminating the helper phage
stage of bacterial cell infection.

Other elements, such as molecular tags and selective
markers, are also inserted into the phagemids to facilitate
subsequent operations, such as protein purification. Tagging
can also be used to facilitate library screening.

The relatively small size of phagemids allows one to clone
larger gene fragments encoding fusion proteins. The efficiency
of phagemid transformation is higher than that of phage vec-
tors, allowing the construction of large repertoire libraries
(Qietal., 2012).

There are a large number of phagemid variants. Type 111
and VIII phagemids can be reviewed in more detail in (Qi et
al., 2012). The most common phagemids are pHEN, pComb,
pSEX, and pADL. Each of them has several derivatives. Each
phagemid has an original design, the choice of which depends
on the researcher’s goal. Thus, the pADL-10b phagemid has
fl ori to enable single-stranded replication and packaging
into phage particles, a copy of Lacl to provide lac promoter
repression, and a strong transcription terminator to prevent
unwanted and toxic expression during cloning. This design en-
sures reliable cloning of variant antibody genes and increased
library stability during screening (Krebber et al., 1997). This
vector is recommended for scFv display and is best suited
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when a re-cloning step is envisaged to synthesize the protein
in a soluble form.

Incorporation of the amber stop codon (TAG) between the
target protein and the phage coat protein initiates expression
of the fusion protein in E. coli suppressor strains such as
TGI1. In this case, the TAG codon is translated as a glutamine
residue. However, in non-suppressor strains, such as HB2151,
a soluble form of the recombinant protein will be produced
because such strains do not contain glutamine in the amber
stop codon. In this case, TAG would be the normal stop codon
(Hoogenboom et al., 1991).

The expression level of the pADL series phagemids is
equivalent to that of the pComb3 phagemid and significantly
lower than that of the pHEN phagemid. Overexpression
leads to toxicity, which makes antibody libraries genetically
unstable and contributes to a strong tendency towards loss
of diversity. In this respect, the pADL series phagemids
provide a good balance between toxicity and synthesis of
target antibodies in the periplasmic space of bacterial strains
(Ishina et al., 2020).

The most popular derivative of the pComb vector is
pComb3XSS. It contains two hydrolysis sites of the Sfil
restrictase, which recognizes the GGCCNNNNNGGCC se-
quence. The lack of specificity for the five central nucleotide
pairs allows PCR products encoding antibody fragments to
be inserted in the desired orientation. The orientation is de-
termined by the design of the forward and reverse primers,
which also contain the Sfil site. The Comb3XSS vector also
contains 6xHis and HA tags, which allow protein purifica-
tion and detection. It also contains an amber stop codon to
switch off expression of the pllI fusion protein by switching
to a non-suppressor E. coli strain, allowing production of
soluble protein without subcloning.

The key points in working with phage libraries are vec-
tor preparation, preparation of well-competent cells, elec-
troporation and amplification of the helper phage. Each of
these points is discussed below and some recommendations
are provided.

Phagemid preparation
Preparing a vector for insertion of target DNA sequences is
one of the key aspects in phage library construction. The main
difficulty consists in purifying the phagemid DNA preparation
from single-stranded and linear forms of DNA. These DNA
forms constitute the “background” on the control dish during
electroporation, making it difficult to assess the “representa-
tion” of the phage library. Most importantly, they can have
a negative impact on the level of library diversity. Various
phage DNA purification protocols are used to overcome this
problem. Once DNA has been isolated, it is possible to purify
the preparation from the single-stranded and linear form us-
ing the phenol method. This is the “classic” method, but it
has a number of disadvantages, such as significant losses of
the replicative form of DNA, and handling phenol requires
special working conditions. DNA isolation using the phenol
method often depends on the skill of the person performing
this procedure (Maniatis et al., 1984).

There is also a method of isolating the replicative form
of phage DNA using ammonium acetate. Unlike the phenol
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Add 10 ml of buffer B
(2.0 M (NH,),SO,, 10 mM EDTA,
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(2.1 M (NH4),S0O,, 10 mM EDTA,
! 100 mM Tris-HCl, pH 7.5)
! Add 20 ml of buffer B

(2.0 M (NH,),SO,4, 10 mM EDTA,
100 mM Tris-HCl, pH 7.5)

|
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L

Add 20 ml buffer C
(0.3 M NaCl, 1.7 M (NH,),50,,
10 mM EDTA, 100 mM Tris-HCl, pH 7.5)

\ 4

Purified DNA preparation

V

Fig. 3. Scheme of phage vector purification to remove single-stranded
and linear forms of DNA.

method, it does not require special working conditions but is
rather time-consuming (Maniatis et al., 1984).

An alternative is to purify the DNA preparation using
sorbents (e. g., HiTrap PlasmidSelect Xtra Sorbent). The
main steps of DNA purification using a sorbent are shown
in Figure 3.

This method is not ideal either, but it does not require any
special conditions to carry out the purification procedure.
After purification on the sorbent, one should be prepared
for significant DNA loss. In the best-case scenario, the total
DNA yield will be 10 %. Meanwhile, this amount of DNA
purified from satellite forms is quite sufficient to obtain a
phage library.

Competent cells

Highly competent cells are a critical step in obtaining a phage
library with high representation. TG1 cells are considered to
be among the best cell lines for obtaining large phage libra-
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Fig. 4. Typical scheme for obtaining competent cells.

ries (Tu et al., 2005; Chai et al., 2020). TG1 is an unmodified
derivative of the E. coli strain JIM101. Currently, TG1 is one
of'the fastest growing E. coli clones, which undoubtedly plays
an important role in setting up the experiment.

There are commercial companies offering ready-made
cells with a competence of >4-10!9 CFU/ug DNA. How-
ever, the supply of such cells is not always possible, and
the transport process leads to temperature fluctuations that
reduce cellular competence. Therefore, the development
of a protocol for obtaining highly competent cells for the
generation of phage antibody libraries is an extremely im-
portant task (Fig. 4).

To obtain a large diversity of the phage library (10'%-! CFU),
it is necessary to observe simple but very important conditions
in the preparation of competent cells. It is important to ensure
proper culturing conditions, and temperature in particular.
The recommended temperature for culturing is +37 °C. It is
also important to ensure that the cell culture density does not
exceed 0.4 OD. Cells should be in the early to mid logarithmic
phase of growth. Using cells in the late logarithmic or station-
ary phase will significantly reduce electroporation efficiency.
It is also very important to avoid temperature extremes. Once
your culture has grown to the required density, all manipula-
tions need to be carried out on “wet” ice.

It is also necessary to resuspend the cells very carefully at
each stage, since they are very fragile and easily destroyed. It is
recommended to store the obtained cells at—80 °C (Chai et al.,

—>'—>

Resuspend pellets in ice water, centrifuge at 4,000 g and 4 °C for 5 min.
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2020). At this temperature, the cells retain their competence
for a longer time. However, cellular competence deteriorates
over time, so freshly prepared cells should be used to maintain
the diversity of phage libraries.

Electroporation

Prior to electroporation (Fig. 5), its efficiency was assessed
using pUC19 plasmid DNA at a known concentration when
a phage library was obtained (Chai et al., 2020).

Before starting electroporation, it is necessary to thaw
the competent cells in ice. This manipulation preserves the
viability of the cells. Simultaneously with thawing the cells,
any nutrient medium needs to be warmed to +37 °C.

During electroporation, it is important to carry out the
manipulations clearly and quickly. First, 1 pl (10 pg/ul) of
DNA needs to be added. This is the amount needed to deliver
the control plasmid pUC19 to the thawed electrocompetent
cells. If electroporation is performed with a ligase mixture that
has been pre-cleared from the ligation buffer, it is necessary
to take much larger (15-25-fold) amounts of DNA (Pardon
etal., 2014).

It is also important to control the voltage according to the
cuvette size. Immediately after the electrical pulse, 1 ml of
SOC recovery medium must be added and the cells need to
be incubated for 1 hour at +37 °C in a thermostat without
stirring. After incubation, the transformed cells are centri-
fuged, 950 pul of supernatant is removed, the precipitate is
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to Eppendorf

Incubate at 37 °C for 1 hour

Fig. 5. Scheme of electroporation.

resuspended and spread on a Petri dish containing agar, the
required antibiotic and 2 % glucose. Incubation is performed
at +37 °C for 16 hours.

On the following day, the electroporation efficiency is as-
sessed. Electroporation efficiency is defined as the number
of colony-forming units obtained by electroporation of 1 pg
of plasmid per given volume of competent cells. The higher
the competence of the cells obtained, the greater the diversity
of the phage library. Cells above 10'° CFU are considered
highly competent.

Helper phage

Together with the phagemid, the helper phage is an important
component for successful production of diverse libraries. It
is required for the assembly of phage particles by infecting
cells with phagemid. The helper phage carries all the genes
required for infection, replication, assembly and budding,
thus providing the phagemid, which carries the gene encod-
ing the plll-scFv fusion protein, with the proteins required
for amplification.

The helper phage infects the bacterium by first attaching
to its F-pili and then, once attached, transporting its genome
into the cytoplasm of the host cell. Inside the cell, the phage
genome initiates the production of phagemid single-stranded
DNA in the cytoplasm. The phagemid DNA is then pack-
aged into phage particles. Phage particles containing single-
stranded DNA are released from the bacterial cell into the
extracellular environment. Filamentous phages inhibit bac-
terial growth but, unlike phage A and phage T7, do not lyse
host cells. Helper phages are usually designed so that their
DNA packaging is less efficient than that of phagemids, and
the resulting phage particles preferentially contain phagemid

Problems of creating antibody phage libraries
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Resuspend the resulting precipitate
and rub over a Petri dish with agar.
Incubate the Petri dish at 37 °C for 16 hours

Centrifuge at 5,000 g and 4 °C for 2 min.
Remove the supernatant (950 pl)

DNA. This is due to a defective replication start site (Lund
etal., 2010).

M13KO7 is the main helper phage currently used in
laboratories (Russel et al., 1986; Vieira, Messing, 1987; Du,
Zhang, 2009). All other helper phages are derived from it.
The M13KO7 helper phage is a derivative of phage M13 and
carries a heterologous, low copy number pl15A replication
start site. When the M13KO7 phage is present alone in the
host bacterium, replication is sufficient to produce its high
titers. However, if a large number of copies of the phagemid
are present, it will displace the helper phage genome during
packaging, meaning that most of the resulting phage particles
will carry phagemid DNA (Vieira, Messing, 1987). The capsid
of'the resulting phage particles will contain pIIl encoded by the
helper phage genome as well as the chimeric pIII-scFv protein
encoded by the phagemid. In practice, there is preferential
incorporation of wild-type pllIl from the helper phage. This
means that most phage particles will be “bald” (lacking the
chimeric plll-scFv). The preferred display of pIll over fused
pllI-scFv is probably due to a combination of differences in
expression/translation levels and the fact that some of the
fused pllI-scFv appear to be degraded.

Choosing a specific helper phage to work with is quite dif-
ficult. Despite the stated differences in properties, in practice
some derivatives of the M13KO7 helper phage do not differ
from each other. For example, if we compare all the derivatives
of the helper phage CM13, it gives larger plaques and higher
titers (twice as many CFU/ml), so it is easier to prepare. The
CM13 helper phage gives consistently good yields, even at
low multiplicity of infection, but has a lower packing factor.
At the same time, the M13KO7 helper phage gives similar
phage yields, requires precise adherence to bacterial culture
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overnight inoculum and incubate
at37°Cto 040D

Add helper phage (8-10'° CFU)
and incubate at 37 °C for 30 min

Fig. 6. Scheme of helper phage amplification.

density (about 0.5 OD,) for better cell contamination, and
ensures a high packing factor. The M13KO7 helper phage is
recommended for producing single-stranded DNA, e. g. for
Kunkel mutagenesis, due to its better packing ratio. The helper
phage R408 is an f1 derivative, does not carry antibiotic re-
sistance and may improve packaging of single-stranded DNA
(Dotto et al., 1981).

Hyperphages are a very attractive replacement for con-
ventional helper phages (Rondot et al., 2001). Hyperphages
contain a genome with a deletion of the pIII gene. To obtain
them, packaging cells from E. coli are used to synthesize
functional plll, which is necessary for the formation of
a complete particle and packaging of the phage genome. The
resulting hyperphages carry functional plIlI on their surface,
but their genome is defective in the plIIl gene. Each of the
resulting phages carries multiple copies of the antibody or
peptide on its surface, which greatly increases panning ef-
ficiency.

Although the helper phage is commercially available, for
convenience it is useful to amplify a helper phage that is as
good as the commercial phage in terms of biological titer.
One of the important criteria for helper phage amplification
is the optical density of the infected E. coli cell culture; the
optimum value is usually 0.4 OD (Fig. 6). Higher densi-
ties result in a large percentage of non-transduced bacteria
not producing virions, while lower densities can increase
mismatches caused by differences in phage growth rate and
lower phage production, as well as the expression of toxic
fusion proteins that limit bacterial growth. The infectious
dose of the helper phage is also critical. The optimal dose is
8-10'0 CFU/ml; the excess usually leads to overconsumption
of the preparation.

Resuspend the pellet in TBS.
The resulting preparation should
be stored at 4 °C

and incubate at 37 °C
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Cenrifuge at 5,000 g
and 4 °C for 10 min.
Remove the supernatant

Add antibiotic

for 16 hours

= Cenrifuge at 5,000 g
and 4 °C for 10 min.
Add 1/5V PEG/NaCl

to supernatant and incubate
at4 °Cfor 16 hours

When infecting cells with a helper phage, incubation
should be performed without agitation. Agitation promotes
cell growth; therefore, not all the cells will be infected with
a helper phage. It is also important to respect the time in-
tervals: incubation of the cell culture with a helper phage at
+37 °C should not exceed 30 minutes. Extraordinary growth of
helper phage-infected cells is achieved by adding an antibiotic
(depending on the antibiotic embedded in the helper phage
genome), in most cases kanamycin.

If the helper phage is precipitated with PEG/NaCl solution,
the preparation should be incubated for 16 hours at +4 °C.
This promotes better precipitation of the helper phage. Pre-
cipitation should be performed twice, since some preparation
will remain in the supernatant after the first precipitation.
The resulting preparation should be dissolved in TBS buffer.
The amount of TBS buffer used is chosen individually and
depends on the precipitate size. The resulting preparation must
be stored at +4 °C.

Conclusion
In this article, we have attempted to reflect on the main
problems faced by researchers dealing with phage library
construction and the ways of solving them. In our opinion,
one of the key problems in the construction of phage
antibody libraries is the preparation of the phagemid vector
for the insertion of antibody gene diversity, on which the
library diversity depends critically. Equally important
is amplification and obtaining a purified helper phage
preparation, as well as obtaining highly competent cells for
electroporation.

Despite these methodological challenges, the phage display
technique continues to be successfully developed. This tech-
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nology is attractive for a number of reasons, including its
relative simplicity, the ability to screen large numbers of
samples in a short time, and the ability to select antibodies
specific to a wide range of antigens. Phage display has opened
up new prospects for antibody discovery and development.
Application of phage libraries of human antibody fragments
makes it possible to avoid the use of chimeric or humanized
antibodies for therapy, thus avoiding problems associated with
the immunogenicity of drugs.

We would like to point out that this article is not an ideal
guide but may help one solve some problems in obtaining a
phage library of antibodies with a large repertoire.
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