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Specific, high affinity binding macromolecules are of
great importance for biomedical and biotechnological
applications. The most popular classical antibody-based
molecules have recently been challenged by alternative
scaffolds with desirable biophysical properties. Phage
display technology applied to such scaffolds allows gen-
eration of potent affinity reagents by in vitro selection.
Here, we report identification and characterization of a
novel helical polypeptide with advantageous biophysical
properties as a template for construction of phage dis-
play libraries. A three-helix bundle structure, based on
Measles virus phosphoprotein P shows a very favourable
stability and solubility profile. We designed, constructed
and characterized six different types of phage display li-
braries based on the proposed template. Their functional
size of over 10° independent clones, balanced codon bias
and decent display level are key parameters attesting to
the quality and utility of the libraries. The new libraries
are a promising tool for isolation of high affinity binders
based on a small helical scaffold which could become a
convenient alternative to antibodies.
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INTRODUCTION

The most important proteins showing specific mo-
lecular recognition ate antibodies. The ability to interact
with almost any antigen makes them genuinely universal
binders. Immunoglobulin-based molecules represent the
fastest growing class of biopharmaceuticals used both in
therapy and diagnostics. However, because of their nu-
merous limitations such as the large size, presence of di-
sulphide bonds and low conformational stablhtv alterna-
tive scaffolds are badly needed (Binz ez al, 2005; Skerra,
2007). Several attempts have been made to introduce
alternative binders, from small helical domains (Nord
et al., 1997; Nygren & Uhlen, 1997; Nygren, 2008) and
repetitive modules of Designed Ankyrin Repeat Proteins
called DARPins (Binz ¢ al, 2004; Tamaskovic ¢ al.,
2012) to the Ig-like B-structure scaffold of fibronectin
type III domain (Koide e# al, 1998; Koide ez al., 2007).
The main advantage of these novel binding proteins is
their robust structure, high stability and efficient bacterial
expression. They have also been proven to exhibit bind-
ing properties comparable to those of antibodies (Wik-
man et al., 2004; Lendel ez al, 2006; Otlova et al., 20006;
Zahnd e al., 2006; Zahnd et al., 2007; Friedman e/ al.,
2008; Milovnik e# al., 2009).

The specific binding molecules are selected from com-
binatorial libraries based on a technology that enables
linking phenotype with genotype. The combinatorial li-
brary can be presented using either conventional phage
display method (Smith, 1985; Smith & Scott, 1993) or
in vitro based technologies like mRNA and ribosome dis-
play (Amstutz e/ al, 2001). Phage display has limitations
in the library size (due to finite bacterial transformation
efficiency) but, on the other hand, is much less demand-
ing than the 7z vitro technologies. The main key to the
success of phage selection is the size and quality of the
library used for selection of specific binders (Ling, 2003).

Since the sequence diversity generated through ran-
domization at several amino acid positions may lead to
selection of variants with highly destabilized structure, it
is accepted that scaffolds with favorable stability proper-
ties should be used as a template for phage display li-
braries (Nygren & Uhlen, 1997).

One of the first proposed alternatives to immuno-
globulins was domain Z from staphylococcal protein
A, called affibody. This 58-aminoacid three-helix bun-
dle protein, despite a flat paratope, has been proven by
phage display to bind several targets with high specific-
ity and affinity (Nygren, 2008). These favorable binding
properties of the affibody encouraged us to look for
a structurally similar scaffold and apply it to construct
phage libraries.

In this publication we investigated the potential of
Measles virus phosphoprotein P sequence that folds into
a three-helix bundle structure as a protein scaffold for
phage display libraries. We tested the expression level,
solubility and denaturation parameters of this protein.
We used this sequence to construct several phage librar-
ies with different randomization types and translocation
pathways. The libraries were fully characterized and ini-
tial selection was performed.

MATERIAL AND METHODS

Strains, vectors and enzymes. Escherichia coli strain
DHI10 was used for standard cloning, strain BL.21(DE3)
CodonPlus-RIL  (Stratagene, USA) for expression of
virus domains. Phage propagation was carried out in
E. coli XIL1-Blue (Stratagene). E. coli MC1061F strain
used for electroporation was obtained by standard mat-
ing protocol of E. cwlii MC1061 (Biorad) and XIL1-Blue
strains. Helper phage M13-VCS was obtained from
Stratagene.
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Phagemid vector pComb3Hg (Barbas, 1995) was a
gift from Dr. C. F. Barbas (The Scripps Research In-
stitute, La Jolla, CA) and pDST23 (Steiner et al., 2006)
from Dr. A. Pluckthun (University of Zurich). Plasmid
encoding Measles virus phosphoprotein P — pet21a/P
(Longhi ef al, 2003) was a gift from Dr. S. Longhi
(CNRS, Marseille); that for Senda: virus phosphoprotein
P from Dr. W.P. Burmeister (EMBL, Grenoble) (Blan-
chard ez al,, 2004). The TEV protease expression plasmid
pTPSN was kindly provided by Dr. J. A. Doudna (Yale
University, New Heaven, CT) (Lucast e/ al, 2001).

Restriction enzymes, ligase and polymerase were ob-
tained from Fermentas, oligonucleotides from Metabion
and GeneLink. The Gateway system (Invitrogen) was
used for cloning of virus domains in vectors pDONR201
and pDEST15.

Cloning, expression and purification of virus do-
mains. The analyzed virus domains correspond to:

Measles virus phosphoprotein P (P03422-1) XD frag-
ment (458-507 aa);

Sendai virus phosphoprotein P (P1425-1) C subdomain
(516-568 aa);

Mumps virus phosphoprotein P (P16072-1) nucleocap-
sid binding domain (343-391 aa).

The Mumps virus domain DNA sequence was gener-
ated by PCR with primers MumA, MumB and MumC.
Sequences encoding virus domains with flanking regions
containing attbl and attb2 sites together with an tTEV
cleavage site were obtained by standard two-step PCR
with primers shown in Table 1 (Supplementary Materi-
als at www.actabp.pl). After purification (PCR purifica-
tion kit, A&A Biotechnology), the PCR product was first
cloned into the pDONR201 vector using the Gateway
recombination system (Invitrogen). After restriction anal-
ysis the cloned genes were transferred into the expres-
sion vector pDEST15 by LR reaction (Invitrogen). The
sequence of the coding region was checked by sequenc-
ing with the pGEX5 primer (Agowa, Germany).

Expression was done in E. ¢/ BL.21 (DE3) RIL strain
in standard LB medium, till OD,,=0.7 and then induced
with 1 mM IPTG for 12 h at 30°C.

Bacterial pellet was resuspended in buffer A (50 mM
Tris pH 8, 200 mM NaCl, 5 mM EDTA) sonicated (5X5
min with 5 min breaks) on ice, and centrifuged. Soluble
fraction was applied to equilibrated Glutathione Super-
flow resin (Amersham Biosciences) for 3 h. Extensive
washing was performed with buffer A and elution with
20 mM GSH buffer. Collected fractions were analyzed
by SDS/PAGE. Fractions with the fusion protein were
pooled and dialysed against buffer B (50 mM Tris pH
8, 150 mM NaCl, 2 mM DTT, 1 mM EDTA) and di-
gested with rTEV protease. Digested protein was bound
to glutathione resin (1 h 4°C), the unbound fraction
was concentrated (Amicon) and applied to size exclu-
sion chromatography (Amersham Biosciences, Superdex
75) to get rid of the fTEV protease and traces of GST
protein. Fractions containing virus domains were pooled
and stored at —80°C in buffer A. Purity of the protein
was confirmed by SDS/PAGE (Laemmli, 1970) and
mass spectra (Applied Biosystems AB 4800+ MALDI
TOF/TOF).

Biophysical characterization. The folded state of
the proteins was confirmed by CD spectra recorded in
the wavelength range 200-270 nm in 10 mM Tris buf-
fer pH 7 at 293 K on a Jasco J-715 spectropolarimeter.
Thermal stability was measured by following changes in
ellipticity at 222 nm, using 10-mm cuvette with a slit
width set to 2 nm and a response time of 8 s. Tran-
sition was monitored at a constant rate of 1 deg/min.

Three different pH conditions were applied: 10 mM Tris
pH 7.0, 20 mM sodium phosphate pH 5.6, and 20 mM
glycine pH 2.9. Chemical denaturation of the protein at
15 uM concentration was performed by incubation in
various concentrations of GdmCl in Tris buffer at 20°C
for 12 h followed by CD signal measurement (222 nm)
in a 10-mm cuvette. Data were analyzed using GraphPad
Prism software assuming a two-state reversible equilib-
rium transition .

Construction of libraries. Primer sequences are
shown in Table 2 (Supplementary Materials at www.act-
abp.pl) and the assembly scheme is presented in Fig. 1.
For the NNC and HWC type of randomization two
main primers (A and B for each library) were hybrid-
ized and then elongated with Klenow fragment exo-
polymerase (1 h, 37°C). The product was extracted from
agarose gel (Gel-out, A&A Biotechnology) and used for
two subsequent PCRs in order to obtain a full length
randomized sequence with proper restriction sites. C-
type libraries, based on conventional pelB signal pep-
tide, were cloned into pComb3H vector using Neol and
Spel restriction sites. BazHI and EcwRI restriction sites
were used for cloning of S-type libraries employing SRP
translocation pathway. In order to obtain a highly diver-
sified set of final sequences, gradient PCR was applied.
Randomized DNA fragments for the C4 and S4 libraries
were obtained through amplification of the long primer
BIBCS4GL in a standard PCR with the Cfor and CRev,
SFor and SRev primers, respectively.

Ten micrograms of final, cleaned-up product and
20 pg of vectors were digested at 37°C overnight. Liga-
tion of purified digests was performed overnight at 17°C
with T4 ligase. The mixtute was subjected to phenol/
chloroform extraction and ethanol precipitation. DNA
was dissolved in 100 pl of sterile water and used for
electroporation in ten shots.

Electrocompetent cells were prepared according to a
standard protocol (Wojcik e al, 2010). Transfromants
were grown on ten big (25-cm diameter) plates with
2xTY medium supplemented with 1% glucose and anti-
biotic. Serial dilution in 2xTY medium was done to es-
timate the size of the library. Cells were scrapped from
plates and libraries were kept at —80°C as a glycerol
stock. The library was grown in 2XTY medium with an-
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Figure 1. Assembly of randomized DNA fragments for construc-
tion of phage libraries

Complementary sequences used for hybridization of oligonucleo-
tides A and B are marked in red, restriction sites used for cloning
in orange. After hybridization (based on custom oligonucleotides),
three subsequent PCR reactions were performed to obtain final
product, applied for restriction.
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tibiotic and infected with helper phage M13-VCS. The
phage was purified from bacterial supernatant by pre-
cipitation with PEG according to the standard protocol
(Russel M, 2004). To allow functional display the phage
was further amplified in the XI.1-Blue strain and purified
as described above. The Mv3a-displaying phage particles
at the concentration of 1X10'3 cfu/ml were stored at
—80°C, in PBS supplemented with 10% glycerol.

Characterization of libraries — size, quality, dis-
play. Thirty-six random clones from each library were
isolated and sequenced (Agowa). PCR was also per-
formed on random 20 clones from each library. To
analyze the display of Mv3a phage particles were ana-
lyzed by Western blotting with use of anti-pIIl antibody
(MobiTec). 10" phages wete subjected to SDS/PAGE
and then transferred to PVDF membrane by a standard
semi-dry protocol. The membrane was blocked with 5%
BSA in TBS overnight, then incubated with a 1:1000 di-
lution of a primary antibody, washed and incubated with
secondary anti-mouse HRP-conjugated antibody (Jackson
ImmunoResearch) at the 1:10000 dilution. SuperWest
signal (Pierce) was used for signal detection. For SRP li-
braries mouse anti-FlagM2 (Sigma) antibodies were used.

Test selections. Human S100A7 was expressed as a
fusion with GST from the pDEST15 vector and puri-
fied as described for the virus domains. Purity of the
antigen was confirmed by SDS/PAGE and mass spec-
tra analysis. For solid surface selection the target pro-
tein was immobilized on immunotubes overnight at 4°C
in 100 mM NaHCO, pH 9.6 at the concentration of
50 pg/ml. Tubes were blocked by 1-h incubation with
2% MPBS (PBS buffer containing 2% powder milk) at
room temperature. For the first round of selection 10'3
phage particles were used, after 2 h of incubation (with
rotation) unbound phage was removed by washing five
times with PBST (PBS containing 0.1% Tween) followed
by five washes with PBS. Bound phage was cluted with
1 ml of 100 mM triethylamine for 8 min and neutral-
ized with 0.5 ml of 1 M Tris/HCl pH 8. Eluted phage
particles were used for infection of exponentially grow-
ing E. co/i XL1-Blue for 40 min at 37°C. Centrifuged
bacteria were grown overnight on large 2TY agar plates
with 33 pg/ml chloramphenicol and 1% glucose. Bac-
terial lawn was scrapped from the plates and used for
inoculation to OD,,;=0.1 of 200 mL of 2TY broth con-
taining chloramphenicol and 1% glucose. After reaching
OD,=0.5, bacteria were infected with 10! helper phage
at a final concentration of 10, after centrifugation bac-
teria were resuspended in 2TY broth containing chlor-
amphenicol, kanamycin and 0.1 mM IPTG and grown
overnight at 30°C. 102 purified phage particles were
used for subsequent rounds of selection followed by ten
washing steps with PBST and PBS each. Five rounds of
panning were conducted.

For selection in solution the antigen was biotinylated
with EZ-link Sulfo-NHS-S8S-biotin (Pierce) according to
the manufacture’s instructions. The level of biotinylation
was estimated by mass spectrometry. All tubes used for
selection were blocked with 0.1% gelatin in PBS. Be-
fore each round of panning negative preselection was
petformed — phage particles were incubated with pre-
blocked streptavidin-coated magnetic beads Dynabeads
(Invitrogen) for 1 h at RT with end to end rotation. For
selection the phage was incubated with the biotinylated
agent in 0.1% gelatin PBS, followed by 15-min incuba-
tion with Dynabeads to capture the phage-antigen com-
plexes. After washing the Dynabeads with PBST and
PBS the bound phage particles were eluted by incuba-
tion in 100 mM DTT in PBS for 15 min at RT. The

amount of antigen used was decreased from round to
round, while the washing conditions were progressively
more stringent. Binding to the antigen was performed at
RT or 4°C, depending on the round. Details of the se-
lection conditions are given in Table 3.

Polyclonal phage ELISA. Polyclonal phage ELISA
was performed for both solid phase and in-solution se-
lection. A pool of 10! phage particles after each round
of panning was incubated for 2 h at RT with the im-
mobilized antigen (directly — for MaxiSorp selection or
indirectly via streptavidin — for Dynabeads). As a con-
trol, phage was incubated in wells with buffer alone or
with streptavidin. After washing with PBST and PBS,
anti-M13 HRP-conjugated antibodies (Amersham Bio-
sciences) were added for 1 h at RT. Another step of
washing was performed and the amount of bound phage
was detected with TMB solution (Sigma). The reaction
with HRP was stopped with 1M H,PO, (Sigma) and de-
termined colorometrically.

RESULTS AND DISCUSSION

Choosing scaffold

We applied MSDfold software to identify protein do-
mains with high structural similarity to the protein Z
specific affibody for which the crystal structure is known
(PDB code 1lp1/a). We identified three sequences of
phosphoprotein P from Measles, Sendai and Mumps virus-
es that form 50-aminoacid helical domains with no se-
quence similarity to the affibody. The coding sequences
of the virus domains were cloned into the pDEST15
vector enabling expression with a GST tag. The proteins
were purified with affinity chromatography on glutathi-
one resin, then the GST-tag was removed using rTEV
protease and the final purification step was performed
by size exclusion chromatography. The expression level
for all three domains was high and the proteins were
soluble (Fig. 2 — Supplementary Materials at www.act-
abp.pl). All three proteins were monomeric as judged
from their size exclusion chromatography profiles (data
not shown). The yield was about 15 to 20 mg of puri-
fied protein per 1 liter of culture. The purity assessed
by SDS/PAGE and mass spectra analysis exceeded 97%.

Stability studies of the three domains were performed
by thermal and chemical denaturation monitored by the
CD signal at 222 nm. In agreement with recent results
(Kingston ez al, 2008) the Mumps virus domain had a
poor stability profile and formed a molten globule in
solution at pH 7.0 (data not shown), therefore it was
excluded from further studies. The stability parameters
of the Measles protein at pH 7.0 could not be assessed
by CD spectra, as the thermal transition was not com-

Table 3. In-solution panning conditions.

The concentration of target protein was decreased gradually to fa-
vor high affinity binders. Every other round the binding was per-
formed overnight and the number of washes were increased after
each round.

Round ?:rt\icgeenQration Binding Washing

1 100 nM 48 h, 4°C 3xPBST, 1xPBS
2 50 nM 1 h 40 min, RT 5xPBST, 2xPBS
3 25 nM ON 4°C, 1 h RT 8xPBST, 2xPBS
4 10 nM 1 h 45 min, RT 9xPBST, 1xPBS
5 5nM ON 4°C, 1 h RT 15xPBST, 1xPBS
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Table 4. Thermodynamic parameters of Measles and Sendai domain unfolding
Both thermal and chemical denaturation parameters are presented. Details of experiments are

described in the Methods section.

pleted up to 95°C and T, value
could only be estimated to be

above 80°C (Fig. 3B). At this

Measles virus domain

Sendai virus domain

pH the Sendai domain showed a
much lower T, of 47.2°C. The

[GdmC], ,, values obtained from

Taen () AHer (keal/mol) Tan Q) AHer (keal/mol) chemical denaturation at pH 7.0
were significantly lower for the
P 7.0 > 8 > 40 72 303 Sendai tghan for ythe Measles do-
main: 2.2 M and 4.2 M, respec-
pH 5.6 > 81 >30 37. 24.5 tively. In agreement, the stability
expressed as AG™C, ~ was much
pH 2.9 49.09 26.2 419 347 higher for the Measls domain
than the Sendai one: 6.2 kcal/mol
pH 2.9 63.05 29.5 nd. n.d. and 1.9 kcal/mol, respectively
200 mM Nacl (Table 4).
GdmCl, (M) AG,,, (kcal/mol) ~ GdmCl,, (M)  AG,,, (kcal/mol) To assess the Ty, of the Mea-
skes protein more exactly we ana-
4.21 6.27 2.19 1.91 lyzed temperature-induced transi-
tions at a lower pH: 20 mM Gly
pH 2.9 or 10 mM phosphate pH
5.6 (Fig. 3 and Table 4). While at
pH 5.6 the T, of the Measles protein could still not be
precisely determined, it was well over 40°C higher than
1.0 that for the Sendai domain. At pH 2.9 the difference of
- T, between the two domains was 12°C. We also ob-
g 081 served that the stabilty of the Meases virus domain in the
° harsh conditions of pH 2.9 could be easily improved by
s " adding NaCl to 200 mM (Fig. 3 and Table 4).
§ o4 + 20 mMGly pH 2.9 Thus, the three domains studied, despite their struc-
S + 10 mM phosphate pH 5.6 tural and functional similarity, revealed completely dif-
o 021 PP ferent stability properties, from the molten globule of
A Mumps domain through the medium stable Sendai protein
00 to the remarkably stable Measls domain. The latter do-
10 o 20mmoypHze ' ' ) ' ) main with its superb stability properties was chosen as
20mM Gly pH 2.9, 200 mM NaCl the template for library construction.
g 0.81 e 20mM phosphate pH 5.6
2 o 20mM Tris pH 7 Design of libraries
‘E 0.61
E The main concern in designing libraries was to keep
S 04 a balance between the theoretical and achievable library
8 size to allow the majority of library sequences to un-
w0 B dergo selection. The binding potential of an affibody is
0.0 - based on 13 amino acids located at two of the three he-
. . . . . . . . . lices that form a flat binding surface. Although different
» % 4 % 60 7 %0 0 10 from the antibody CDRs (Complementarity Determin-
Temperature [*C] ing Region), the affibody binding surface buries a simi-
larly large surface area of about 1650 A2 in the complex
101 Measles virus domain with a target macromolecule and forms eight or nine
B o] © Sendaivirus domain H bonds_ (Ler_ldel et al., 2000). The key aspect in hbrgry
s construction is to efficiently design sequence diversity,
2 o meaning a rational introduction of randomized positions
2 with respect to the structural nature of the scaffold and
S o4 the library size limited by the bacterial transformation ef-
8 ficiency. Thus, our main goal in the library design was to
w0 C limit their theoretical size in order to obtain representa-
0.0 - tive libraties.
| . . : . . . Since full randomization of 13 positions gives an unre-
0 ! 2 [63dmCI] 4 8 8 alistic number of amino acid sequences (about 8.2X10'%)

Figure 3. Normalized denaturation curves of virus domains

(A) Thermal denaturation of Sendai virus domain; (B) Thermal
denturation of Measles virus domain; (C) chemical unfolding of
both domains. For curve analysis GraphPad software was applied.
Changes in ellipticity were monitored at 222 nm wavelength, the
protein concentration in solution was 6 uM. For thermal denatur-
ation experiments, different buffer conditions were applied — as
indicated by colors on the graphs. Details of experiment are given
in Methods section.

we decided to randomize only eight amino acid posi-
tions that appear to be crucial for the interaction with
a target according to the available crystal structures of
affibody complexes (Wahlberg e al, 2003; Lendel e al,
2006). The eight randomized positions include those that
are in the binding hot spot and form hydrogen bonds
with the target molecule. By applying the hard random-
ization scheme NNC to those eight amino acid positions
we limited the theoretical library size to 2x10° which
can be achieved by bacterial transformation (Table 5).
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Table 5. Types of randomization and theoretical size of designed libraries
The randomization scheme is described by the degenerated nucleotides, where each letter repre-

of the design of the libraries
is presented in Fig. 4 and

sents different set of nucleotides: N — A, C,GorT,K—GorTM—AorGH—A, CorT: W — A Table 5.
orT.
Library  Transloaction pathway ~ Randomization Theoretical size Construction and
characterization of libraries
c4 Sec — pelB KMT — Y/S/A/D 4n . .
s SRP — DsbA 11 positions 4 x 106 The Mv3a libraries de-
— s scribed here are based on
c6 Sec — pelB HWC — N/I/H/L/Y/F 6 two  vectors, pComb3H
11 positions 8 x 100
6 SRP — DsbA P (Bar.bas, 1995) and pDST23
(Steiner e al, 2008), de-
15 Sec — pelB NNC — A/C/D/F/G/H//LIN/P/R/S/TN/Y 158 pending on the transloca-
8 positions 2x10° . .
515 SRP — DsbA tion pathway — conventional

We also used two soft HWC and KMT schemes of ran-
domization (for details of the randomization schemes,
see Table 5).

The soft randomization KMT allowing only four ami-
no acids: Tyr, Ala, Ser, Asp was proposed based on the
generation of low-nanomolar antibody mimics obtained
from four amino acid code libraties by the Sidhu’s and
Kossiakoff’s groups (Fellouse e al., 2004; Sidhu & Kos-
siakoff, 2007). It was also shown that such minimal di-
versity allows selection of high-performance single-do-
main binders (Koide ez a/, 2007). Using this scheme we
randomized 11 positions which led to the library size of
411 (=4x106) amino acid sequences. A slightly higher di-
versity level was obtained applying HWC randomization
that allows a different set of amino acids (mainly hydro-
phobic ones) but still includes Tyr that is well known to
be important in protein-protein interactions (Fellouse ef
al., 2000). We intentionally excluded from our soft ran-
domization schemes proline, which is highly unfavorable
for helices, to avoid destabilizing effects.

It is known that stable, rapidly folding proteins may
fail to display efficiently on the phage surface due to
their premature folding in the periplasm. To overcome
this limitation the SRP phage display system was in-
troduced for construction of phage libraries based on
highly stable proteins (Steiner ef al., 2006). This has been
proven to improve the level of protein display by us-
ing a cotranslational (as opposed to the conventionally
used post-translational) translocation pathway (Steiner ez
al., 2008). Therefore we constructed our libraries both in
a conventional way (pelB leader) and in the SRP phage
display system. Depending on the translocation type and
randomization scheme we named the libraries C for con-
ventional phage display and S for SRP; followed by the
number of different amino acids introduced in the ran-
domized positions (e.g. C4, S4, etc.) The final concept

N terminus

S5

S9

Figure 4. The spatial structure of Mv3a (10ksA)

Eight positions chosen for NNC randomization are highlighted in
red. The three green ones are additional sites for a limited diversi-
fication of a total of 11 positions. The structure was generated by
the Chimera software.

and SRP, respectively. Both
phagemids allow display of
a protein fused to the pllIl coat protein of M13 phage.
To construct libraries, a total of 20 ug of randomized,
restricted DNA fragment corresponding to each type
of library was ligated into a double-digested phagemid.
Desalted ligation mixture was electroporated into freshly
prepared electrocompetent E. o/ MC1061F cells. The
main parameters influencing the procedure efficiency
concerned the amount of electroporated DNA and the
quality of electrocompetent cells. The highly electrocom-
petent strain MC1061F provided high electroporation
yield. A detailed protocol of library construction is avail-
able in the Methods section.

Quality of the libraries was assessed by PCR, DNA
sequencing, Western blots and test selections.

The most significant feature of a phage library is the
number of individual colonies. For all of the constructed
libraries their size was estimated by serial dilutions after
electroporation (Table 6). Plasmid DNA from 36 ran-
dom colonies was sequenced for each library. Different
colonies were subjected to PCR screening to confirm the
correct size of cloned insert (around 170 nt). All the li-
braries had an outstanding level (over 80%) of correct
sequences (Table 6) and a well-balanced codon com-
position (Fig. 5), regardless of the method of sequence
randomization. Usually a multi-step DNA synthesis (as
for libraries C6, S0, C15 and S15) results in unfavora-
ble library properties, such as a high content of incorrect
sequences and uneven codon bias. Owing to the high-
quality of the DNA primers used for library construction
and optimized PCR conditions, we achieved a satisfac-
tory standard of the libraries at the DNA level.

Western blotting

Initially all the libraries were constructed in the
phagemid vector pComb3H that uses the conventional,
post-translational translocation route. However, our pre-
liminary experiments found a very low presentation level

Table 6. Analysis of constructed Mv3a libraries
Number of individual colonies was calculated by serial dilution af-
ter electroporation. The level of correct sequences was verified by
sequencing 36 random clones from each library.

Library of indi\ll\:gumatl)ecglonies of przgecre?égﬂeences
ca 1x 10" 85
S4 1x10° 80
c6 24 x10° 83
S6 4.8 x10° 80
15 43 x10° 83
S15 6x10° 86
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Figure 5. Codon bias of constructed libraries

Frequency of occurrence of each amino acid in randomized posi-
tions is shown. Colors correspond to the character of amino acid:
green — nonpolar, aliphatic; blue: polar, uncharged; purple: polar,
charged; grey: aromatic side chain. The chart is based on the se-
quencing results of random clones from each library type.

of the helical scaffold and poor selections results. It has
been reported (Steiner e al, 2000) that stable, fast-fold-
ing proteins do not display efficiently »iz the sec pathway
on the phage particle due to their premature folding.
Therefore, we decided to use the SRP phage display sys-
tem which employs cotranslational translocation of the
presented protein. To compare the two different translo-
cation pathways we subjected purified phages to Western
blot analysis using anti-pIII antibodies for all libraries
and also anti-Flag M2 antibodies for the S-type libraries.

C4 C6 C15 S4 S6 S15

75kDa — >
@
50KDa — m “ wion | 3
37kDa— - =
S <— pli-Mv3a =
75kDa— £
50 kDa — 5
37kDa™ — = = <— pllI-Mv3a :\1)1
25kDa— @

Figure 6. Western blot analysis of Mv3a libraries

Purified phage particles were separated by SDS/PAGE, blotted
onto PVDF membrane and detected with antibodies specific for
protein lll. For S-type libraries also anti-Flag antibody was applied.
Wild type plll is a 56-kDa protein, whereas the plil fragment ex-
pressed from phagemid vector is a molecule of around 25 kDa,
therefore the Mv3a-plll fusion is around 31 kDa.

From the ratio of intensities of bands corresponding
to plII and pIII-Mv3a we estimated that the SRP system
allowed around five-fold improvement of the display
yield (Fig. 6). The high stability of Mv3a protein affected
its presentation efficency, which can be observed on the
blots. We assume that the cotranslational translocation
system prevents premature folding of the stable three-
helix bundle and thus affords its better display on the
phage particle.

Test selections

To confirm the binding properties of Mv3a we per-
formed test selections. We decided to use human
S100A7 (psoriasin), a cytoplasmatic protein highly up-
regulated in many types of cancer (Emberley ef al., 2004;
Kesting ¢ al, 2009; Morgan et al, 2011). As the SRP
system gave a better display we decided to run the test
selection with the S4 library, both on immunotubes and
in solution with biotinylated targets. The biotinylation
agent containing a disulfide bond allowed specific elu-
tion conditions — by reduction in 100 mM DTT. We
applied mass spectra analysis to estimate the biotinyla-
tion level. For the panning procedure the target protein
with one to three sites of biotinylation was apllied. The
enrichment ratio was satisfactory only for the selections
with Dynabeads. To assess the accuracy of the selection
procedure we performed polyclonal phage ELISA using
phage pools after each round of selection (Fig. 7). We
estimated the amount of phage bound to the target us-
ing anti-M13 HRP-conjugated antibodies. The antigen
was immobilized directly on Maxisorb wells for analy-
sis of solid surface selection or via streptavidin in the
case of Dynabead panning. The experiment confirmed
that selection in solution was significantly more effec-
tive. To avoid the enrichment of non-specific binders
we optimized the panning procedure by applying nega-
tive preselection on streptavidin beads and using gelatin
as a blocking agent (Table 3). This strategy led to the
most satisfactory selection results that are presented here
(Fig. 7).

The above-mentioned properties of the Mv3a libraries
show that all crucial requirements for the construction of
a functional phage library have been met. We achieved

Polyclonal phage ELISA
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In-solution
selection
| ====Solid-phase
selection
2
<
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Figure 7. Polyclonal phage ELISA

Phage pool after each round of panning was applied for the bind-
ing assay towards S100A7. Y axis shows OD ,,, difference between
probe and control well. For solid-phase selection well with buffer
was used as negative control, for Dynabeads — streptavidin-coat-
ed surface.
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an ultimate bacterial transformation efficiency (up to
1019), which resulted in a favorable size of the obtained
libraries. Moreover, the functional size of the libraties,
which depends on the actual percentage of the correct
sequences was unexpectedly high. The reported fraction
of proper clones typically does not exceed 60%, which
is sufficient to apply the phage library for selection pro-
cedure (Binz & Pluckthun, 2005). Our libraries were
substantially better with over 80% of correct sequences.
This limited the entichment of defective molecules and
increased the chances of isolation of high-affinity bind-
ers. The balanced codon bias of the randomized posi-
tions, as observed in the Mv3a libraries, also contributed
to the positive outcome of the panning experiments.

The Mv3a libraries based on a vector containing a sig-
nal sequence for SRP translocation gave a better display
level than the libraries constructed in the conventional
phage system. So far, the SRP phage display has success-
fully been applied for construction of DARPin (Steiner
et al., 2006) and fibronectin type III domain libraries
(Koide ez al., 2007; Wojcik et al., 2010). In this paper we
showed that three-helix bundle domains are yet another
group of proteins which can be efficiently presented on
filamentous phage via the cotranslational route.

Our preliminary panning experiments showed that
partial protein denaturation on the solid surface limits
the enrichment of specific binders. Alternative use of
a biotinylated target allowed us to perform selection in
solution. The efficiency of biotinylation was strictly con-
trolled: an excess of biotin on the protein surface can
cause its partial unfolding or mask the potential binding
sites. Using negative preselection on streptavidin-coated
beads before each selection round we eliminated the
straptavidin-specific clones. These precautions were nec-
essaty for proper enrichment, as confirmed by polyclonal
phage ELISA. As for any phage library, a comprehensive
analysis of panning conditions needs to be performed.
Our preliminary results of the S100A7 selection of the
S4 Mv3a library can be applied to other libraries and to
different antigens.

In conclusion, we introduced a novel, stable, helical
scaffold for construction of phage libraries. Different
types of randomization and translocation systems were
tested. We characterized six Mv3a libraries and tested
the panning conditions. The results of this work dem-
onstrate the feasibility of isolating specific Mv3a binders
which, owing to their favourable properties, should be-
come a useful affinity tool.
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