
Tumor necrosis factor (TNF) is a multifunctional

cytokine and one of the major factors in inflammation,

innate immunity, and other essential functions of the

human body [1, 2]. Many autoimmune and inflammato-

ry processes are accompanied by TNF overproduction.

Thus, systemic and local increases in TNF concentra-

tions are typical for rheumatoid arthritis, psoriasis, Crohn

disease, septic shock, and multiple sclerosis [3, 4]. In

some disorders, inhibition of TNF activity produces

clearly pronounced clinical effect; that is why identifica-

tion of TNF blockers is a promising direction in protein

engineering and biotechnology [2, 5, 6]. The major

method for TNF neutralization is the use of specific anti-

bodies (e.g., infliximab) and the immunoadhesin

Etanercept composed of the ligand-binding region of

human TNF receptor and the Fc region of human

immunoglobulin G1 [2]. Another type of TNF blockers

are dominant-negative TNF mutants (DN-TNFs) that

bind to specific cell receptors and suppress further signal-

ing in the cells [7], single-domain variable fragments of

camelid antibodies [8], and TNF-binding proteins of

poxviruses [9, 10].

Despite obvious advantages of antibodies, such as

high affinity, specificity, high elimination half-time, and

biological safety, their clinical application might be with

significant drawbacks, in particular, high production cost

and, consequently, high cost of the final product, because

of the necessity for expensive mammalian cell expression

systems. Moreover, the high molecular mass of the anti-

bodies prevents their penetration into the treated tissues

and limits the efficiency of antibody use in the treatment

of various disorders [11].

One approach to solving these problems is the use of

alternative scaffold proteins (ASPs) capable of high-affin-

ity binding of the corresponding antigens. ASPs are sta-

ble, have low molecular mass, and can be produced in a

bacterial expression system [12-14], which makes them
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good candidates for creating artificial binding molecules

by the methods of protein engineering.

The 10th human fibronectin type III domain (10Fn3) is

one of the most commonly used ASPs. 10Fn3 is a small pro-

tein with extremely high solubility and thermostability. Its

molecule lacks cysteine residues, which enables efficient

expression of this protein in the cytoplasm of Escherichia

coli cells. The presence of 10Fn3 in normal serum at a con-

centration of 0.1 mg/ml ensures its low immunogenicity

and opens wide possibilities for its use in the development of

new therapeutic agents. Three of the exposed 10Fn3 loops –

BC, DE, and FG – are structural analogs of the antigen-

binding regions in antibody molecules. Several 10Fn3-based

artificial binding proteins have been obtained that displayed

high specificities and dissociation constants in the pico-

and nanomolar ranges [16, 17]. Genes for 10Fn3 antigen-

binding variants are often selected from combinatorial

libraries by the methods of cell-free (mRNA and riboso-

mal) display or cell (phage and yeast) display [17].

Earlier, we cloned a gene for the putative AT877 auto-

transporter (AT) from Psychrobacter cryohalolentis K5T and

studied the properties of its passenger domain possessing

esterase activity. We also demonstrated the possibility of the

use of the type Va secretion system for the transport of

cold-active esterase EstPc to the surface of E. coli cells [18].

The efficiency of the 10Fn3 exposure was significantly

increased by its incorporation into a chimeric passenger

domain containing EstPc at the N-terminus [19].

In this work, to estimate the efficiency of the AT877-

based bacterial display system, we screened the combina-

torial library for the TNF-binding variants of 10Fn3 that

were exposed at the cell surface in the content of the

AT877 autotransporter hybrid passenger domain. The

resulting proteins were characterized by high solubility

and capacity for TNF binding.

MATERIALS AND METHODS

Reagents used in the study were from Sigma (USA),

BioRad (USA), Merck (Germany), and Panreac (Spain);

components of bacterial culture media were from Difco

(USA); full 199 medium, calf embryonic serum, and

DMSO were from Biolot (Russia). All solutions were pre-

pared in deionized water (MilliQ, USA). Recombinant

human TNF was obtained as described in [20].

Biotinylated TNF (bioTNF) was obtained using an EZ-

Link NHS-PEG4-Biotin reagent (Thermo Fisher, USA)

as recommended by the manufacturer.

Recombinant DNAs were cloned in E. coli XL-1 Blue

cells (Stratagene, USA) using enzymes from Fermentas

(Latvia) according to standard procedures. Oligonucleo-

tides (Table 1) were synthesized by Evrogen (Russia),

except Bcd and Fgd that were synthesized from trimer

phosphoramidites at the Department of Pharmaceutical

Chemistry, University of Kuopio (Finland).

Gene amplification by PCR was performed using Pfu

polymerase as recommended by the enzyme manufactur-

er. The reaction regime included template denaturation

for 3 min at 95°C; 25 cycles of denaturation at 45°C for

45 s, primer annealing at 52-55°C for 45 s, and elongation

at 72°C for 45°C; and elongation at 72°C for 5 min.

Library construction for 10Fn3 gene variants in the

pEFN877 plasmid. First, we obtained three PCR frag-

ments using the pETNF3 plasmid (pET32a with inserted
10Fn3 gene) as a template and primer pairs Bam_FN +

F1r (fragment F1), Bcd + Der (fragment F2), and Fgd +

FN_Sal (fragment F3). The amplified fragments were

purified by electrophoresis in 1.5% agarose gel and ligat-

ed by PCR using the Bam_FN and FN_Sal primers. The

resulting product (294 bp) containing the 10Fn3 gene

library was treated with BamHI and SalGI restriction

endonucleases and cloned into the pEFN877 plasmid

[19] by the BamHI/SalGI sites. Bacterial clones obtained

by transformation of E. coli XL-1 Blue cells were washed

off the LB agar plates and used for isolation of plasmid

DNA using a QIAprep Spin miniprep kit (Qiagen, USA).

Screening for TNF-binding 10Fn3 variants by the bac-

terial display method. To obtain bacterial strains with sur-

face expression of 10Fn3 variants, E. coli BL21(DE3)pLysS

cells (Stratagene) were transformed with the total plasmid

DNA containing the 10Fn3 gene library and grown at

Primer

Bam_FN

FN_Sal

FN_Nde

FN_Xho

Bcd

Fgd

F1r

Der

Length, nt

43

30

32

30

51

54

18

18

Table 1. Primers used for creating 10Fn3 gene combinatorial library

5′-3′ sequence

TATAAGGATCCGGTGGAGGTGGCTCTCTGGAAGTTGTTGCGGCGA

ATTCTTGTCGACCGGTTTATCAATTTCGGT

ATACTACATATGCTGGAAGTTGTTGCGGCGAC

ACATACTCGAGGGTACGGTAGTTGATAGAG

CTGCTGATCTCTTGGXXXXXXXCGTTACTACCGTATC

GTTTACGCGGTTACCXXXXXXXXCCGATCTCTATCAAC

CCAAGAGATCAGCAGAGA

GGTAACCGCGTAAACGGT

Note: X, nucleotide triplets corresponding to 19 amino acids at the ratio described in [24].
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37°C in 20 ml of LB medium containing 100 µg/ml ampi-

cillin to optical density A560 = 0.6-0.8. Protein expression

was induced by adding 0.1 mM IPTG, and the cells were

incubated for 1 h at 22°C on a shaker at 220 rpm. The

cells were then pelleted by centrifugation at 2000g for

15 min at 4°C, and the pellet was resuspended in 1.5 ml of

cold PBS.

To eliminate clones with 10Fn3 variants that bound

streptavidin nonspecifically, 150 µg of Dynabeads M-280

Streptavidin magnetic beads (Invitrogen, USA) was

added to the cell suspension. After incubation for 30 min

at 4°C under constant stirring, the beads were removed

with a magnet. To select 10Fn3 variants specifically bind-

ing TNF (positive selection), 50 nM bioTNF was added

to the cell supernatant, and the mixture was incubated for

1 h at 4°C with constant stirring. The cells were then col-

lected by centrifugation at 2000g at 4°C for 15 min, resus-

pended in 1.5 ml cold PBS, and mixed with 150 µg of

magnetic beads pretreated with the BB buffer (3% BSA in

PBS). The mixture was incubated for 30 min at 4°C under

constant stirring. The magnetic beads with the bound

cells were collected with a magnet, washed twice with

750 µl cold PBS, transferred to 5 ml LB medium con-

taining ampicillin, chloramphenicol, and glucose, and

grown overnight. The next two rounds of selection were

performed using the same procedure. After three rounds

of selection, total plasmid DNA containing the library of

TNF-binding 10Fn3 variants was isolated.

Confirmation of selection efficiency by ELISA. The

efficiency of selection of the TNF-binding 10Fn3 variants

exposed at the E. coli cell surface was determined by

ELISA after each round of selection. Escherichia coli

BL21(DE3)pLysS cells expressing the 10Fn3 gene library

at their surface were pelleted by centrifugation as

described above and washed with cold PBS. The resulting

suspension was incubated for 1 h at 4°C with 100 nM

bioTNF; the cells were then centrifuged, washed again

with cold PBS, and treated with neutravidin–HRP

(horseradish peroxidase) conjugate (Thermo Scientific)

for 30 min. To remove unbound conjugates, the cells were

pelleted, washed with PBS, resuspended in 500 µl PBS,

and transferred into wells of an ELISA plate (50 µl/well).

Immune complexes were visualized by reaction with the

single-component substrate tetramethyl benzidine

(TMB; 50 µl/well). After 5 min, the reaction was stopped

by adding 50 µl 10% H2SO4. Absorbance in the wells was

measured with a Model 680 plate reader (BioRad) at

450 nm. Each experiment was repeated five times; cells

treated according to the same procedure in the absence of

bioTNF were used as a negative control.

Cloning of the 10Fn3 gene library into expression vec-

tor. Total DNA coding for the library of TNF-binding
10Fn3 variants after three rounds of selection was used as

a template in PCR with the FN_Xho and FN_Nde

primers. The resulting PCR products were treated with

XhoI and NdeI and cloned into the pET32a vector.

Analysis of the clone library. Competent E. coli XL-1

cells were transformed with ligase mixture containing

plasmids bearing a library of the TNF-binding 10Fn3 vari-

ants and plated onto L-agar medium containing

100 µg/ml ampicillin. Grown clones were washed off with

5 ml of the medium and used for isolation of total plasmid

DNA. An aliquot of the plasmid DNA was used for the

transformation of E. coli BL21(DE3) cells (Novagen,

USA) that were then plated on the same medium.

Individual colonies were transferred into wells of a 96-

deep-well plate (Greiner, Germany) containing 1 ml of

the medium for autoinduction [22] and grown overnight

at 30°C.

The plate was centrifuged for 20 min at 4000 rpm.

The pellets were resuspended in 100 µl CelLytic lysis

solution (Sigma), incubated for 10 min at room tempera-

ture with constant stirring, and then centrifuged under

the same conditions. The supernatant (10 µl) was used in

the analysis of TNF binding by ELISA.

Protein purification. Escherichia coli BL21(DE3)

cells transformed with one of the plasmids were grown in

200 ml LB medium containing 100 µg/ml ampicillin at

37°C to optical density A560 = 0.5-0.7, and protein expres-

sion was induced by adding 0.2 mM IPTG. The cells were

incubated for another 4 h at 27°C and pelleted by cen-

trifugation. To purify the recombinant protein from the

soluble cell fraction, the cells were resuspended in buffer

A (50 mM Tris-HCl, pH 8.0, 1 mM PMSF, 200 mM

NaCl) and disrupted by sonication (6 × 30-s pulses). The

lysate was clarified by centrifugation; 10 mM imidazole

was added to the resulting supernatant, which was loaded

on a Ni-Sepharose FastFlow column (0.5 × 2 cm; GE

Healthcare, Sweden) equilibrated with buffer A. The col-

umn was then washed with buffer B (20 mM Tris-HCl,

pH 8.0, 0.5 M NaCl, 20 mM imidazole), and bound pro-

teins were eluted with buffer C (20 mM Tris-HCl, pH 8.0,

200 mM NaCl, 300 mM imidazole). Fractions containing

purified protein were combined and dialyzed against

buffer D (20 mM Tris-HCl, pH 8.0, 50 mM NaCl).

Protein concentration was determined with a Qubit

device (Life Technologies, USA) as recommended by the

manufacturer.

ELISA and TNF cytotoxicity assay were performed

as described in [21].

Immunoblotting. Proteins separated by gel elec-

trophoresis were transferred onto nitrocellulose mem-

branes (BioRad). The membranes were preincubated in

1% BSA in TBS for 1 h at 37°C to block nonspecific inter-

actions and then were treated with the conjugate of anti-

His6-tag antibodies with HRP (1 µg/ml; Invitrogen,

USA) in 1% BSA in TBS for 1 h at room temperature.

The membrane was then stained using precipitating TMB

as a substrate (Clinical Science Products, USA).

Analytical gel filtration was peformed on a Superdex

75 10/300 GL column (10 × 30 mm; GE Healthcare) at a

flow rate of 0.4 ml/min in 100 mM Tris-HCl (pH 8.0),
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150 mM NaCl. Protein peaks were detected from

absorbance at 230 nm.

Dissociation constant Kd of the 10Fn3 complex with

TNF was determined by competitive ELISA as suggested

by Martineau [23]. Two-fold TNF dilutions in 150 µl PBS

containing 1% BSA were prepared; the initial protein

concentration was 600 nM (as calculated per protein

monomer). Each dilution was supplemented with 150 µl

PBS/1% BSA containing 80 nM 10Fn3 variant and incu-

bated at 37°C for 1 h to establish equilibrium in the 10Fn3

binding to TNF. The reaction mixture samples (100 µl;

n = 3) were transferred to the wells of a 96-well plate with

immobilized TNF (0.1 µg/well) and incubated for 1 h at

37°C under constant stirring. The wells were then washed

three times with PBS containing 0.1% Tween-20, and

primary monoclonal murine anti-His-tag antibodies in

100 µl PBS containing 1% BSA (1 : 10,000 dilution) were

added to the wells. The reaction mixtures were incubated

as described above, and the wells were then washed. To

visualize immune complexes, secondary anti-mouse

HRP-conjugated IgG antibody (Sigma) was used at 1 :

5000 dilution. Staining with TMB was performed as

described above. The absorbance values for each of the

dilutions were used to determine the dependence of

absorbance on TNF concentration. The resulting experi-

mental dependence was approximated with OriginPro v.

9.1 software in accordance with the equation:

–(х – а + Кd) +    4aKd + (x – a + Kd)2

A = (Amax – A0) × ______________________________ + A0,
2a

where A is absorbance in a single experiment for each

TNF concentration; Amax is absorbance in the control

experiment in the absence of TNF; A0 is the minimal

absorbance in the experiment; x is total TNF concentra-

tion (both bound and free TNF); a is initial 10Fn3 con-

centration; Kd is dissociation constant of the TNF com-

plex with 10Fn3.

RESULTS

Construction and expression of the combinatorial

library of 10Fn3 gene variants in the pEFN877 plasmid. To

obtain ASPs based on 10Fn3 by randomization of frag-

ments coding for the BC and FG loops, we constructed a

combinatorial library by amplifying DNA fragments cod-

ing for BC and FG loops with randomized nucleotide

sequence using primers synthesized from trimer phos-

phoramidites [24]. The ratio between the codons corre-

sponded to the so-called magic formula that reflects

amino acid composition typical for complementarity-

determining regions (CDRs) of natural antibodies (Tyr –

20%; Ser and Gly – 15% each; all other amino acids

except Cys – 3.1% each) [25]. The absence of stop

codons and the reading frame shifts resulting from

nucleotide deletions or insertions significantly increased

the effective library size, whereas the use of codons most

typical for E. coli and the lack of codons coding for Cys

promoted high expression levels of the recombinant pro-

teins. The Bcd primer provided randomization of seven

amino acids that form the BC loop; the Fgd primer did

the same for eight residues of the FG loop (Fig. 1a and

Table 2). According to published data, the length of the

FG loop in 10Fn3 varies from 7 to 11 amino acid residues

[26]. In this study, we left the DE loop sequence intact,

because, according to the results of structural studies, it

forms a rigid β-hairpin structure, while the BC and FG

loops display conformational mobility [27, 28]. The

resulting PCR fragments with randomized regions were

then combined with a fragment coding for the 10Fn3 N-

terminal region, resulting in the creation of the combina-

torial library.

Earlier, we constructed the pEFN877 plasmid con-

taining the hybrid EstFn877 gene including the sequences

for P. cryohalolentis K5T EstPc esterase, 10Fn3, α-linker,

and P. cryohalolentis K5T AT translocator domain in the

same reading frame (Fig. 1b) [19]. The PelB sequence at

the N-terminus of the hybrid protein and the C-terminal

His6-tag were provided by the pET20b plasmid.

For further selection of the TNF-binding 10Fn3 vari-

ants, we cloned the combinatorial library into the

pEFN877 vector by replacing the wild-type 10Fn3. The

size of the library was determined at the ligation stage: we

used 3 µg of the vector, so that the size of the resulting

library was ~4.8·109 variants.

The molecular diversity of the library was confirmed

by sequencing of 20 random clones. All the sequenced

genes contained different nucleotide sequences, three of

which (15%) contained single-nucleotide deletions

(probably due to errors in primers synthesis). Based on

the efficiency of E. coli cell transformation and the pro-

portion of correct nucleotide sequences, the actual library

repertoire was 2.5·108 variants, which was considerably

less than the theoretically calculated size. The resulting

total DNA coding for the hybrid AT was used for trans-

formation of E. coli BL21(DE3)pLysS cells. Gene expres-

sion was induced by adding IPTG to the cells at the loga-

_________________
√

Variant

WT

9

13

19

52

66

BC loop
sequence

DAPAVTV

SQSWGEY

YFYFHGY

SQSWGEY

QWYWQRG

YYGISP

FG loop sequence

GRGDSPASSK

YIQASYYN

QGYSSYWSSK

NGYYY

YYMDYYQSSK

SWSASKASSK

Table 2. Amino acid sequences of BC and FG loops in

TNF-binding 10Fn3 variants
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rithmic growth phase followed by cell incubation for 1 h

at 22°C to prevent cell death from excessive biosynthesis

of the membrane protein. Analysis of the cell lysates by

electrophoresis and immunoblotting with antibodies

against the His6-tag showed that IPTG induced biosyn-

thesis of a protein with electrophoretic mobility that cor-

responded to the calculated molecular mass of the hybrid

autotransporter (78 kDa) (Fig. 2, a and b, lane 2).

Fig. 1. a) Positions of primers used for constructing the 10Fn3 gene combinatorial library. BC, DE, and FG are sequences coding for the 10Fn3

loops; X, randomized fragments. b) Structure of the hybrid autotransporter in the content of the pEFB877 plasmid. SS, PelB signal sequence;
10Fn3, 10th human fibronectin type III domain; EstPc, P. cryohalolentis K5T esterase; α, α-helical linker; β-barrel, AT877 translocator

domain; His6, hexahistidine tag. Sites for restriction endonucleases used for cloning are shown.

a

b

Fig. 2. Analysis of expression of the 10Fn3 gene combinatorial library by electrophoresis in 12% polyacrylamide gel (a) and immunoblotting

with anti-His6 antibodies (b) in lysates of BL21(DE3)pLysS cells transformed with total plasmid DNA (library cloned in the pEFN877 vec-

tor) before induction (lane 1), after induction before selection (lane 2), and after one (lane 3) and two (lane 4) rounds of selection. M, molec-

ular mass markers (Fermentas); arrow, position of the hybrid AT.

a b
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Screening of the combinatorial library by the bacterial

display method. To select E. coli cells expressing TNF-

binding 10Fn3 variants at the cell surface, bioTNF was

immobilized on streptavidin-coated magnetic beads. To

eliminate sequences that code for proteins that bind strep-

tavidin nonspecifically, induced cells were preincubated

with uncoated magnetic beads. The cells that did not bind

to the uncoated beads were incubated with 50 nM bioTNF

and then mixed with the streptavidin-coated beads. The

formed conjugates were incubated in the cultivation medi-

um for amplification, then the next induction/selection

rounds were performed. It should be noted that this selec-

tion method does not require elution of the bound clones,

which is one of the advantages of bacterial display.

Analysis of cell lysates by immunoblotting showed

that clones with a considerably higher expression level of

the hybrid AT could be isolated even after the first selec-

tion round (Fig. 2, a and b, lanes 3 and 4). To confirm the

efficiency of the clone selection, E. coli cells with the

library of surface-expressed 10Fn3 variants were analyzed

by ELISA after each selection round. We found that the

efficiency of TNF binding by the selected cells increased

after each selection round (Fig. 3). These data also proved

that the AT877 AT translocator domain ensures exposure

of the hybrid passenger domain including the 10Fn3 com-

binatorial library at the surface of E. coli cells and allows

selection of the TNF-binding clones.

After the third selection round, the genes for the

TNF-binding 10Fn3 variants in the combination with the

AT were recloned into the pET32a plasmid resulting in

the library for cytoplasmic expression of the correspon-

ding proteins in E. coli BL21(DE3) cells. After growing

individual clones in plate wells with the autoinduction

medium and analysis of the supernatants by ELISA, we

selected five clones with the highest TNF-binding activi-

ty. Analysis by SDS-PAGE confirmed that >90% of

grown clones expressed proteins of the required size (10-

12 kDa) in the soluble fraction of the cells. Sequencing of

these clones revealed several variants of the 10Fn3 gene

containing amino acid variations in the BC and FG loops

(Table 2). It should be noted the most common residues

in the loops were serine and threonine, which correlates

with the library design and is in good agreement with pub-

lished data on the use of these residues for creation of

binding surfaces in proteins [25, 29].

Purification and characterization of TNF-binding

proteins. To increase the solubility of the expressed pro-

teins, bacterial cell cultures were grown at 27°C after

induction. Analysis of the recombinant protein localiza-

tion after cell disruption by sonication showed that all

these proteins were completely or mostly soluble and

occurred in the cell cytoplasmic fraction (Fig. 4a). The

TNF-binding variants FN9, FN13, FN19, FN52, and

FN66 were isolated by metal-affinity chromatography (1-

2 mg) with a high degree of purity (>90%). The protein

yield was 20-30 mg/liter bacterial culture (Fig. 4b).

The homogeneity of the obtained fractions was

determined by analytical gel filtration on a calibrated

Fig. 3. Analysis of TNF-binding activity of BL21(DE3)pLysS

cells expressing at their surface the 10Fn3 gene library using

ELISA. Mean values of the cell culture optical density (n = 5) are

shown for the cells after successive selection rounds (1-3) and for

control cells of the same strain transformed with the pEFN877

plasmid (4).
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Superdex 75 column (Fig. 4c). Most preparations pre-

dominately contained monomeric and dimeric forms of

the proteins; although some fractions contained high

molecular mass aggregates. In our further experiments,

we used the aggregate-free preparations.

The TNF-binding activity of the proteins was

assayed by ELISA. Plates with adsorbed 10Fn3 variants

were incubated with serial dilutions of bioTNF. The

bioTNF binding was detected using neutravidin–HRP

conjugates. The wild-type fibronectin domain did not

bind bioTNF; none of the analyzed 10Fn3 variants bound

BSA (negative control). The variant with the highest

TNF-binding activity was FN52 (Fig. 5a).

The affinity of the TNF binding by FN52 was esti-

mated by competitive ELISA based on determination of

the free protein concentration in the presence of TNF.

The obtained value Kd was 35 ± 7 nM, indicating relative-

ly high affinity of FN52 toward TNF.

The neutralizing activity of FN52 was studied in the

standard TNF toxicity test using mouse fibroblast L929

cells expressing type I TNF receptor. L929 cells were cul-

tured in the presence of the 10× molar excess of FN52

and different TNF dilutions. We found that addition of

FN52 increased 4-fold the TNF concentration causing

50% cell death (Fig. 5b). Therefore, FN52 acted as a

TNF antagonist.

DISCUSSION

Exposure of combinatorial libraries of binding pro-

teins, in particular 10Fn3, at the surface of microbial cells

(cell display) is an efficient approach that allows selection

of protein variants with high affinity toward a target ligand

[30]. The first attempts on the selection of the 10Fn3-based

ASPs used phage display [17], which was later replaced by

the yeast display in which proteins are expressed as hybrids

with the Aga2p protein subunit [31]. The disadvantage of

the latter method is low efficiency of yeast transformation

compared to E. coli cells, resulting in a considerably

smaller library size (number of variants). At the same

time, E. coli-based bacterial display systems allow screen-

ing much larger libraries; moreover, different methods for

exposing proteins at the cells surface have been developed

for E. coli cells [32]. The number of molecules that could

be exposed at the bacterial cell surface is much higher (up

to 1.5·105) than in the phage-based system [19].

One of the most popular approaches to constructing

cell display systems is using the Va type secretion pathway

that involves AT proteins of the outer membrane in

Gram-negative bacteria. The autotransporter molecule

consists of the N-terminal passenger domain and the C-

terminal translocator domain connected by an α-helical

linker [33, 34]. By replacing the passenger domain with a

recombinant protein by genetic engineering methods, it is

possible to obtain hybrid ATs that would expose the target

protein at the bacterial cell surface [35]. Here, we for the

first time demonstrated the possibility of designing TNF-

binding 10Fn3 proteins using E. coli bacterial display. For

this purpose, a combinatorial 10Fn3 gene library was

cloned into the pEFN877 plasmid also containing

nucleotide sequences for P. cryohalolentis esterase and AT

translocator domain in the same reading frame. As shown

earlier, the transport of the 10Fn3-containing passenger

domain to the cell surface in the absence of the esterase is

extremely inefficient [19].

Numerous studies on the translocation of AT mole-

cules to the bacterial cell surface showed that the efficien-

cy of this process is determined by many factors, includ-

ing the passenger domain structure. Still, the mechanisms

of AT transport are not completely understood. According

to the hairpin model, translocation of the unfolded pas-

senger domain through a pore formed by the outer mem-

brane-inserted β−barrel occurs in the C- to N-terminus

direction [34, 36]. The C-terminal fragments of most pas-

senger domains contain the so-called autochaperone that

Fig. 5. a) Analysis of TNF binding to 10Fn3 variants by ELISA: 1) FN52; 2) FN66; 3) FN19; 4) 10Fn3. b) Cytotoxic activity of TNF (1) and

TNF mixture with FN52 (2) in L929 cells.
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has stable structure and high folding rate [37]. Supposedly,

folding of this autochaperone at the cell surface deter-

mines the directionality of the passenger domain trans-

port and makes it irreversible. At the same time, the N-

terminal fragment of the passenger domain is less stable,

which creates an increasing gradient in the protein stabil-

ity from the N-terminus to the C-terminus [38].
10Fn3 demonstrates high folding rate and stable spa-

tial structure [39] that might hinder its secretion by the Va

type mechanism. To overcome this obstacle, we placed

the EstPc esterase from P. cryohalolentis K5T at the N-ter-

minus of the passenger domain. EstPc is a cold-active

enzyme that is less stable than other proteins with higher

temperature optima [40]. Therefore, the generated

recombinant AT protein possessed a stability gradient,

which considerably increased the efficiency of 10Fn3

translocation to the bacterial cell surface [19].

Here, we demonstrated that the cell display system

developed by us ensures efficient exposure of the 10Fn3

combinatorial library at the surface of E. coli cells, there-

by allowing selection of the TNF-binding variants of this

scaffold protein. It should be noted that most TNF-bind-

ing 10Fn3 variants obtained earlier by screening of the

same library by the cell-free CIS-display method formed

insoluble inclusion bodies when expressed in bacterial

cells (unpublished data). In this study, the selected

recombinant proteins were highly soluble, proving the

advantage of the bacterial display method. We believe that

selection of rapidly folding 10Fn3 variants was facilitated

by the structure of the hybrid AT passenger domain.

After performing three rounds of the 10Fn3 gene

library screening by the cell display method and analysis

of the TNF-binding activity of the selected clones with

the cytoplasmically expressed recombinant proteins, we

obtained a high-affinity 10Fn3 variant that formed a com-

plex with TNF with dissociation constant of ~35 nM and

neutralized TNF cytotoxicity in L929 cells. Earlier,

TNF-binding 10Fn3 variants with Kd of 1-24 nM have

been obtained by combinatorial library screening by the

mRNA display method [41]. The library used in [41] was

significantly larger (~1012 clones). In this work, we devel-

oped a cell display system based on the P. cryohalolentis

K5T AT and demonstrated the possibility of export of the

recombinant 10Fn3 variants to the surface of E. coli cells.

The developed system can be successfully used for obtain-

ing high-affinity TNF-binding proteins that would be sol-

uble and expressed at high levels, which also could be

used later for selection of proteins capable of binding lig-

ands other than TNF.
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