
The most common approach to study the interaction

and internalization of cellular receptors with their ligands

is to conjugate antibodies specific to these receptors with

fluorescent dye or radiolabel. We proposed a simple and

reliable method for visualization of surface cellular anti-

gens of tumor cells using a red fluorescent hybrid protein

DARPin-mCherry. Human breast adenocarcinoma cell

line SK-BR-3 was used as a test object. This cell line is

characterized by increased expression of the tumor mark-

er HER2/neu, which is a member of the epidermal

growth factor receptor family HER 1-4 and is also over-

expressed by cancer cells of ovaries, lungs, prostate, etc.

[1]. The mechanism of carcinogenesis is the uncontrolled

formation of homo- and heterodimers of HER2/neu that

promotes an increase in proliferation and migration of

cells, inhibition of apoptosis, neoangiogenesis, and final-

ly results in tumor formation and metastasis [2, 3].

Therefore, women with HER2/neu-positive breast cancer

have more aggressive disease which is more frequently

accompanied by relapses compared to HER2/neu-nega-

tive cases. The tumor marker HER2/neu is one of the

best-studied proteins of this type [4-6]; nevertheless, the

functions of HER2/neu as a protooncogene, its internal-

ization mechanisms, as well as the intracellular signal

transduction are still not known in detail. Moreover,

HER2/neu is the only member of the family for which the

ligands are still not identified [2]. Thus, details of

HER2/neu internalization are extremely important for

elucidation of its role in the signal transduction pathways

in the cell. Finally, since HER2/neu is a significant target

for designing new antitumor compounds (based on

nanoparticles, lentiviruses, etc.), their cell trafficking

should be studied in detail.
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Abstract—Here we propose a simple and reliable approach for detection of the tumor marker HER2/neu using the target-

ing fluorescent hybrid protein DARPin-mCherry. As a targeting module, we used DARPin9-29, which is a member of a

novel class of non-immunoglobulin targeting proteins that can highly selectively recognize the extracellular domain of the

epidermal growth factor receptor HER2/neu. The red fluorescent protein mCherry was used as the detecting module. The

hybrid protein DARPin-mCherry was prepared with high yield in a bacterial expression system and purified in one step by

affinity chromatography. The purified protein is not prone to aggregation. The specificity of DARPin-mCherry binding with

the HER2/neu tumor marker was demonstrated using confocal microscopy, flow cytofluorimetry, and surface plasmon res-

onance. The dissociation constant of the DARPin-mCherry protein complex with the HER2/neu receptor determined by

surface plasmon resonance was calculated to be 4.5 nM. These characteristics of the hybrid protein DARPin-mCherry sug-

gest it as a promising agent for immunofluorescent assay and an attractive alternative to antibodies and their fragments

labeled with fluorescent dyes that are now used for this purpose.
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Thus, we created a chemically and optically stable

hybrid protein with constant composition containing the

far-red fluorescent protein mCherry and the targeting non-

immunoglobulin polypeptide DARPin. This approach

might become an alternative to antibodies and their frag-

ments labeled with low molecular weight fluorescent dyes

or radionuclides for studying surface tumor markers.

MATERIALS AND METHODS

Preparation of genetic construct DARP-mCherry.

The encoding sequence of DARPin9-29 was amplified on

a template of plasmid pCG-Hnse-DARPin-d18-9-29

(kindly presented by Prof. A. Pluckthun, Zurich

University) using specific primers 5′-tattccatatggac-

ctgggtaagaaactg and 5′-cgccgaattcttgcaggatttcagccag. The

resulting fragment of DNA was treated with restriction

endonucleases NdeI and EcoRI (the restrictase-recogni-

tion sites are underlined in the structure of the primers)

and ligated with the vector pET22b(+) that was pretreat-

ed with the same restrictases. Upon transformation of the

E. coli strain XL1-Blue with the ligase mixture and selec-

tion of transformants containing the insertion, plasmid

pDARP9-29 was prepared. The encoding sequence of the

mCherry gene with a flexible hinge-like linker PKP-

STPPGSS was removed using restrictases EcoRI and

HindIII from the plasmid pIG6-4D5scFv-mCherry pre-

pared earlier in our laboratory and ligated with the plas-

mid pDARP9-29 treated with the same restrictases. In the

resulting plasmid pDARP-mCherry, the gene of interest

is under control of an inducible promoter of phage T7 and

contains one reading frame encoding sequences of genes

DARPin9-29 and mCherry, as well as a hexa-histidine

label in the 3′-terminal part.

Isolation of recombinant protein DARPin-mCherry.

The E. coli strain BL21(DE3) was transformed using the

plasmid pDARP-mCherry. A single colony was settled in

2 ml of YTPS medium (1% tryptone, 1% yeast extract,

45 mM K2HPO4, 5 mM KH2PO4, 100 mM NaCl, 2 mM

MgCl2) supplemented with ampicillin (0.1 g/liter) and

grown overnight with aeration at 37°C. Then the

overnight culture was diluted 50-fold with YTPS medium

and cultured under the same conditions up to the middle

logphase (OD600 ~ 0.5-0.7), and then temperature was

decreased to 25°C and isopropyl thiogalactopyranoside

(IPTG) was added to the final concentration of 1 mM.

Induction was performed for 8 h. Then the cells were

cooled and harvested by centrifugation at 6000g for

10 min at 4°C. The cell precipitate was resuspended in

buffer (200 mM NaCl, 30 mM NaH2PO4, 2 mM Tris,

pH 8.3), and then the cells were sonicated on ice bath

with an ultrasonic disintegrator (ultrasonication for 45 s

was performed 5-7 times). The cellular debris was

removed by centrifugation at 15,000g for 30 min. The

supernatant was passed through a filter with pores of

0.22-µ diameter and then placed onto a column of Ni2+-

NTA Sepharose (GE Healthcare, GB) according to the

manufacturer’s protocol. Proteins not bound to the sor-

bent were removed by washing the column with buffer T2

(2 mM Tris-HCl, 200 mM NaCl, 30 mM NaH2PO4,

pH 8.3). The bound protein was eluted with buffer T2

supplemented with 150 mM imidazole. The yield of the

purified protein was 40 mg per liter of culture.

The purified DARPin-mCherry protein was ana-

lyzed in 12% polyacrylamide gel under denaturing condi-

tions.

Determination of binding constant of DARPin-

mCherry with receptor HER2/neu. The dissociation con-

stant of the DARPin-mCherry protein complex with the

extracellular domain of the HER2/neu receptor was

determined using surface plasmon resonance with a

Biacore device (GE Healthcare). CM-5 sensor chips were

covered with recombinant antigen p185HER-2-ECD

with density of 4500 resonance units (RU). The dissocia-

tion constant was calculated from the resulting sensogram

using the BIAevaluation 3.0 program (GE Healthcare).

Confocal microscopy. The cell lines SKBR-3 and

CHO were cultured in RPMI-1640 medium (Thermo

Scientific, Russia) supplemented with 10% fetal calf

serum (Thermo Scientific) in culture flasks. For determi-

nation of DARPin-mCherry binding to HER2/neu

receptor, the cells at the density 15,000 cells/ml were

plated into confocal dishes with glass bottom (WillCo

Well, The Netherlands) and grown overnight at 37°C in

an atmosphere with 5% CO2. Before the experiment, the

cells were supplemented with protein DARPin-mCherry

to final concentration 1 µM and incubated at 4°C for

30 min. Then the cells were washed thrice in phosphate

buffered saline (PBS) and visualized with a Carl Zeiss

LSM-710-NLO confocal microscope (Carl Zeiss,

Germany) using the following parameters: excitation at

561 nm, registration of fluorescence in the range 570-

735 nm.

Flow cytofluorimetry. For quantitative evaluation of

DARPin-mCherry binding to SKBR-3 (HER2/neu-

overexpressing) and CHO (HER2/neu-negative) cell

lines, the cells were incubated in flasks and detached with

Versene solution (not using trypsin). The cells were incu-

bated with 1 µM solution of DARPin-mCherry for 15 min

at 4°C, washed twice with cold PBS, and measurements

were performed using a FACS Scan Calibur device

(Becton-Dickinson, USA). The data were analyzed with

the WinMDI 2.8 program (Scripps Research Institute).

RESULTS AND DISCUSSION

The purpose of the present work was to create a

chemically and optically stable preparation that could be

easily produced in a heterologous expression system, hav-

ing high affinity to the target and high signal/noise ratio
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upon detection. For this, we used a combination of two

proteins: the non-immunoglobulin protein DARPin9-29

specifically binding to the tumor marker HER2/neu [7]

and the red fluorescent protein mCherry.

A new class of non-immunoglobulin targeting mole-

cules called DARPins (Designed Ankyrin Repeat

Proteins) was developed [8] in the laboratory of Prof. A.

Pluckthun (Zurich University, Switzerland) some years

ago. It was performed by selection from the library of pro-

tein ankyrin repeats using technologies of ribosomal or

phage display. The structure of DARPins includes differ-

ent numbers of ankyrin repeats, usually from four to six,

which form a recognizing domain. One ankyrin repeat

usually consists of 33 amino acid residues that form a β-

turn and two antiparallel α-helices (Fig. 1). The ankyrin

repeats are placed one above another and thus form a

right-hand solenoid containing a longitudinal hydropho-

bic core and a hydrophilic surface available to the solvent

[9, 10].

High-affinity binding of these proteins to the specif-

ic target triggers different mechanisms in the cell – from

inhibition of enzymes to protein–protein binding.

DARPins are highly stable and have good solubility and

an order of magnitude lower size compared to antibodies

(14-20 kDa instead of 150 kDa), which allows a greater

amount of protein to be produced in a heterologous

expression system.

The pseudotyping of lentiviruses with a DARPin

protein increases the specificity of their accumulation in

the tumor as compared to lentiviruses pseudotyped with

glycoprotein [11]. Thus, all the above-mentioned features

recommend DARPins as alternatives to antibodies and

mini-antibodies for application as targeting modules in

hybrid constructs.

The binding and the subsequent transport of

DARPins into a cell are usually quantitatively evaluated

using radioactive or fluorescent labeling. However, the

radioimmune assay did not give reliable results because it

requires a high number of washing cycles and separation

of intact cells from those with damaged membrane.

Therefore, the most adequate model for study of the

interaction of DARPin proteins with cells is their labeling

with fluorescent dyes, e.g. with Alexa. For this, codons

were introduced by directed mutagenesis providing the

appearance of C- or N-terminal cysteine residues in the

DARPin molecule, and then the dye was chemically

linked [9].

In the present work, the protein mCherry was used as

a fluorescent label, and this allowed us to avoid chemical

modification of the targeting module and to prepare a

chemically and optically stable sample of the desired flu-

orescent protein DARPin-mCherry. Being excited by

long wavelength irradiation, proteins with emission in the

far-red spectral region, including mCherry, are very

promising as visualizing agents for animal models because

they are excited by visible light. Spectral characteristics of

such proteins allow researchers to separate the desired

fluorescent signal from autofluorescence of the tissue due

to difference in their spectral profiles [12]. mCherry is an

improved form of the protein mRFP1 and has some clear

advantages despite lower quantum yield. mCherry has

higher extinction coefficient, is less sensitive to N- and C-

terminal amino acid insertions, matures more rapidly [13,

14], and is resistant to changes in pH, which simplifies its

use for conjugation with nanoparticles.

To prepare the hybrid protein DARPin-mCherry, the

genetic construct pDARP-mCherry was created. Under

the control of the phage T7 inducible promoter, this con-

struct carried the gene of the recombinant protein

DARP-mCherry that contained the non-immunoglobu-

lin targeting module DARPin9-29 (possessing high affin-

ity for the tumor marker HER2/neu), the red fluorescent

protein mCherry, and also a hexahistidine sequence on

the 3′-end. The C-terminal domain of the targeting mod-

ule DARPin9-29 was linked with the N-terminal domain

of the fluorescent module mCherry via a flexible hinge-

like linker PKPSTPPGSS (Fig. 1).

The genetic construct was expressed in the E. coli

BL21(DE3) strain, and the hybrid protein DARP-

mCherry was subsequently purified from the soluble frac-

tion of cell lysate. The bright red color of protein

mCherry allowed us to follow visually both its expression

during cultivation of the strain-producer and the purifica-

tion of the hybrid protein during metal-affinity chro-

matography. Analysis of the composition of the induced

culture in 12% polyacrylamide gel revealed a high level of

Fig. 1. 3D model of hybrid protein DARPin-mCherry. The figure

was prepared using the DS ViewerPro 5.0 software based on

DARPin9-29 (PDB accession number – 4HRL) and mCherry

(accession number 2H5Q) coordinates.
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expression of the protein in soluble form, which signifi-

cantly simplified the procedure of its purification. The

protein was purified in one step using metal-affinity chro-

matography, and analysis of the resulting preparation

showed the absence of other protein admixtures (Fig. 2a).

The yield of the purified protein was 40 mg/liter of the

liquid culture. According to electrophoretic data, the

molecular weight of the protein was 46 kDa, which corre-

sponds to the calculated value.

DARPin-29 was shown to interact with subdomain I

of the HER2/neu receptor [15] on the tumor cell surface

with an affinity of KD = 3.8 nM [7]. The dissociation con-

stant of the hybrid DARPin-mCherry protein complex

with the extracellular domain of HER2/neu was meas-

ured with a Biacore device. For this measurement,

recombinant antigen p185HER2-ECD was immobilized

on the surface of a CM-5 sensory chip with density of

4500 resonance units (RU). The dissociation constant

was calculated from data of the sensogram (Fig. 2b) using

the BIAevaluation 3.0 software program, and the value of

4.5 nM was obtained, which is insignificantly higher than

the value for the free DARPin9-29 [7].

Specificity of the recombinant DARPin-mCherry

protein binding with the tumor marker HER2/neu was

characterized using confocal microscopy (Fig. 3). For

this, the human mammary gland adenocarcinoma cell

line SKBR-3 hyperexpressing the HER2/neu receptor

was incubated with solution of 1 µM protein. The cells

were washed thrice in phosphate–saline buffer from the

unbound protein and then visualized using a Carl Zeiss

LSM-710-NLO confocal microscope. The bright fluo-

rescent signal on the surface of SKBR-3 cells indicated

that the DARP-mCherry protein effectively bound to

the HER2/neu receptor on their surface (Fig. 3b). To

control the specificity of the DARP-mCherry binding

with the HER2/neu receptor, we used the CHO cell line

that does not express this tumor marker on their sur-

face. The absence of the fluorescent signal on the sur-

face of the CHO cells (Fig. 3a) confirmed the selective

interaction of the hybrid DARPin-mCherry protein

with the tumor marker HER2/neu on the surface of

tumor cells.

Thus, the obtained hybrid protein can be used for

visualization of HER2/neu-positive tumor cells. The

optical properties of the protein as a label in microscopy

(especially for qualitative estimation) predetermine its

use in flow cytometry for detection of the HER2/neu

receptor on the cell surface (quantitative estimation).

Fig. 2. Characteristics of hybrid protein DARPin-mCherry. a) Electrophoresis of the purified DARPin-mCherry preparation in 12% poly-

acrylamide gel. M, markers of molecular weight (10-250 kDa; SibEnzyme, Russia). b) Sensogram of DARPin-mCherry binding with a CM-

5 sensory chip. The sensogram lines correspond to the DARPin-mCherry binding at three different concentrations with the chip covered with

recombinant antigen p185HER/2-ECD (the extracellular domain of the HER2/neu receptor).
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Thus, SKBR-3 cells incubated with DARPin-

mCherry demonstrated significant increase in the mean

intensity of fluorescence compared to the control (Fig.

3f). Such effect was not observed in the population of

CHO cells.

We obtained a new fluorescent hybrid protein

DARPin-mCherry, which is expressed in E. coli system

with high yield and purified by metal affinity chromatog-

raphy in one step. The specificity and affinity of

DARPin-mCherry protein to the HER2/neu receptor

have been characterized. High specificity and photosta-

bility make this protein a promising agent for immunoflu-

orescence assay. We conclude that hybrid fluorescent pro-

teins based on DARPins are promising agents for

immunofluorescence assay and a good alternative for

antibodies and their fragments [16] labeled with low

molecular weight fluorescent dyes.

Since there is a repertoire of DARPins possessing high

efficiency to different tumor markers [17, 18], this approach

can be implemented for specific labeling of other cell sur-

face antigens with different fluorescent proteins [14, 19].
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