
19

Hydrogen peroxide (H2O2), depending 
on the intracellular concentration and 
localization, is not only the cytotoxic factor 
but also the important regulator of redox-
dependent signaling networks. As new 
second messenger, H2O2 is involved into the 
control of plethora fundamental biological 
processes such as activation of immune cells, 
cell proliferation, differentiation, migration, 
invasion, apoptosis, and gene expression 
[1–3]. The data are accumulated regarding 
participation of H2O2 in the development 
of oncological, neurodegenerative and 
inflammatory diseases, diabetes [4].

Despite the important physiological role of 
H2O2 in cell, today, there are few experimental 
techniques to detect H2O2 in cellulo. With the 
most methods, virtually all reactive oxygen 
species (ROS) are detected that is their biggest 
drawback. To detect the levels of intracellular 

ROS, dichlorofluorescein (DCF) derivatives 
are the most frequently used because they 
fluoresce after oxidation by ROS. At the same 
time, these compounds are characterized 
by a number of disadvantages. They are 
sensitive to multiple types of ROS as well to 
nitrogen species and cannot be targeted to 
specific intracellular compartments [5]. In 
addition, DCF derivatives can produce ROS 
upon exposure to light [6, 7]. It would be 
cautioned, that visualization of ROS with DCF 
can result in artifactual ROS generation and 
signal amplification. A genetically encoded, 
highly specific fluorescent probe for hydrogen 
peroxide detection inside living cells (HyPer) 
was developed in 2006 by Belousov et al. [8]. 
HyPer consists of circularly permuted yellow 
fluorescent protein (cpYFP) inserted into 
the regulatory domain of the prokaryotic 
H2O2-sensing protein, OxyR. Fluorescent 
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The aim of this study was to design the expression vector encoding fluorescent sensor of hydrogen 
peroxide HyPer fused with adaptor protein Ruk/CIN85 as well as to check its subcellular distribution and 
ability to sense hydrogen peroxide. It was demonstrated that in transiently transfected HEK293 and 
MCF-7 cells Ruk/CIN85-HyPer is concentrated in dot-like vesicular structures of different size while 
HyPer is diffusely distributed throughout the cell. Using live cell fluorescence microscopy we observed 
gradual increase in hydrogen peroxide concentration in representative vesicular structures during the 
time of experiment. Thus, the developed genetic construction encoding the chimeric Ruk/CIN85-HyPer 
fluorescent protein represents a new tool to study localized H2O2 production in living cells.
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properties of cpYFP are dependent on protein 
conformation. Wild type OxyR contains two 
domains: H2O2-sensitive regulatory domain 
(amino acids 80–310) and DNA-binding 
domain (amino acids 1–79). In the presence 
of H2O2 the reduced form of OxyR converts 
into its oxidized, DNA-binding form. The key 
residues that undergo the oxidative modification 
are Cys199 and Cys208. Cys199 is located in a 
hydrophobic pocket. Exposure of OxyR to H2O2 
converts Cys199 to a sulfenic acid derivative that 
is released from the hydrophobic pocket and forms 
a disulfide bond with Cys208. This modification 
leads to a dramatic conformational change in 
the flexible region (amino acids 205–222) of 
regulatory domain of OxyR and, hence, to an YFP 
spectral change. It was demonstrated that HyPer 
has submicromolar affinity to H2O2 and, at the 
same time, it is insensitive to other oxidants [8]. 

Important sources of ROS (superoxide 
radical and its dismutation product H2O2) in 
cell are NADPH oxidases. According to our 
previous results, the adaptor protein Ruk/
CIN85 can form the intracellular complex 
with protein Tks4 [9, 10], which functions as 
organizer subunit of NADPH-oxidase complex 
mediated by Nox1 [11, 12].

To elucidate the possible colocalization 
between Ruk/CIN85 and Н2О2 production 
inside living cells it was aimed to develop 
the recombinant plasmid vector encoding 
chimeric protein Ruk/CIN85-HyPer as well as 
to check the peculiarities of intracellular Н2О2 
production in transiently transfected human 
breast adenocarcinoma MCF-7 cells using time-
lapse imaging.

 
Materials and Methods

Plasmids and reagents. The following 
plasmids were used in the work: linearized 
positive selection cloning vector pJET1.2/
blunt with a lethal insert that allows for 
efficient recovery of blunt-ended polymerase 
chain reaction (PCR)  products (Thermo 
Fisher Scientific); pEGFP-N1 (BD Biosciences 
Clontech, GenBank Accession #U55762); PH-
Btk-HyPer-MigRI encoding the PH domain of 
tyrosine kinase Btk fused with Hyper (provided 
by A. Vorotnikov, Lomonosov Moscow State 
University, RF); pRc-Rukl (provided by 
V. Buchman, Cardiff University, Great 
Britain). Restriction endonucleases BamHI, 
EcoRI, XhoI, NotI, Pfu DNA Polymerase, Т4 
DNA Ligase, Silica Bead DNA Gel Extraction 
Kit, agarose, LB medium and IPTG were 
purchased from Fermentas. GeneJET Plasmid 
Miniprep Kit was from Thermo Fisher 

Scientific. Cell culture reagents were from 
HyClone. FuGene 6 Transfection Reagent was 
from Roche Molecular Biochemicals, Germany. 
Monoclonal antibody that recognizes SH3А 
domain of adaptor protein Ruk/CIN85 was 
described earlier [13].

Plasmid construction. The sequence enco-
ding Hyper was created by PCR using as a tem-
plate the plasmid PH-Btk-Hyper-MigR1. The 
primers used were as follows: forward primer, 
5-TCCGGATCCAATGGAGATGGCAAG-3 
and reverse primer, 5-TTAAGCGGCCGC-
TATTAAACCGCCTGTTTT-3. The sequence 
encoding Rukl was created by PCR using as a 
template the plasmid pRc-Rukl and following 
primers: forward primer, 5-GAGCTCGAGA-
TGGTGGAGGCCATA-3 and reverse primer, 
5-TTCGAATTCGTTTTGATTGGAGAGC-3. 
PCR amplification was performed under the 
following conditions: incubation at 94 С for 
5 min; 28 cycles at 94 С for 30 s, at 58 С for 
30 s and at 72 С for 3 min; and extension at 
72 С for 5 min. PCR amplification products 
were extracted and purified using Silica Bead 
DNA Gel Extraction Kit. At first, Hyper cDNA 
was subcloned into pJET1.2/blunt vector 
using CloneJET™ PCR Cloning Kit. Then, reac-
tion mixture was transformed into competent 
E. coli DH10B cells. Three positive clones veri-
fied with PCR were picked. To confirm the cor-
rect orientation of insert, the purified plasmid 
DNA was validated using digestion with Not1. 
At next stage, the Hyper cDNA was cut out and 
inserted into eukaryotic vector pEGFP-N1, in-
stead of EGFP cDNA, at recognition sequen-
ces for restriction endonucleases BamH1 and 
Not1.  The plasmid carrying the Hyper nucleo-
tide sequence was designated Hyper-N1. Simi-
larly, Rukl cDNA was obtained followed by in-
sertion into Hyper-N1 at recognition sequences 
for restriction endonucleases Xho1 and EcoR1. 
The resulting plasmid was termed Ruk/CIN85-
Hyper-N1. The obtained constructs were veri-
fied by DNA sequencing. 

Cell  culture .  Human embryonic 
kidney HEK293 cells and human breast 
adenocarcinoma MCF-7 cells were maintained 
in Dulbecco’s modified Eagle’s medium 
(DMEM), supplemented with 10% foetal calf 
serum, 2 mM L-glutamine, 50 U/ml penicillin 
and 100 μg/ml streptomycin in a humidified 
atmosphere containing 5% CO2 at 37 С. Cells 
were passaged (1:3 split) every 3 to 4 days by 
trypsinization in solution containing 0.25% 
trypsin and 0.02% EDTA.

Cell transfection, protein preparation and 
Western blot analysis. HEK293 and MCF-7 cells 
have almost undetectable levels of Ruk/CIN85. 
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HEK293 cells were transiently transfected 
either with pRukl-HyPer-N1 or pHyPer-N1 
by calcium phosphate precipitation essentially 
as described in [14]. MCF-7 cells were 
transfected according to the manufacturer’s 
instructions using FuGene 6 Transfection 
Reagent. Cell imaging was performed 24–36 h 
after transfection. Transfected HEK-293 
cells were scraped in lysis buffer (50 mM 
Тris-HCl, pH 7.5, 150 mM NaCl, 1% Triton 
X100, 2 mM ЕDTA, 1 mM PMSF, complete 
protease inhibitor cocktail tablet — Roche), 
mechanically triturated through a 1-ml 
syringe and centrifuged at 12 000 g for 20 min 
at 4 C. Protein content was determined 
using bicinchoninic acid protein assay kit 
(Pierce Biotechnology, Rockford, IL, USA). 
Proteins (30 μg per sample) were separated by 
electrophoresis on 10%-th polyacrylamide gel 
and transferred to nitrocellulose membranes. 
Membrane was incubated with monoclonal 
anti-Ruk/CIN85 antibody, which recognizes an 
epitope within the first SH3A domain present 
only in the full-length form of Ruk/CIN85 
protein [13]. Secondary anti-mouse peroxidase-
conjugated IgG (Sigma-Aldrich) were used in 
1:5 000 dilution. Enhanced chemiluminescence 
kit (Amersham Pharmacia Biotech, USA) was 
used for detection of immunoreactive bands. 
To investigate the subcellular localization of 
both Hyper and Ruk/CIN85-Hyper, HEK293 
cells were cultured on glass cover slips, fixed 
with 3% paraformaldehyde and mounted 
on glass slides with Vectashield mounting 
medium (Vector Laboratories). Fluorescence 
was visualized using confocal laser scanning 
microscopy (LSM 510 META, Zeiss).

Time-lapse imaging of H2O2 in living cells 
was performed essentially as described in 
[15]. Cultured MCF-7 cells on glass bottom 
dishes (Willco-Dish, the Netherlands) were 
analyzed in a live cell chamber with 5% CO2 
at 37 C 24–36 h following transfection 
using laser scanning confocal inverted 
microscope Leica TCS SP5 (Leica Microsystems 
GmbH, Germany) equipped with 63x oil 
immersion objective, on-stage cell culture 
box, temperature controller set to 37 C and 
humidifier unit. To excite HyPer fluorescence, 
the 405 nm diode laser (Coherent, USA) and 
488 nm argon laser (Ar-Ion laser LASOS 
LGK 7872 ML, LASOS Lasertechnik GmbH, 
Germany) were used. The probe emission 
was detected at indicated time points in a 
500–600 nm interval. The filming was carried 
out at the succession of channels one after the 
other at intervals between adjacent images 
indicated at picture. The relation between 

fluorescence intensity in second excitation 
channel (488 nm) to fluorescence intensity 
in first excitation channel (405 nm) was 
calculated for each image and depending on 
the result the colour was attributed to point 
(white colour–high relation, much Н2О2, black 
colour–low relation, less Н2О2).

Results and Discussion

It is now well documented that ROS, 
especially Н2О2, generated by NADPH oxidases 
participate in signal transduction, so-called 
“redox signaling”, that involves the selective 
reversible modification of thiol groups in 
regulatory proteins [1]. The specificity, 
efficiency and spatiotemporal characteristics 
of redox-signalling are dependent on the 
formation of multimolecular signalling 
complexes containing NADPH oxidases [16–
18]. In its turn, the localized production of 
Н2О2 in vicinity of specific substrates leads 
to their oxidized modification and hence the 
modulation of signalling responses. It can 
be suggested that adaptor/scaffold proteins 
consisting of domains and motifs involved in 
intermolecular interactions play key roles in 
compartmentalization of ROS-mediated signal 
transduction.

Our previous studies revealed that 
adaptor protein Ruk/CIN85, which contains 
multiple SH3 domains and Pro-rich motifs 
in its structure, can form the intracellular 
complex with adaptor protein Tks4 [9, 
10] functioning as organizer subunit of 
NADPH-oxidase complex mediated by Nox1 
[11, 12]. In addition, it was shown by us 
that ROS production by human colorectal 
adenocarcinoma HT-29 cells is positively 
correlated with Ruk/CIN85 expression [19] 
while increased levels of Ruk/CIN85 in weakly 
invasive human breast adenocarcinoma MCF-7 
cells contribute to their malignant phenotype 
[20]. Taking into account these data and 
important roles of ROS in carcinogenesis, 
we hypothesized the potential regulatory 
interrelation between Ruk/CIN85 and Н2О2 
production in tumour cells. To check the 
possible co-localization of these signalling 
molecules in living cells we decided to fuse 
the cDNA coding for Hyper with Ruk/CIN85 
cDNA.

To construct a plasmid encoding the 
chimeric fluorescent sensor of Н2О2 Ruk/
CIN85-HyPer, the following strategy was used. 
At first stage, the Hyper cDNA was inserted 
into eukaryotic vector pEGFP-N1, instead 
of EGFP cDNA, at recognition sequences for 
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restriction endonucleases BamH1 and Not1. At 
next stage, the Rukl cDNA was subcloned into 
obtained genetic construction at recognition 
sequences for restriction endonucleases Xho1 
and EcoR1 (vector maps at Fig. 1, A, C). The 

size and correct orientation of inserts were 
validated by restriction analysis (Fig. 1, B, 
D). The experimental procedure of cloning 
is described in details in “Materials and 
methods”.

Fig. 1. Cloning of Hyper vectors:
A — HyPer-N1 vector map; B — Restriction analysis of HyPer-N1 (1 — HyPer-N1 plasmid; 2 — HyPer-N1 

digested with EcoRI; 3 — HyPer-N1 digested with XhoI; 4 — HyPer-N1 digested with BamHI and NotI; 
5 — HyPer-N1 digested with EcoRI and NotI); C — Ruk/CIN85-HyPer-N1 plasmid map; D — Restriction 
analysis of Ruk/CIN85-HyPer-N1 (1 — GeneRulerTM 1 kb DNA Ladder (#SM0311); 2 — Ruk/CIN85-HyPer-N1 
plasmid; 3 — Ruk/CIN85-HyPer-N1 digested with EcoRI and XhoI)

A

DC

B
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The expression efficiency of Hyper 
and Ruk/CIN85-Hyper as well as the 
peculiarit ies  of  their  intracel lular 
localization were tested in HEK293 
c e l l s  t r a n s i e n t l y  t r a n s f e c t e d  w i t h 
obtained plasmids using Ca2+-phosphate 
precipitation. Western blotting of Ruk/
CIN85-Hyper in lysates of transfected 
H E K 2 9 3  c e l l s  w i t h  m o n o c l o n a l 
antibody recognizing N-terminal SH3A 
d o m a i n  o f  R u k / C I N 8 5  c o n f i r m e d 
t h e  a s s u m e d  m o l e c u l a r  w e i g h t  o f 
recombinant protein about 120 kDa 
(Fig. 2, A). As can be seen from Fig. 2, B, 
the fluorescence (405 nm excitation and 
520 nm emission) of the Hyper protein 
in control HEK293 cells transfected 
with Hyper-N1 is  characterized by 
diffuse pattern throughout the cell. On 
the contrary, the fluorescence of Ruk/
CIN85-Hyper in HEK293 cells transfected 
with Ruk/CIN85-Hyper-N1was clearly 
detectable as green spots of different size 
after fixation with paraformaldehyde. In 
a number of previous publications we and 
others have been demonstrated punctate 
localization pattern of both endogenous 
and exogenous Ruk/CIN85 characteristic 
for  proteins involved in membrane 

trafficking. Specifically, Ruk/CIN85 was 
found associated with a subset of COPI-
coated vesicles of the Golgi complex [21]. In 
turn, we revealed that in MCF-7 cells GFP-
Ruk/CIN85 localized and concentrated 
in the perinuclear region and in round 
juxtamembrane structures, which were also 
clathrin-positive [22]. It was also shown 
that in COS-7 cells Ruk/CIN85 was located 
on the edges of some dark circular areas, 
part of which were filled with endocytic 
EGF [23]. Authors demonstrated that 
although some cells expressing exogenous 
Ruk/CIN85 showed very large dot-like 
structures, these dots are not aggresomes, 
as they failed to co-localize with Hsp70, the 
chaperone involved in the unfolded protein 
response. It was suggested that these dots 
could be aggregates of Ruk/CIN85 and its 
binding partners.

To verify if the novel constructed Hyper 
protein fused with Ruk/CIN85 is able to 
detect hydrogen peroxide, the changes 
of the fluorescence ratio were analyzed 
via live cell fluorescence microscopy as 
described in “Materials and Methods”. As 
could be seen from Fig. 3, during the time of 
experiment, increase in hydrogen peroxide 
concentration in representative vesicular 
structures was observed going along with a 
pseudocolour change from green via yellow 
towards red. It is important to emphasize 
that co-localization of Ruk/CIN85 and Н2О2 
generation actually takes place at the edges 
of detected vesicular structures. Although 
the nature and biological significance of 
these vesicular structures are currently 
unknown, the data obtained provide novel 
insights into the potential role of adaptor 
protein Ruk/CIN85 in localized Н2О2 
production.

In a number of recent publications 
it was shown that endosomal NADPH 
oxidases are critically involved in the 
control of redox-dependent signalling [16]. 
Internalization of activated receptors to 
a compartment enriched with NADPH 
oxidases  and associated  s ignal l ing 
molecules  is  expected to  facil itate 
regulation of redox-mediated signal 
transduction. In particular, treatment 
of SMC with TNF- induced a dynamin-
dependent endosomal generation of ROS 
that was inhibited by shRNA to Nox1 [24]. 
Using the Hyper probes immobilized within 
intracellular membrane subcompartments, 
it was demonstrated that ER-associated 
2О2 production becomes activated faster 

Fig. 2. Recombinant proteins Hyper and 
Ruk/CIN85 Hyper are expressed effectively 

in transiently transfected HEK293 cells:
A —Western blotting of Ruk/CIN85-Hyper in 

Triton X-100-soluble cellular lysates using mono-
clonal antibody to SH3A domain of adaptor protein 
(1 — Non-transfected HEK293 cells; 2 — HEK293 

cells transfected with Hyper-N1; 3 —HEK293 
cells transfected with Ruk/CIN85-Hyper-N1);  

B —Immunofluorescence microscopy of Hyper and 
Ruk/CIN85-Hyper in transiently transfected 

HEK293 cells

A

B

 1               2                    3kDa
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than endosomal Н2О2 appears in growth 
factors-treated cells [25]. Endosomal 
Nox1 and Nox2 were shown to regulate 
c-Src activation following hypoxia/
reoxygenation injury [26]. There are also 
data that NADPH oxidase is internalized 
by clathrin-coated pits and localizes to a 
Rab27A/B GTPase regulated secretory 
compartment in activated macrophages 
[27]. All these findings are important in 
light of regulatory role of Ruk/CIN85 in 
ligand-induced endocytosis of different 
types of membrane receptors as well as 
in intracellular membrane trafficking 
[21, 28].

The exact nature of Ruk/CIN85-
containing vesicular structures associated 
with hydrogen peroxide generation 
has to be established to improve our 
understanding the mechanisms of redox-
dependent signalling in living cells. So, 
with the chimeric Ruk/CIN85-Hyper 
fluorescent protein presented herein we 
offer a new tool for studying hydrogen 
peroxide generation within intracellular 
membrane structures.
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СЕНСОР ПЕРОКСИДУ ГІДРОГЕНУ HYPER, 

ЗЛИТИЙ ІЗ АДАПТЕРНИМ ПРОТЕЇНОМ 
RUK/CIN85: КОНСТРУЮВАННЯ 
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Метою дослідження було конструювання 
експресійного вектора, що кодує флуорес-
центний сенсор пероксиду гідрогену, зли-
того з адаптерним протеїном Ruk/CIN85, 
з’ясування його субклітинної локалізації 
та здатності детектувати Н2О2. Встановле-
но, що в тимчасово трансфікованих кліти-
нах HEK293 та MCF-7 Ruk/CIN85-HyPer 
концентрується в «дот»-подібних везику-
лярних структурах різних розмірів, тоді як 
HyPer розподілений у клітині дифузно. Із 
використанням прижиттєвої флуоресцент-
ної мікроскопії продемонстровано зростання 
концентрації Н2О2 у репрезентативних вези-
кулярних структурах упродовж зазначено-
го часу експерименту. Одержана генетична 
конструкція, що кодує химерний протеїн 
Ruk/CIN85-HyPer, є новим інструментом 
для дослідження локалізованого продуку-
вання Н2О2 у живих клітинах. 

Ключові слова: рекомбінантні протеїни, адап-
терний протеїн Ruk/CIN85, пероксид гідро-
гену, сенсор пероксиду гідрогену HyPer, Ruk/
CIN85-HyPer.
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Целью работы было конструирование 
экспрессионного вектора, кодирующего 
флуоресцентный сенсор пероксида гидроге-
на, слитого с адаптерным протеином Ruk/
CIN85, выяснение его субклеточной лока-
лизации и способности детектировать Н2О2. 
Установлено, что во временно трансфици-
рованных клетках HEK293 и MCF-7 Ruk/
CIN85-HyPer концентрируется в «дoт»-
подобных везикулярных структурах разных 
размеров, в то время как HyPer распределен 
в клетке диффузно. С использованием при-
жизненной флуоресцентной микроскопии 
было продемонстрировано возрастание кон-
центрации Н2О2 в репрезентативных вези-
кулярных структурах в течение указанного 
времени эксперимента. Полученная генети-
ческая конструкция, кодирующая химер-
ный протеин Ruk/CIN85-HyPer, является 
новым инструментом для исследования 
локализованной продукции Н2О2 в живых 
клетках. 

Ключевые слова: рекомбинантные протеины, 
адаптерный протеин Ruk/CIN85, пероксид 
гидрогена, сенсор пероксида гидрогена HyPer, 
Ruk/CIN85-HyPer.




