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Abstract—Chimerical proteins consisting of enhanced yellow fluorescent protein (EYFP) connected by linkers of different
length and nature to the N-terminal end of small heat shock protein HspB1 were obtained and characterized. To obtain flu-
orescent chimeras with properties similar to those of unmodified small heat shock protein, we used either 12-residue-long
linkers of different nature (highly flexible Gly-Ser linker (1), rigid a-helical linker (L2), or rigid Pro-Ala linker (L3)) or
highly flexible Gly-Ser linker consisting of 12, 18, or 21 residues. The wild-type HspB1 formed large stable oligomers con-
sisting of more than 20 subunits. Independent of the length or the nature of the linker, all the fluorescent chimeras formed
small (5-9 subunits) oligomers tending to dissociate at low protein concentration. Chaperone-like activity of the wild-type
HspB1 and its fluorescent chimeras were compared using lysozyme as a model protein substrate. Under the conditions used,
all the fluorescent chimeras possessed higher chaperone-like activity than the wild-type HspB1. Chaperone-like activity of
fluorescent chimeras with L1 and L3 linkers was less different from that of the wild-type HspB1 compare to the chaperone-
like activity of chimeras with rigid L2 linker. Increase in the length of L1 linker from 12 up to 21 residues leads to decrease
in the difference in the chaperone-like activity between the wild-type protein and its fluorescent chimeras. Since the N-ter-
minal domain of small heat shock proteins participates in formation of large oligomers, any way of attachment of fluores-
cent protein to the N-terminal end of HspB1 leads to dramatic changes in its oligomeric structure. Long flexible linkers

should be used to obtain fluorescent chimeras with chaperone-like properties similar to those of the wild-type HspB1.
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Small heat shock proteins (sHsp or HspB) belong to
a widely distributed protein family whose members par-
ticipate in proteostasis as well as many other key vital
processes [1]. For instance, sHsp affect protein synthesis
[2] and degradation [3] as well as regulate apoptosis [4],
proliferation [5], cytoskeleton dynamics [6, 7], and many
other processes. Since small heat shock proteins partici-
pate in many processes, any defects in their expression or
mutations of genes coding for sHsp correlate with differ-
ent oncologic and neurodegenerative diseases, different
types of cataracts, and myopathy [8].

The presence of a conservative a-crystallin domain
having the structure of double B-sheet is the most

Abbreviations: EYFP, enhanced yellow fluorescent protein;
sHsp (or HspB), small heat shock proteins.
* To whom correspondence should be addressed.
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remarkable and distinguishing property of all small heat
shock proteins [9]. This domain is flanked by less conser-
vative and less ordered N- and C-terminal domains regu-
lating oligomeric state and functional activity of sHsp [ 10,
11]. The human genome contains 10 genes coding for 10
different members of the sHsp family. These proteins dif-
fer in their properties and tissue distribution [12]. Of
them, HspB1 and HspBS5 are the best characterized and
possess the most diverse activities.

Since sHsp participate in many diverse processes and
therefore are related to different diseases, these proteins
are now under intense investigation [13, 14]. Detailed
investigations of the structure and properties are required
for understanding the mechanism of small heat shock
proteins functioning. Fluorescent chimeras obtained by
fusing different-colored fluorescent proteins to the target
proteins can be used for investigation in the living cell and
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for study of intracellular location and protein—protein
interactions. Chimeric proteins composed of different
derivatives of green fluorescent protein (GFP) and
human small heat shock proteins have been already used
for investigation of certain properties of sHsp [15-19].
However, most of these investigations were performed on
the cell level without detailed investigation of the physic-
ochemical properties of these chimeras. However, it is
worthwhile to mention that the molecular weight of a flu-
orescent protein is comparable or even larger than that of
the small heat shock protein. Moreover, attachment of
the fluorescent protein to the N- or C-terminal ends par-
ticipating in oligomerization and functioning of sHsp [11,
20] can significantly affect their properties.

Investigations performed in our laboratory [21-23]
have shown that the earlier-described fluorescent
chimeras of small heat shock proteins differ from the
wild-type proteins in their oligomeric state, chaperone-
like activity, and ability to form heterooligomers with
other small heat shock proteins. The largest differences
were detected in the case of HspB1 and HspBS5, i.e. sHsp
tending to form large oligomers. This makes it difficult to
use earlier described fluorescent chimeras for investiga-
tion of the structure and properties of sHsp. At the same
time, use of fluorescent chimeras opens new perspectives
in investigation of different proteins and makes desirable
obtaining fluorescent chimeras of sHsp having properties
similar to those of the wild-type proteins. It is well known
that the length and the nature of the linker sequence can
strongly affect properties of fluorescent chimeras [24, 25].
Therefore, to obtain fluorescent chimeras with properties
most similar to those of the wild-type protein we tried to
construct chimeras carrying enhanced yellow fluorescent
protein attached to the N-terminus of HspB1 by linkers
of different length and nature.

MATERIALS AND METHODS

Obtaining molecular constructs. Chimeras with 12-
residue linkers were obtained by PCR amplification of
DNA fragments coding for unmodified human HspB1
and enhanced yellow fluorescent protein (EYFP). In this
case, we used primers containing part of the future linker
and the site recognized by certain restrictases. The frag-
ments were treated by restrictases, ligated, and cloned into
pET23b(+) at Ndel and Xhol sites. The linkers sequence,
primers, and restrictases are presented in Table 1.

cDNA of chimeras with L1 linker (highly flexible
unordered linker) of different length were obtained by
overlap extension PCR. For this purpose, we used primers
containing overlapping sites of the future linker. By using
these primers, we amplified cDNA of HspB1 and EYFP
containing overlapping fragments of the linker sequence.
Using ¢cDNA of two parts of the future chimeras and
“external” primers, we obtained the full-size cDNA of

chimeric protein by PCR. The full-size insert was cloned
in pET23b(+) at Ndel and Xhol sites. The linker
sequences and primers are presented in Table 2.

All constructs were checked by sequencing.

Expression and isolation of chimeras. Earlier
described methods [21] were used for expression and iso-
lation of fluorescent chimeras. FEscherichia coli strain
BL21(DE3) was chemically transformed by the
chimeras. One colony from a Petri dish was inoculated
into 40 ml of LB media containing 100 pg/ml of ampi-
cillin and grown overnight at 37°C. The night culture was
transferred into 800 ml of 3-fold LB media containing
100 pg/ml ampicillin and incubated for 7 h at 37°C fol-
lowed by 16 h incubation at 30°C. The cells were collect-
ed by centrifugation (10 min, 5000g), suspended in 40 ml
of lysis buffer (50 mM Tris-HCI, pH 8.0, 100 mM Nac(l,
I mM EDTA, 0.5 mM PMSF 14 mM B-mercap-
toethanol), and frozen.

The bacterial cells were treated with lysozyme (final
concentration 0.05 mg/ml) for 30 min, DNase I (final
concentration 2.5 pg/ml in the presence of 1.75 mM
MgCl,) for another 30 min, followed by sonication using
a Branson S250D ultrasonic disintegrator (40 s burst, four
times, at 40% power). The resulting mixture was subject-
ed to centrifugation, and the supernatant was fractionat-
ed by ammonium sulfate (0-40% saturation). The pellet
obtained after centrifugation (20 min, 23,700g) was dis-
solved in buffer B (20 mM Tris-acetate, pH 7.6, 10 mM
NaCl, 0.1 mM EDTA, and 14 mM B-mercaptoethanol)
and dialyzed overnight against 2 liters of buffer B. The
sample was centrifuged (30 min, 105,000g) and loaded on
a 5-ml HiTrapQ anion-exchange column (Amersham
Pharmacia Biotech, GB). The column was washed by
buffer B, and the fluorescent chimeras were eluted by a
linear gradient of NaCl (10-500 mM). Further purifica-
tion was achieved by size-exclusion chromatography on a
Superdex 200 HilLoad 26/60 (Amersham Pharmacia
Biotech) column equilibrated by buffer B supplemented
with 150 mM NaCl. The fractions enriched in fluorescent
chimeras were collected, concentrated by ultrafiltration,
and dialyzed against 2 liters of buffer B containing 2 mM
dithiothreitol instead of f-mercaptoethanol. The result-
ing protein samples were aliquoted and stored frozen at
—20°C.

Oligomeric structure of fluorescent chimeras. The
quaternary structures of the fluorescent chimeras were
analyzed by size-exclusion chromatography on a
Superdex 200 HR 10/30 (Amersham Pharmacia Biotech)
column. The column equilibrated by buffer B supple-
mented with 150 mM NaCl and 14 mM B-mercap-
toethanol was loaded with 150 pl samples containing from
10 up to 280 ug of protein. The column was run at the rate
of 0.5 ml/min, and 400 pl fractions were collected. The
column was calibrated with a protein standard with
apparent molecular weights indicated in parentheses: thy-
roglobulin (670 kDa), ferritin (440 kDa), bovine serum
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Table 1. Primers used for obtaining fluorescent chimeras of HspB1 with different types of linkers

EYFP-L1-HspB1: linker L1: GSAGSAATGGSA, restrictase Agel

HspB1_L1_fw 5'-TTATACCGGTGGCAGCGCAATGACCGAGCGCCGC-3'

FP_LI_rev 5'-TTATACCGGTAGCAGCGGAGCCGGCGGAGCCCTTGTACAGCTCGTC-3'
EYFP-L2-HspB1: linker L2: AEAAAKEAAAKA, restrictase Notl

HspB1_L2_fw 5'-TTATGCGGCCGCTAAAGCGATGACCGAGCGCCGCGTC-3'

FP_L2 rev 5'-TTATGCGGCCGCCTCCTTAGCTGCAGCTTCAGCCTTGTACAGCTCGTC-3'
EYFP-L3-HspB1: linker L3: APAPAPGPAPAP, restrictase Xmal

HspB1_L3_fw 5'-TTATCCCGGGTCCAGCTCCTGCACCTATGACCGAGCGCCGC-3'

FP_L3_rev 5'-TTATCCCGGGGCAGGTGCTGGTGCCTTGTACAGCTCGTCCCATG-3'

T7-forward 5'-TACGACTCACTATAGGGAGACC-3'

T7-reverse 5'-ATGCTAGTTATTGCTCAGCGGTG-3'

Note: The sites recognized by the corresponding restrictases are underlined. T7-forward and T7-reverse primers were utilized as the forward and
reverse primers for EYFP and HspB1, respectively. Linker L1 is highly flexible and mobile, linker L2 tends to form a.-helix, and linker L3 is

rigid and contains Pro-Ala repeats [24].

Table 2. Primers utilized for obtaining fluorescent chimeras of HspB1 with L1 linker of different length

EYFP-15L1-HspB1: linker L1, 15 residues: GSAGSAATGGSAGSA

HspB1 fw_15L1
15L1 _rev

5'-GGCAGCGCAGGTTCTGCAATGACCGAGCGCC-3'
5'-TGCAGAACCTGCGCTGCCACCG-3'

EYFP-18L1-HspB1: linker L1, 18 residues: GSAGSAATGGSAGSAGSA

HspBI1_fw_18L1
18L1 _rev

5-GGTTCTGCAGGCTCCGCCATGACCGAGCGCC-3'
5'-GGCGGAGCCTGCAGAACCTGCGCTGCCACCG-3'

EYFP-21L1-HspB1: linker L1, 21 residues: GSAGSAATGGSAGSAGSAGSA

HspB1_fw_21L1
21L1 _rev

5'-GGCTCCGCCGGCAGCGCAATGACCGAGCGCC-3
5-TGCGCTGCCGGCGGAGCCTGCAGAACCTGCGCTGCCACCG-3'

Note: Overlapping fragments of cDNA were obtained utilizing reverse primers for EYFP and forward primers for HspB1. T7 primers were used as

“external” primers.

albumin (68 kDa), ovalbumin (43 kDa), and chy-
motrypsinogen (25 kDa).

Chaperone-like activity of fluorescent chimeras. The
chaperone-like activity of the fluorescent chimeras was
determined by their ability to retard or prevent aggrega-
tion of a model protein substrate, lysozyme. All measure-
ments were performed in the buffer of aggregation
(50 mM KH,PO,, 50 mM NacCl, pH 7.4) at 37°C. The
sample with final volume of 300 ul contained 10 uM of
lysozyme and 2-5 uM (per monomer) of the analyzed flu-
orescent chimeras. Aggregation was initiated by addition
of dithiothreitol to the final concentration of 20 mM and
was followed by increase in the optical density at 360 nm.
Each experiment was repeated at least two times.
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RESULTS

To obtain fluorescent chimeras with properties most
similar to those of the wild-type protein, we used two
experimental approaches. First we obtained chimeras
where enhanced yellow fluorescent protein was attached
to the N-terminus of HspB1 through identical in length
(12 residues) but different in nature linkers. The L1 link-
er having composition GSAGSAATGGSA is highly
mobile and flexible, L2 linker having composition
AEAAAKEAAAKA tends to form a-helix, and the L3
linker having composition APAPAPGPAPAP forms a
rigid bent conformation. In the second series of experi-
ments we obtained fluorescent chimeras where enhanced



70 DATSKEVICH et al.

yellow fluorescent protein was attached to the N-termi-
nus of HspB1 through identical in nature, but different in
length linker. In this case, we used mobile flexible linker
consisting of 12, 15, 18, or 21 residues. The composition
of these linkers was as follows: 12L1 (GSAGSAATG-
GSA), 15L1 (GSAGSAATGGSAGSA), 18L1 (GSAG-
SAATGGSAGSAGSA), and 21L1 (GSAGSAATG-
GSAGSAGSAGSA).

The quaternary structure of fluorescent chimeras was
analyzed by means of size-exclusion chromatography. We
loaded on the column different quantities of the wild-type
HspB1 and its fluorescent chimeras so that the final molar
concentration of the wild-type protein and its chimera
was identical. Since the molecular weight of the fluores-
cent chimeras is roughly 2 times that of the wild-type pro-
tein, we loaded 10-130 pg of the wild-type protein and
10-250 pg of its chimera (Figs. 1 and 2). In good agree-
ment with the earlier obtained results [21-23], we found
that the wild-type HspB1 forms large stable oligomers
with apparent molecular weight of 520-535 kDa. The
oligomeric state of the wild-type HspB1 does not depend
on protein concentration in the sample loaded on the col-
umn. Taking into account that molecular weight of the
monomer of the wild-type protein is ~23.7 kDa, we
assume that the large oligomers of the wild-type HspB1
contain 22-24 subunits.

The oligomeric state of the chimeras with different
linkers is strongly dependent on the concentration of the
protein sample loaded on the column (Fig. 1). If small
quantities of protein were loaded on the column, the elu-
tion volume was equal to 11.8-12.1 ml, thus correspon-
ding to proteins with apparent molecular weight 270-
300 kDa. Taking into account that the molecular weight
of fluorescent chimeras is equal to ~50 kDa, we assume
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Fig. 1. Oligomeric state of wild-type HspBl and fluorescent
chimeras of this protein with different types of linkers.
Dependence of elution volume on the quantity of protein loaded
on the column of Superdex 200. The column was loaded with the
wild-type HspBl (WT) and its fluorescent chimeras with 12-
residue linker having flexible mobile structure (L1), tending to
form a-helix (L2), or containing Pro-Ala repeats (L3).
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Fig. 2. Oligomeric structure of HspB1 of the wild type and its flu-
orescent chimeras with different length of flexible mobile linker of
L1 type. Dependence of elution volume on the quantity of protein
loaded on a Superdex 200 column. The column was loaded by the
wild-type HspB1 (WT) and its fluorescent chimeras with L1 link-
er containing 12 (12L1), 18 (18L1), or 21 (21L1) residues.

that under these conditions the fluorescent chimeras form
only small oligomers consisting of ~5-6 monomers.
Increase in the quantity of protein loaded on the column
was accompanied by decreases in elution volume to 10.7-
10.9 ml, corresponding to apparent molecular weight
430-470 kDa. Thus, even under these conditions
oligomers of fluorescent chimeras contain only ~9-10
monomers, i.e. 2 times less than the corresponding
oligomers of the wild-type protein.

It is worthwhile to mention that the change of the
linker nature and transition from 12-member flexible to
the 12-member rigid Ala-Pro or 12-member a-helical
linker had no effect on the dependence of the oligomeric
state of the fluorescent chimeras on protein concentra-
tion (Fig. 1). Moreover, increase in the linker length from
12 up to 21 residues also does induces no significant
change in the oligomeric state of fluorescent chimeras
(Fig. 2). Independent on the linker nature or its length,
the fluorescent chimeras form unstable oligomers com-
posed of a smaller number of subunits than the wild-type
protein.

Chaperone-like activity is one of the most important
properties of small heat shock proteins. Therefore, it was
desirable to compare chaperone-like activity of the wild-
type HspB1 and its fluorescent chimeras. Chaperone-like
activity was determined using lysozyme as a model pro-
tein substrate. Reduction of disulfide bonds leads to
denaturation and aggregation of lysozyme that is accom-
panied by increase in optical density at 340 nm (Fig. 3,
curve (). Under the conditions used, the wild-type
HspB1 retards the process of lysozyme aggregation, but it
was unable to prevent aggregation of this model substrate
completely (Fig. 3a, curve 7). The fluorescent chimera
with flexible 12-member linker (L1) in its turn possessed
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somewhat higher chaperon-like activity (Fig. 3a, curve
2).

We analyzed the effect of linker nature on the chap-
erone-like activity of HspB1 (Fig. 3b). All the studied
chimeras possessed higher chaperone-like activity than
the wild-type protein. However, the chaperone-like activ-
ity of chimeras with flexible (L1) or Pro-Ala (L3) linkers
was similar, and although higher was nevertheless compa-
rable with the chaperone-like activity of the wild-type
protein. Fluorescent chimeras with a-helical linker (L2)
possessed the highest chaperone-like activity, which was
significantly higher than that of the wild-type protein
(Fig. 3b).

We also analyzed the effect of the linker length on the
chaperone-like activity of the fluorescent chimeras. As
already mentioned, the chaperone-like activity of
chimeras with flexible linker was less different from the
corresponding activity of the wild-type protein. Therefore
constructing chimeras, we used the flexible L1 linker and
changed its length from 12 up to 21 amino acid residues
(Fig. 4). All of the studied chimeras possessed higher
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Fig. 3. Chaperone-like activity of wild-type HspBl and its
chimeras with linkers of different nature. a) Comparison of chap-
erone-like activity of the wild-type HspB1 and its fluorescent
chimeras determined with lysozyme as a model protein substrate.
Aggregation of reduced lysozyme was recorded in samples con-
taining: 0) isolated lysozyme (10 uM); 7) lysozyme in the presence
of wild-type HspB1 (5 pM); 2) lysozyme in the presence of fluo-
rescent chimeras with 12-residue linker having flexible mobile
structure L1 (5 puM). b) Chaperone-like activity of chimeras with
12-residue linker of different nature. Aggregation of isolated
lysozyme (10 uM) (curve 0) or lysozyme in the presence of 5 uM
fluorescent chimeras with flexible mobile linker of L1 type (curve
L1), a-helical linker (curve L2), or Ala-Pro linker (curve L3).
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Fig. 4. Chaperone-like activity of fluorescent chimeras with flex-
ible mobile linker of L1 type composed of 12, 18, or 21 residues.
Aggregation of isolated lysozyme (10 uM) (curve 0) or lysozyme
in the presence of 5 uM of HspB1 of the wild-type (curve /) or
fluorescent chimeras of L1 type composed of 12 (curve 2), 18
(curve 3), or 21 (curve 4) residues.

chaperone-like activity than the wild-type protein (Fig.
4). However, increase in the linker length decreased the
difference in chaperone-like of the wild-type protein and
its fluorescent chimeras.

DISCUSSION

Constructing of fluorescent chimeras seems to be an
interesting and promising direction for investigation of
different proteins including sHsp. However, in the last
case constructing fluorescent chimeras is complicated by
the fact that the size of the fluorescent protein is compa-
rable or even larger than that of sHsp. Moreover, sHsp
tend to form different homo- and heterooligomers [1,
26], and both N- and C-terminal sequences of sHsp are
involved in formation of these oligomers [20, 27].
Therefore, a priori attachment of a fluorescent protein to
either N- or C-terminus of sHsp will inevitably affect
packing of monomers in homo- or heterooligomers.

To overcome these difficulties and obtain fluorescent
chimeras with properties similar to those of the wild-type
protein, we varied the length and the nature of peptide
linker connecting the fluorescent protein to the N-termi-
nus of HspB1.

Varying length or the nature of the peptide linker, we
were unable to obtain fluorescent chimeras with
oligomeric state similar to that of the wild-type protein.
In practically all cases, the fluorescent chimeras formed
unstable oligomers containing according to our calcula-
tions 5-10 monomers, which is roughly 2-4 times smaller
than the number of subunits in the case of large oligomers
formed by the wild-type protein (Figs. 1 and 2). As men-
tioned, the oligomers formed by fluorescent chimeras
were unstable and their dilution was accompanied by dis-
sociation leading to accumulation of oligomers of smaller



72 DATSKEVICH et al.

size. In this respect, fluorescent chimeras are significant-
ly different from the wild-type protein forming stable
oligomers that do not dissociate under dilution. It is prob-
able that attachment of a bulky fluorescent protein to the
N-terminus of the small heat shock proteins makes
impossible proper association of sHsp monomers and for-
mation of stable large oligomers. The N-terminal domain
is directly involved in formation of large aB-crystallin
oligomers [28] and probably of other small heat shock
proteins tending to oligomerization. Therefore, modifi-
cation of the N-terminal domain prevents formation of
large oligomers of fluorescent chimeras. Thus, at equal
molar concentration, the fluorescent chimeras will form a
larger number of small oligomers than the wild-type pro-
tein forming only a restricted number of large stable
oligomers. According to one hypothesis presented in the
literature [29, 30], large oligomers are not very effective in
binding denatured proteins. It is supposed that effective
chaperone-like activity is achieved by dissociation of
large sHsp oligomers followed by binding of denatured
protein substrates and reassembling of large oligomers
carrying bound unfolding substrates. If this hypothesis is
correct, we expect that the fluorescent chimeras tending
to dissociation will possess higher chaperone-like activity
that the wild-type protein.

Indeed, it was found that the chaperone-like activity
of the fluorescent chimeras with lysozyme as a model
protein substrate was higher than that of the wild-type
protein (Figs. 3 and 4). The fluorescent chimeras with
flexible Gly-Ser or Pro-Ala linker possessed similar chap-
erone-like activity that was comparable with that of the
wild-type protein, whereas chimeras with rigid a-helical
linker possessed significantly higher chaperone-like
activity (Fig. 3b, curve L2). At the same time, all the stud-
ied chimeras have similar quaternary structure (see Fig.
1). It is well known that certain substrate-binding sites are
located in the flexible N-terminal domain of small heat
shock proteins [31, 32]. It is probable that the linker
nature affects the location of the fluorescent protein at
the functionally important N-terminal domain of HspBl1
and therefore, depending on the flexibility of the linker,
the fluorescent chimeras will possess different chaperone-
like activity.

This suggestion correlates well with the data
obtained on fluorescent chimeras with different length of
flexible linker. Indeed, increase in the linker length makes
the chaperone-like activity of fluorescent chimeras simi-
lar to that of the wild-type protein (Fig. 4). It is probable
that removal of the fluorescent protein from certain sites
in the N-terminal domain will eliminate effect of the flu-
orescent protein on the interaction of sHsp with its target
proteins.

In summary, we might conclude that construction of
fluorescent chimeras of sHsp tending to form large
oligomers is a rather complex problem. Since both the N-
and C-terminal domains of sHsp are involved in forma-

tion of large oligomers, construction of fluorescent
chimeras with quaternary structure identical to that of the
wild-type sHsp is in principle impossible. However, it is
possible to obtain fluorescent chimeras with properties
less different from those of the wild-type HspB1. For this
purpose, it is advisable to use long flexible linkers. In any
case, obtaining of fluorescent chimeras usable for cellular
investigation requires additional investigations.

This investigation was supported by the Russian
Science Foundation (RSF) (grant No. 14-35-00026).
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