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Abstract Recombinant chimeras of small heat shock proteins
(sHsp) HspB1, HspBS5, and HspB6 containing enhanced yel-
low fluorescent protein (EYFP) attached to their C-terminal
ends were constructed and purified. Some properties of these
chimeras were compared with the corresponding properties of
the same chimeras containing EYFP attached to the N-
terminal end of sHsp. The C-terminal fluorescent chimeras
of HspB1 and HspBS5 tend to aggregate and form a heteroge-
neous mixture of oligomers. The apparent molecular weight of
the largest C-terminal chimeric oligomers was higher than that
of the corresponding N-terminal chimeras or of the wild-type
proteins; however, both homooligomers of N-terminal chi-
meras and homooligomers of C-terminal chimeras contained
fewer subunits than the wild-type HspB1 or HspB5. Both N-
terminal and C-terminal chimeras of HspB6 form small olig-
omers with an apparent molecular weight of 73—84 kDa. The
C-terminal chimeras exchange their subunits with homolo-
gous wild-type proteins. Heterooligomers formed by the
wild-type HspB1 (or HspB5) and the C-terminal chimeras of
HspB6 differ in size and composition from heterooligomers
formed by the corresponding wild-type proteins. As a rule, the
N-terminal chimeras possess similar or slightly higher
chaperone-like activity than the corresponding wild-type pro-
teins, whereas the C-terminal chimeras always have a lower
chaperone-like activity than the wild-type proteins. It is con-
cluded that attachment of EYFP to either N-terminal or C-
terminal ends of sHsp affects their oligomeric structure, their
ability to form heterooligomers, and their chaperone-like
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activity. Therefore, the data obtained with fluorescent chi-
meras of sHsp expressed in the cell should be interpreted with
caution.

Abbreviations

Amp  Ampicillin

DLS  Dynamic light scattering

DTT  Dithiothreitol

IPTG Isopropyl 3-D-1-thiogalactopyranoside

ME Mercaptoethanol

SEC  Size-exclusion chromatography
sHsp  Small heat shock proteins
Introduction

Small heat shock proteins (sHsp) form a large family of
ubiquitously expressed proteins having important housekeep-
ing roles in the cell (Basha et al. 2012; Hilton et al. 2012;
Mymrikov et al. 2011). These proteins participate in regula-
tion of the redox state of the cell and cytoskeleton, in prolif-
eration and apoptosis, as well as in proteostasis that prevents
aggregation of improperly folded proteins (Arrigo 2007;
Ciocca et al. 2013; Boncoraglio et al. 2012). The human
genome contains 10 genes encoding sHsp differently
expressed in practically all tissues (Garrido et al. 2012). The
monomers of sHsp have a small molecular weight (12—
43 kDa) and contain a conservative a-crystallin domain,
considered as a hallmark of the family of sHsp (Kriehuber
et al. 2010). The o-crystallin domain seems to be responsible
for the formation of stable dimers of sHsp (Clark et al. 2012).
This domain is flanked by variable N-terminal and C-terminal
regions that have important roles in the interaction of sHsp
with protein targets, as well as in the formation of sHsp
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oligomers (Hilton et al. 2012; Delbecq et al. 2012). As a rule,
sHsp form homooligomers or heterooligomers with a very
flexible structure (Hilton et al. 2012; Mymrikov et al. 2012;
Arrigo 2013). These oligomers can undergo rapid association
and dissociation by exchanging their subunits and can change
their intracellular location upon different stimuli (Bryantsev
et al. 2002; Clarke and Mearow 2013). In order to analyze the
mechanism of sHsp functioning, it is desirable to develop a
method that can follow the formation of different oligomers of
sHsp and their translocation in the cell. Utilization of fluores-
cent proteins seems to be a very promising tool for this
purpose (Chudakov et al. 2010). A number of different fluo-
rescent chimeras of sHsp have been designed and used for
investigation of the intracellular location (Doshi et al. 2009;
Qian et al. 2006; Borrelli et al. 2002; Shelden et al. 2002; Raju
and Abraham 2011, 2013; Irobi et al. 2004; Sun et al. 2007)
and formation of homooligomeric and heterooligomeric com-
plexes of sHsp (Fontaine et al. 2005; Fontaine et al. 2006; Sun
et al. 2004; Datskevich et al. 2012a). Utilization of fluorescent
chimeras of sHsp has provided important and interesting
information. However, the molecular weight of fluorescent
proteins is comparable with that of sHsp, and therefore, at-
tachment of fluorescent protein to sHsp can significantly
affect their structure and properties. Indeed, we found that
fusion of fluorescent proteins to the N-terminal end of sHsp
affects some of their properties (Datskevich et al. 2012b).
Therefore, it seems reasonable to change the location of the
fluorescent protein inside fluorescent chimeras and to obtain
chimeras containing fluorescent protein attached to the C-
terminal end of sHsp. This paper deals with the isolation and
characterization of chimeras of sHsp containing enhanced
yellow fluorescent protein (EYFP) on their C-terminal ends
and comparison of some properties of the N-terminal and C-
terminal chimeras of three sHsp, HspB1 (Hsp27), HspB5
(xB-crystallin), and HspB6 (Hsp20).

Materials and methods
Cloning of fluorescent chimeras of sHsp

EYFP was fused to the C-terminal ends of one of four human
sHsp (HspB1, HspBS5, HspB6, HspB8) through a flexible
linker (GGGSGGGTGGG) coded by the sequence carrying
the Agel restriction site. The properties of these chimeras were
compared with the corresponding properties of chimeras car-
rying EYFP at their N-terminal ends. These N-terminal chi-
meras were expressed and purified as described earlier
(Datskevich et al. 2012b). cDNA of EYFP and the corre-
sponding sHsp with parts of the linker was amplified by Pfis
DNA polymerase (Thermo Scientific) utilizing as a matrix the
pET23b(+) plasmid carrying the correspondent sequences
cloned at the Ndel and Xhol restriction sites (Datskevich
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et al. 2012b). sHsp fragments were amplified using a pair of
gene-specific primers: sHsp-Ndel forward and sHsp-Agel
reverse primers, which also carried part of the linker. To obtain
cDNA of EYFP, we used gene-specific EYFP-4gel forward
primer carrying a second part of the linker and T7 reverse
primer. Primer sequences are presented in Online Resource 1.
Amplified fragments of sHsp and EYFP were restricted and
ligated at the Agel restriction site to obtain full-length fusion
protein inserts, which were amplified by PCR using the cor-
responding forward primer and a T7 reverse primer. Inserts
were cloned into the pET23b(+) vector at the Ndel and Xhol
restriction sites. All plasmids were verified by sequencing.

Expression of fluorescent chimeras

Developing the method of expression of fluorescent chimeras
in a soluble state, we used different expression strains of
Escherichia coli (BL 21 (DE3), C41 (DE3), and C43 (DE3))
(Miroux and Walker 1996) and various expression conditions.

Seed cultures were prepared as follows: Competent cells
(Chung et al. 1989) were transformed with the pET23b(+)
plasmid carrying full-size fluorescent chimeras cDNA, sowed
on Petri dishes (Luria—Bertani (LB) agar, 0.1 mg/ml ampicillin
(Amp)), and grown overnight at 37 °C. One colony from the
dish was inoculated to 20 ml of LB broth with 0.1 mg/ml Amp
and grown overnight (37 °C, 230 rpm). For test expression,
1 ml of seed culture was transferred to 19 ml of medium and
grown under selected conditions. For preparative expression,
40 ml of seed culture was added to 800 ml of medium and
grown under selected conditions in two 2-1 flasks.

Several sets of conditions for fusion protein expression
have been tested. In the first case, bacteria were grown in 1x
LB broth with 0.1 mg/ml Amp at 37 °C up to ODg equal to
0.6. Isopropyl (3-D-1-thiogalactopyranoside (IPTG) was
added to the final concentration of 1 mM and cultivation
was continued either at 37, 30, or 20 °C for 5-7 or 20 h. In
the second case, we used the so-called autoinduction method
(Studier 2005). In this case, 1 ml of seed culture was trans-
ferred to 19 ml of 3x LB broth with 0.1 mg/ml Amp and the
cells were grown for 7 h at 37 °C on a shaker. Afterwards, the
temperature was changed to 20, 25, or 30 °C or was left
unchanged and culturing was continued for an additional
15-18 h.

In the course of test expression, 1 ml of bacterial culture
was collected and subjected to centrifugation (5,000xg,
5 min). The pellet collected was resuspended in 200 pl of
lysis buffer (50 mM Tris/HCI pH 8.0, 100 mM NaCl, 15 mM
mercaptoethanol (ME), 0.5 mM phenylmethylsulfonyl fluo-
ride (PMSF), and 1 mM ethylenediaminetetraacetic acid
(EDTA)). Suspension was sonicated two times for 20 s on
ice and centrifuged (14,000xg, 10 min). The pellet was
suspended in 200 pl of lysis buffer, and the protein composi-
tion of the pellet and supernatant was determined by sodium
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dodecyl sulfate (SDS) gel electrophoresis (Laemmli 1970).
Conditions providing the most efficient accumulation of fluo-
rescent chimeras in supernatant were used for preparative
expression. HspB1-EYFP and HspB6-EYFP were expressed
in E. coli BL21 strain using the autoinduction method with the
temperature of the second stage of expression kept at 30 °C,
i.e., under conditions described earlier for the expression of N-
terminal chimeras (Datskevich et al. 2012b). Expression of
HspB5-EYFP was performed in an E. coli C43 strain. In this
case, expression was performed in the 1x LB medium and
lasted for 21 h at 30 °C after the addition of IPTG. Although
we varied the bacterial strains and the conditions of expres-
sion, we failed to obtain recombinant C-terminal chimera of
HspB8 in a soluble state.

Isolation of fluorescent chimeras

Purification of soluble recombinant fluorescent chimeras was
performed as described earlier (Datskevich et al. 2012b).
Briefly, bacterial cells in the lysis buffer (50 mM Tris/HCI
pH 8.0, 100 mM NaCl, 15 mM ME, 0.5 mM PMSF, and
1 mM EDTA) were sonicated and subjected to centrifugation
(25,000%g, 20 min). Extraction with a lysis buffer was repeat-
ed two more times and supernatants collected were subjected
to ammonium sulfate fractionation. Protein fractions obtained
in the ranges of 020, 2040, and 40-60 % ammonium sulfate
saturation were collected and analyzed by SDS gel electro-
phoresis (Laemmli 1970). Fractions enriched by fluorescent
chimeras were dialyzed against buffer B (20 mM Tris/acetate
pH 7.6, 10 mM NaCl, 15 mM ME, 0.1 mM PMSF, and
0.1 mM EDTA), subjected to ultracentrifugation (105,
000%g, 30 min), and loaded onto a 5 ml HiTrapQ column
equilibrated with buffer B. Proteins were eluted by linear
gradient (12 column volumes) of NaCl (10-510 mM). The
samples containing fluorescent chimeras were collected, con-
centrated, and loaded onto a HiLoad 26/60 Superdex 200
column equilibrated with buffer B containing 150 mM
NaCl. The fractions containing fluorescent chimeras were
combined, dialyzed against buffer B containing 2 mM dithio-
threitol (DTT) instead of 15 mM ME, and stored at —20 °C.
Different methods were used to isolate fluorescent chi-
meras from inclusion bodies. The inclusion bodies, containing
fluorescent chimeras, were purified by the method of Yang
et al. (2011). The inclusion bodies were first dissolved in the
buffer containing 7 M guanidine chloride (50 mM Tris/HCI,
50 mM NaCl, 10 mM ME, and 7 M guanidine chloride pH
8.0), and then rapidly precipitated by dilution in the buffer
without guanidine chloride (50 mM Tris/HCI, 50 mM NaCl,
1 mM EDTA, and 10 mM ME pH 8.0) (Yang et al. 2011). The
pellet of denatured protein was dissolved in the buffer con-
taining 8 M urea (50 mM Tris/HCl, 50 mM NacCl, 10 mM ME,
and 8 M urea pH 8.0) and dropwise added to the large volume
of renaturation buffer (20 mM Tris/HCI pH 8.0, 1 mM EDTA,

and 15 mM ME) and stirred slowly at 4 °C for 2 days. The
obtained sample was subjected to centrifugation followed by
ion-exchange chromatography on a HiTrapQ column and
size-exclusion chromatography (SEC) as described previous-
ly. In this case, the yield of fluorescent chimeras was either
very low or the spectral properties of fluorescent chimera were
different from those of intact fluorescent protein, thus indicat-
ing improper folding.

Alternatively, inclusion bodies were dissolved either in2 M
arginine (pH 8.0) or buffer B, containing 8 M urea. After
centrifugation, the samples were dialyzed for 2 days against
buffer B. In the course of dialysis, the largest part of the
protein was precipitated, making further purification
impossible.

Size-exclusion chromatography

The quaternary structure of the wild-type sHsp and their
fluorescent chimeras was analyzed by means of SEC per-
formed on a Superdex 200 HR 10/30 column equilibrated
with buffer B containing 150 mM NaCl. All experiments were
performed at room temperature (20-25 °C), i.e., under condi-
tions where the rate of sHsp subunits exchange is rather low
(Bukach et al. 2009). Samples (150 pl) containing 12-130 pg
of protein were loaded on the column and eluted at a rate of
0.5 ml/min. The apparent molecular weight was determined
by using thyroglobulin (669 kDa), ferritin (440 kDa), catalase
(240 kDa), glyceraldehyde-3-phosphate dehydrogenase
(144 kDa), bovine serum albumin (68 kDa), and ovalbumin
(43 kDa) as molecular weight standards.

Dynamic light scattering

All measurements were performed at 25 °C on Zetasizer Nano
(Malvern) in buffer B containing 150 mM NaCl at protein
concentrations equal to 0.3 mg/ml. Each measurement lasted
15 s and was repeated 10 times. This cycle of measurements
was repeated 10 times, and thus, 100 measurements were
accumulated for each sample. The data were evaluated by a
built-in program, and the number distribution was used to
estimate the particle size.

Formation of homooligomeric and heterooligomeric
complexes of sHsp

Different sHsp (1 mg/ml) in buffer B containing 150 mM
NaCl were incubated at 37 °C for 1 h in the presence of
15 mM DTT. To obtain mixed homooligomers of the wild-
type sHsp and their chimeras, we mixed equal volumes of two
reduced proteins and incubated this mixture for 1 h either at 4
or 42 °C. Heterooligomers of the wild-type sHsp and fluores-
cent chimeras of another sHsp were obtained in a similar
manner. Thus, obtained samples were analyzed by means of
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SEC on a Superdex 200 HR 10/30 column, loading on the
column either isolated proteins or their mixtures incubated at
two different temperatures. The column was operated at a rate
of 0.5 ml/min and fractions (300 pl) were collected. The
protein compositions of these fractions were analyzed by
means of SDS gel electrophoresis (Laemmli 1970).

Chaperone-like activity

The chaperone-like activity of sHsp and their fluorescent
chimeras was determined by using two model protein sub-
strates, namely, lysozyme and insulin. In the first case, all
experiments were performed in 50 mM potassium phosphate
buffer (pH 7.4) containing 50 mM NaCl at 37 °C at lysozyme
concentration equal to 10 uM and variable concentrations of
sHsp (5-10 uM per monomer). After preincubation for 5 min
at 37 °C, reaction was started by the addition of DTT up to a
final concentration of 20 mM and lysozyme aggregation was
followed by an increase of the optical density at 340 nm. In the
second case, reaction was performed in the buffer containing
100 pl of aggregation buffer (100 mM potassium phosphate
(pH 8.5), 100 mM NaCl), 10—15 ul of insulin (dissolved in
2.5 % acetic acid) so that the final concentration of insulin was
equal to 50 uM, variable quantities of buffer B and sHsp or
their fluorescent chimeras (2—5 uM per monomer). The sam-
ples were preincubated for 5 min at 37 °C and reaction was
started by the addition of DTT up to the final concentration
20 mM. Aggregation of the B-chain of insulin was followed
by an increase of optical density at 340 nm.

Spectroscopic methods

The absorbance spectra of proteins were recorded on either
Ultrospec 3100 (Amersham-Pharmacia) or NanoVue (GE
Healthcare) spectrophotometers. The protein concentration
was determined spectrophotometrically, taking 4,50 *
equal to 1.775 for HspB1 (UniProt P04792), 0.693 for
HspBS (UniProt P02511), and 0.582 for HspB6 (UniProt
014558). The concentration of chimeras of EYFP was deter-
mined by € 514 equal to 83,400.

Results

Oligomeric structure of sHsp chimeras containing fluorescent
protein attached to their C-terminal end

SEC and dynamic light scattering (DLS) were used for the
analysis of the oligomeric state of the wild-type sHsp and their
fluorescent chimeras. As reported earlier (Datskevich et al.
2012b), the wild-type HspB1 forms large oligomers with an
apparent molecular weight of 650—700 kDa and was eluted as
apeak with an elution volume ~10.3 ml, the position of which
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was independent of the quantity of protein loaded on the
column (Fig. 1d). The elution profile of the C-terminal fluo-
rescent chimera of HspB1 was strongly dependent on the
quantity of protein loaded on the column (Fig. 1a). At high
load, HspB1-EYFP was eluted as a main peak with an elution
volume of 9.4 ml (~800 kDa), whereas at low load, an addi-
tional peak eluted at ~13.0 ml was detected on the elution
profile (Fig. 1a). In addition to these two peaks, we also
detected a small peak that was eluted close to the exclusion
volume of the column (~7.8 ml).

Both the wild-type HspB5 and its N-terminal fluorescent
chimeras formed large stable oligomers, which, independent
of protein concentration, were eluted as more or less symmet-
rical peaks with elution volumes of ~10.4 ml corresponding to
M, ~650 kDa (Fig. 1le). HspB5-EYFP formed very large
oligomers with M, ~1,000 kDa, which, independent of the
quantity of protein loaded on the column, were eluted at
~8.5 ml (Fig. 1b).

The wild-type HspB6 formed small oligomers (probably
dimers) with M, ~43-45 kDa with an elution volume (~14.8—
14.9 ml) that was practically independent of the quantity of
protein loaded on the column (Fig. 1f). The chromatographic
behavior of both N-terminal and C-terminal fluorescent chi-
meras was very similar, and both proteins formed stable small-
sized oligomers with M, 78-82 kDa and an elution volume
~13.4 ml (Fig. Ic, ).

The data of the SEC were confirmed by means of DLS
(Table 1). These experiments were performed at a fixed pro-
tein concentration equal to 0.3 mg/ml. Under these conditions,
the size of the oligomers of the wild-type HspB1 was slightly
larger than that of its N-terminal chimeras (Table 1) and, at the
same time, it was significantly smaller than that of its C-
terminal chimeras. It is worth mentioning that the dispersion
of the size of the wild-type HspB1 oligomers and their N-
terminal fluorescent chimeras was similar and significantly
smaller than that of the C-terminal fluorescent chimeras.
These results completely agree with the data of SEC and
indicate that the C-terminal chimeras of HspB1 form a het-
erogeneous mixture of different sizes of oligomers (Fig. 1a).
The oligomers of the wild-type HspB5 and its N-terminal
chimeras have similar size and dispersion (Table 1), whereas
the C-terminal chimeras of HspB5 form larger oligomers and
have wide size dispersion (Table 1). Finally, both N-terminal
and C-terminal chimeras of HspB6 form similar-sized small
oligomers (Table 1).

Comparing the data obtained on the N-terminal fluorescent
chimeras (Datskevich et al. 2012b) with those obtained on the
C-terminal chimeras, we can conclude that, in the case of
HspB1 and HspBS5, the molecular weight of their N-terminal
chimeras was either slightly lower or equal, whereas the
molecular weight of their C-terminal chimeras was signifi-
cantly higher than that of oligomers formed by the corre-
sponding wild-type proteins (Table 2). However, in all cases,
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Table 1 Determination of the size (particle diameter D and polydisper-
sity Pg;) of the wild-type human sHsp and their N-terminal and C-

terminal fluorescent chimeras

Protein loaded, mkg

Table 2 Apparent molecular weight of the main largest oligomers (M, in

kilodaltons) determined by SEC and calculated approximate number of

Sample Dint. dgisuiv. +8D, nm P4i#SD subunits (V) in homooligomers of sHsp and their fluorescent chimeras
HspB1 WT 18.55+0.73 0.28+0.04  Samples Wild type N-terminal C-terminal
EYFP-HspB1 16.94+0.54 0.24+0.06 chimeras chimeras
HspB1-EYFP 28.50+1.67 0.72+0.16

M, N M, N M, N
HspB5-WT 19.50+0.77 0.23+0.06
EYFP-HspB5 18.16+0.62 0.28+0.07  HspBl  ~650-700 24-28 ~480-500 8-10 ~790-850 14-16
HspB5-EYFP 29.14+0.77 0.68£0.13  HspB5  ~650 26-30 ~650-670 15-17 ~1,000  20-23
HspB6 WT 8.98+0.88 0.34+0.11 HspB6  ~43-45 2 ~78-82 ) ~78-82 2
EYFP-HspB6 10.04+0.16 0.52+0.14 HspBS  ~36-43 1-2 ~74-78 ) ND ND
HspB6-EYFP 10.28+1.94 0.49+0.13

ND not determined
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oligomers formed by fluorescent chimeras of HspB1 and
HspBS5 contained a smaller number of subunits than oligomers
formed by the wild-type proteins (Table 2). In the case of sHsp
tending to form only small oligomers (HspB6), attachment of
yellow fluorescent protein either to the N-terminal ends or to
the C-terminal ends does not affect the oligomeric state and
both the wild-type protein and its chimeras form only small
oligomers (probably dimers). Similar results were obtained
earlier with the N-terminal chimeras of HspB8 (Datskevich
et al. 2012b) (Table 2).

Formation of mixed oligomers of the wild-type sHsp
and their fluorescent chimeras

As already mentioned, the wild-type sHsp and their fluores-
cent chimeras form different-sized oligomers. Therefore, the
question arises whether oligomers formed by the wild-type
proteins and their fluorescent chimeras can exchange their
subunits. To answer this question, the mixture of the wild-
type protein and its chimeras preincubated at 4 or 42 °C were
subjected to SEC.

Elution volume of the wild-type HspB1 (~10.3 ml) is
intermediate between that of the N-terminal (~11.4 ml) and
the C-terminal (~9.4 ml) chimeras (see Fig. 1d). Preincubation
of the mixture of the wild-type HspB1 with its N-terminal
chimeras was accompanied by formation of a new peak with

Fig. 2 Formation of mixed a
oligomers of the wild-type HspB5 40

an elution volume of about 10.8 ml and a decrease of the
amplitude of the peaks corresponding to isolated wild-type
protein and isolated N-terminal fluorescent chimera (Online
Resource 2). This effect was more pronounced if
preincubation was performed at 42 °C. In this case, the peak
of mixed oligomers was more sharp and symmetric and it was
shifted to lower elution volumes. Similar results were obtained
with the C-terminal chimera (Online Resource 2).

Elution volumes of the wild-type HspB5 (~10.4 ml) and its
N-terminal chimera (~10.6 ml) are similar and are larger than
those of the C-terminal chimera of HspB5 (~8.5 ml). When
the mixture of the wild-type HspB5 and its N-terminal chime-
ra was preincubated at 4 °C, the elution profile was exactly
equal to the sum of the elution profiles of two isolated pro-
teins, thus indicating that, at low temperature, the exchange of
subunits is very improbable (Fig. 2a). When preincubation
was performed at 42 °C, the elution profile was changed and a
peak corresponding to the mixed oligomers with an elution
volume ~10.0 ml appeared on the elution profile (Fig. 2b).
Similar results were obtained in the case of the C-terminal
chimera of HspBS5. At low temperature, exchange of subunits
of the wild-type protein and its fluorescent chimera was prac-
tically completely prevented (Fig. 2c). At the same time at
elevated temperature, the subunits were easily exchanged, and
this was accompanied by formation of a new sharp peak with
an elution volume of ~9.6 ml (Fig. 2d).

and its N-terminal (a, b) or C-
terminal (¢, d) chimeras. Each
panel presents elution profiles of 301
isolated wild-type HspBS (7,
dotted line), isolated fluorescent
chimera (2, dashed line), the
algebraic sum of these two
profiles (3, dash-dotted line), and
real elution profile of the mixture
of the wild-type protein and its
fluorescent chimera (4, solid line) 0

20+

A,gpr MAU

10{HspB5 WT

YFP-HspB5

preincubated either at 4 °C (a, ¢) 8 10
or42°C (b, d)

12 14
Elution volume, ml

Elution volume, ml

A, MAU

Elution volume, ml
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As already mentioned, both N-terminal and C-terminal
chimeras of HspB6 have similar elution volumes (~13.4 ml),
whereas the wild-type protein is eluted at ~14.8 ml.
Preincubation of the mixture of the wild-type HspB6 and its
fluorescent chimeras both at low and high temperatures was
accompanied by a decrease in the amplitude of the peaks
corresponding to isolated proteins, by a shifting of the elution
volumes of the peaks corresponding to isolated proteins, and
by an increase of absorbency in between these peaks (Online
Resource 3). These data indicate that the subunits of the wild-
type HspB6 and its fluorescent chimeras either form weak
temporal complexes with a high rate of dissociation or can
exchange their subunits forming mixed oligomers.

Heterooligomers formed by the C-terminal fluorescent
chimera of HspB6 and the wild-type HspB1 and HspB5

It is well known that the sHsp are able to form heterooligomers
(Mymrikov et al. 2012; Datskevich et al. 2012a; Arrigo 2013).
Therefore, it seems reasonable to analyze the effect of the
yellow fluorescent protein attached to the C-terminal end of
HspB6 on its ability to interact with the wild-type HspB1 and
HspBS5.

The wild-type HspB1 and HspBS5 form large oligomers
having elution volumes much smaller than that of the C-
terminal fluorescent chimera of HspB6. This makes it

acceptable to use SEC to investigate the interaction of the C-
terminal fluorescent chimera of HspB6 with two other sHsp.
Mixed together and preincubated at an elevated temperature,
the wild-type HspB1 and HspB6 are able to form two types of
heterooligomeric complexes with M, 100 and 300 kDa
(Bukach et al. 2009; Mymrikov et al. 2012; Datskevich et al.
2012a) (Fig. 3a). Both these complexes contain roughly equal
quantities of both proteins (Bukach et al. 2009) (Fig. 3¢). The
C-terminal chimera of HspB6 was also able to form
heterooligomeric complexes with the wild-type HspBl1.
However, in this case, heterooligomeric complexes had ap-
parent molecular weights of ~670 and ~250 kDa (Fig. 3d).
The large heterooligomeric complex contained only trace
amounts of fluorescent chimera of HspB6. It is possible that
this peak predominantly contains unexchanged wild-type
HspB1 with a small population of exchanged heterooligomers
containing a few subunits of fluorescent chimeras of HspB6.
At the same time, according to the SDS gel electrophoresis
data, the small heterooligomeric complex (M, 250 kDa)
contained roughly equal quantities of both proteins (Fig. 3f).
Thus, the heterooligomeric complexes formed by HspB1 and
by wild-type HspB6 or its C-terminal chimera are different in
size and subunit stoichiometry.

The wild-type HspB6 exchanges its subunits with the wild-
type HspB5, and this is accompanied by formation of a
heterooligomeric complex with M, ~480 kDa. This complex

Fig. 3 Formation of a b
heterooligomeric complexes of Sample number 43—»p22 2324 25262734 35 36 37
the wild-type HspB1 and either 18 20 22 24 26 28 30 32 34 36 38 30— e e B1
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was formed only if the mixture of two proteins was preincu-
bated at an elevated temperature (Fig. 4a—c) (Mymrikov et al.
2012; Datskevich et al. 2012a). We measured the area of the
peak of the wild-type HspB6 in the absence and in the pres-
ence of the wild-type HspB5 and, by this means, tried to
estimate the approximate stoichiometry of the complex
formed by these two proteins. By using this approach, we
found that the stoichiometry of the heterooligomer HspBS5/
HspB6 was close to 1/0.5. The C-terminal chimera of HspB6
was also able to form a heterooligomeric complex with the
wild-type HspB5. However, in this case, the heterooligomeric
complex had M, indistinguishable from that of the isolated

wild-type HspBS5, which was close to 680 kDa (Fig. 4d-f),

and the approximate stoichiometry of HspB5/HspB6-YFP
was equal to 1/0.35. Thus, the heterooligomeric complexes
formed by HspB5 and the wild-type HspB6 or its C-terminal
fluorescent chimera are different in size.

Chaperone-like activity of sHsp and their fluorescent chimeras

Two different model substrates were used for analyzing the
chaperone-like activity of HspB1. At low concentrations, the
wild-type HspB1 only slightly inhibited the reduction-induced
aggregation of insulin (Fig. 5a). Under these conditions, the
N-terminal chimera effectively retarded insulin aggregation,
whereas the C-terminal chimera promoted insulin aggregation
(Fig. 5a). Qualitatively similar results were obtained with
another model substrate, lysozyme. In this case, at low sHsp
concentrations, the wild-type protein slightly inhibited lyso-
zyme aggregation initially (Fig. 5b). Under these conditions,
the N-terminal chimera effectively inhibited lysozyme aggre-
gation, whereas the C-terminal chimera promoted aggregation
of this substrate (Fig. 5b). Similar results were obtained at
high concentrations of sHsp (Fig. 5c). Indeed, under these
conditions, the N-terminal chimera completely prevented

a b
Sample number 43—» 212223 2425 2637 34 35 3637 38
18 20 22 24 26 28 30 32 34 36 38 30—
40— B5
'\ 20.1— T ——— R = ::BG
HspB6 i\‘
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Fig.4 Formation of heterooligomeric complexes of the wild-type HspB5
and either the wild-type HspB6 (a—c) or HspB6-EYFP (d—f). a, d
Elution profiles of isolated HspB6 or its fluorescent chimera (1, dashed
line), isolated wild-type HspB5 (2, dotted line), and the mixture of two
proteins preincubated either at 4 °C (3, dash-dotted line) or 42 °C (4,

@ Springer

solid line). b, ¢, e, f SDS gel electrophoresis of fractions (indicated above
each track) collected in the course of SEC. The temperature of
preincubation is indicated below each panel. Positions of the wild-type
HspB6 (B6), HspB6-EYFP (B6-Y), and the wild-type HspB5 (B5) and
molecular weight standards (in kilodaltons) are marked by arrows
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Fig. 5 Chaperone-like activity of HspB1 and its fluorescent chimeras.
Reduction-induced aggregation of insulin (a) or lysozyme (b, ¢). Aggre-
gation of isolated model substrate (/) or model substrate in the presence
of the wild-type HspB1 (2) or its N-terminal (3) or C-terminal (4)
fluorescent chimera was followed by an increase in optical density at
340 nm. The concentration of insulin was equal to 50 uM per monomer,
and the concentration of sHsp was equal to 2 uM per monomer. The
concentration of lysozyme was equal to 10 M and the concentration of
sHsp was equal to 5 uM (b) and 10 (¢) per monomer, respectively. Data
are representative of several experiments

aggregation of lysozyme, whereas the wild-type protein was
less effective and the C-terminal chimera was very ineffective
in inhibiting lysozyme aggregation (Fig. Sc).

Chaperone-like activity of HspB5 was analyzed by using
lysozyme as a model protein substrate. At low concentrations,
the wild-type HspBS5 retarded lysozyme aggregation and de-
creased the amplitude of optical density at 340 nm, reflecting
substrate aggregation at the end of incubation (Online
Resource 4). At low concentrations, the N-terminal chimera
of HspBS5 retarded the onset of aggregation, whereas the C-
terminal chimera promoted the onset of aggregation, and both
chimeras increased the optical density at 340 nm at the end of
incubation (Online Resource 4). At high concentrations, both

the wild-type HspBS5 and its N-terminal chimera effectively
prevented reduction-induced aggregation of lysozyme, where-
as the C-terminal chimera promoted reduction-induced aggre-
gation of lysozyme (Online Resource 4).

Since HspB6 and its chimeras possessed only very low
chaperone-like activity with lysozyme, we used insulin as a
model substrate. The wild-type HspB6 effectively prevented
the aggregation of insulin. In agreement with our earlier
published data (Datskevich et al. 2012b), we found that the
N-terminal chimera of HspB6 was less effective than the wild-
type protein; however, it was also able to inhibit insulin
aggregation. At the same time, the C-terminal chimera was
rather ineffective in preventing insulin aggregation (Fig. 6).

Discussion

Fluorescent chimeric proteins are widely used for the investi-
gation of intracellular localization and protein—protein inter-
action (Chudakov et al. 2010). Chimeras of HspB1, HspBS,
HspB6, and HspB8 containing different fluorescent proteins
(green, cyan, yellow, and citrine) fused to the N-terminal ends
or to the C-terminal ends of sHsp were designed and success-
fully used in a number of investigations (Raju and Abraham
2011, 2013; Borrelli et al. 2002; Shelden et al. 2002; Qian
et al. 2006; Fontaine et al. 2005, 2006; Sun et al. 2004, 2007,
Doshi et al. 2009).

The main part of these investigations was performed at the
cell level and it has been shown that some properties of
fluorescent chimeras are similar to those of the wild-type
proteins. For instance, chimeric HspB1 conferred stress pro-
tection in certain cell lines and this protection was comparable
with that conferred by the wild-type HspB1 (Borrelli et al.
2002). Under stress conditions, both the wild-type HspB1 and
its fluorescent chimeras migrate from cytosol to actin fila-
ments and seem to be involved in protection of the

0 10 20 30 40 50 60 70

Time, min
Fig. 6 Chaperone-like activity of HspB6 and its fluorescent chimeras
using insulin as a model substrate. Reduction-induced aggregation of
isolated insulin (/) or insulin in the presence of the wild-type HspB6
(2) or its N-terminal (3) or C-terminal (4) fluorescent chimeras. The
concentration of insulin was equal to 50 uM per monomer, and the
concentration of sHsp was equal to 5 tM per monomer. Data are repre-
sentative of three experiments
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cytoskeleton (Doshi et al. 2009; Clarke and Mearow 2013).
Different stimuli can induce translocation of both the wild-
type HspB1 and its fluorescent chimeras from the cytoplasm
to the nuclei (Qian et al. 2006). However, this similarity was
detected only in certain cell lines, whereas in other cell lines,
fluorescent chimeras were not translocated to the nuclei (Qian
et al. 2006; Borrelli et al. 2002).

At the same time, there are significant differences in the
behavior of the wild-type sHsp and their fluorescent chimeras.
For instance, heat shock and arsenite induced phosphorylation
and dissociation of large oligomers of HspB1 in human A549
lung carcinoma and L929 murine cells, whereas the same
stimuli induced only a very moderate dissociation of fluores-
cent chimera of HspB1 (Borrelli et al. 2002). Unmodified
sHsp are highly soluble and do not form any aggregates in
the cell, whereas expression of fluorescent chimeras of differ-
ent wild-type sHsp is accompanied by accumulation of protein
aggregates in 5-20 % of cells (Raju and Abraham 2011;
Fontaine et al. 2006).

All these data indicate that not all properties of fluorescent
chimeras are completely identical to those of unmodified
sHsp. Indeed, our results indicate that the C-terminal chimeras
of all analyzed sHsp tend to aggregate and require special
conditions of expression and special bacterial strains for ex-
pression in the soluble state. The C-terminal chimeras of
HspB1 and HspB5 form very large oligomers having a mo-
lecular weight larger than that of unmodified proteins
(Fig. 1d, e). The data of DLS indicate that the C-terminal
chimeras of HspB1 and HspBS5 form oligomers, which are
more heterogeneous and larger than the corresponding oligo-
mers of the wild-type proteins (Table 1). However, although
the molecular weight of the C-terminal chimeras of HspBl1
and HspBS5 is larger than that of the wild-type proteins, large
homooligomers of fluorescent chimeras contain a smaller
number of subunits than the corresponding homooligomers
of the wild-type proteins (Table 2). It is also worth mentioning
that the oligomeric structure of the C-terminal chimeras of
both HspB1 and HspB5 seems to be significantly different
from the oligomeric structure of the N-terminal chimeras of
the same proteins (see Fig. 1). This means that, for sHsp
tending to form large oligomers (like HspB1 and HspB5),
the position of the fluorescent tag might affect the size (and
probably the stability) of oligomers formed by these proteins.
On the other hand, for HspB6 forming only small oligomers,
attachment of fluorescent protein to either side of sHsp had no
effect on the oligomeric structure and both the N-terminal and
C-terminal fluorescent chimeras, as well as the wild-type
protein, form only small oligomers (probably dimers).

Both the N-terminal and the C-terminal fluorescent chimeras
may interact with corresponding wild-type proteins and seem to
be able to exchange their subunits with the subunits of the wild-
type protein (Online Resources 2 and 3; Fig. 2). The mixed
homooligomers formed by the C-terminal fluorescent chimeras
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of HspB1 and HspB5 and the corresponding wild-type proteins
were larger than the corresponding homooligomers formed by
the wild-type proteins.

The wild-type sHsp can form heterooligomers (Sugiyama
et al. 2000; Mymrikov et al. 2012), and the properties of
these heterooligomers can be different from those of corre-
sponding homooligomers (Arrigo 2013). Therefore, it seems
reasonable to analyze the ability of the C-terminal fluores-
cent chimeras to form heterooligomeric complexes with
other sHsp. The C-terminal fluorescent chimeras of HspB6
formed two types of heterooligomeric complexes with the
wild-type HspB1 having M, ~250 and ~670 kDa (Fig. 3).
These heterooligomers were different from heterooligomers
formed by the wild-type HspBl and HspB6 and have
M, ~100 and ~300 kDa (Bukach et al. 2009; Mymrikov
et al. 2012; Datskevich et al. 2012a). Similar results were
obtained with two other sHsp, namely, HspB5 and HspB6.
The C-terminal chimeras of HspB6 formed with the wild-
type HspB5 only one type of heterooligomeric complex with
M, ~680 kDa, identical to the apparent molecular weight of
isolated HspB5 (Fig. 4). The size of this heterooligomeric
complex was different from that of heterooligomers formed
by the wild-type HspB5 and HspB6 and have M, ~480 kDa
(Mymrikov et al. 2012). Thus, fluorescent chimeras of HspB6
can form heterooligomers with HspB1 and HspBS5; however,
the size of these heterooligomeric complexes is different from
those formed by the wild-type HspB6.

The question arises, why does the position of a fluorescent
protein affect the properties of chimeras? Both the N-terminal
and C-terminal ends of sHsp are highly flexible and mobile and
have an important role in the formation of sHsp oligomers
(Hilton et al. 2012; Jehle et al. 2011; Delbecq et al. 2012;
Delbecq and Klevit 2013). The N-terminal domains can be
differently oriented in different monomers of the same oligo-
mer; however, at least part of the N-terminal domains is located
in the center of oligomers and interact with each other (Jehle
et al. 2011; Hilton et al. 2012). Fluorescent protein attached to
the N-terminal domain will occupy a rather large volume inside
sHsp cages and will probably destabilize interaction of the N-
terminal domains. It is also possible that the crowding induced
by attachment of the fluorescent protein to the N-terminal
domain will also decrease the number of subunits in sHsp
oligomers. As a result, the oligomers of N-terminal chimeras
of HspB1 and HspB5 contain a smaller number of subunits than
the corresponding oligomers of the wild-type proteins
(Table 2). The C-terminal ends are also very flexible and are
exposed on the surface of oligomers. In addition, they can
occupy different positions and interact in at least two different
modes with the hydrophobic groove formed by 34 and 38
strands of the same or neighbor dimers inside oligomers (Hilton
et al. 2012; Baldwin et al. 2011; Delbecq et al. 2012; Delbecq
and Klevit 2013). Attachment of fluorescent protein to the C-
terminal end of sHsp tending to form large oligomers (HspB1
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and HspB5) might enhance hydrophobic interaction between
subunits within the same oligomer or hydrophobic interactions
between oligomers, thus leading to the formation of a very large
and heterogeneous mixture of different-sized oligomers
(Fig. 1). This is probably the reason for the poor solubility of
practically all C-terminal chimeras and for the complications
that arise in the course of their expression and purification.
Thus, in the case of sHsp tending to form large oligomers,
attachment of fluorescent proteins to either N-terminal or C-
terminal ends can induce different changes in their quaternary
structure. In the case of HspB6 tending to form only small
oligomers (probably dimers) (Bukach et al. 2004), attachment
of fluorescent protein to either N-terminal or C-terminal ends
did not induce large changes of the quaternary structure, and
both fluorescent chimeras form similar small-sized oligomers
with M, ~78-82 kDa (Fig. 1c, f).

Having different properties, the N-terminal and C-terminal
chimeras form heterooligomeric complexes which are distinct
from each other and from those formed by the wild-type
proteins (Figs. 3 and 4). These complexes differ both in their
size and in subunit composition and can have different prop-
erties. It is difficult to determine exactly the chaperone-like
activity of heterooligomeric complexes of sHsp. However, we
were able to compare the chaperone-like activity of the wild-
type proteins and their fluorescent chimeras (Figs. 5 and 6;
Online Resource 4). As a rule, the chaperone-like activity of
the N-terminal chimeras was comparable or even slightly
higher than that of the wild-type proteins, although with
certain substrates some N-terminal chimeras possessed slight-
ly lower chaperone-like activity than the wild-type protein. In
contrast, the chaperone-like activity of the C-terminal chi-
meras was always lower than that of the wild-type proteins.
Moreover, in certain cases, the C-terminal chimeras promoted
rather than prevented substrate aggregation (Fig. 5). It is
known that the C-terminal ends have an important role in
the chaperone-like activity of sHsp and replacement of
charged residues located in the C-terminal end of sHsp by
hydrophobic residues decreases their chaperone-like activity
(Morris et al. 2008). Attachment of fluorescent protein to the
C-terminal end increases hydrophobicity and the probability
of sHsp aggregation. All these factors can lead to a decrease in
the chaperone-like activity of the C-terminal chimeras of
sHsp.

Summing up, we might conclude that attachment of fluo-
rescent proteins to either N-terminal or C-terminal ends can
differently affect the oligomeric structure of sHsp, their
chaperone-like activity, and their ability to form
heterooligomers. This means that the data obtained with fluo-
rescent chimeras of sHsp expressed in the cell should be
interpreted with caution, especially in the case of sHsp tending
to form large oligomers. We conclude that successful utiliza-
tion of fluorescent chimeras demands detailed investigation
and optimization of their structure and properties.
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