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Abstract—Small heat shock proteins (SHSPs) are composed of the a-crystallin domain, which is highly con-
served, and variable N-terminal and C-terminal domains. In contrast to the o-crystallin domain, structures
of the flanking N- and C-terminal domains are poorly defined. The N-terminal domain is the most divergent
region in sequence and length among small heat shock proteins. In this study, to provide further insight into
the importance of N-terminal tags in the chaperone function of small heat shock proteins, two variants of 7pv
HSP 14.3 containing polyhistidine tags (11-aa and 26-aa in length) in the proximal part of their N-termini
were used. These variants were generated by expressing the cloned 7pv HSP 14.3 gene in Escherichia coli using
the expression vectors pQE-31 and TAGZyme pQE-2. The His-tagged recombinant proteins were purified
by affinity chromatography. The effects of poly-His tags on chaperone activity of the 7pv HSP 14.3 were eval-
uated using pig heart citrate synthase as the model substrate. The results showed that 7pv HSP 14.3 variants
with N-terminal tags were more effective chaperones than the one without tag. In addition, the alterations in
intrinsically disordered states of N-termini were analyzed by means of the PONDR predictor. The results
indicated that the disordered nature of the fused tags and additional hydrophobic residues they contributed
to the N terminus may increase the capacity of 7pv HSP 14.3 to interact with its substrate protein and thereby
improve its chaperone activity.
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Small heat shock proteins (sSHSPs), together with
the closely related vertebrate a-crystallins, are consti-
tuting a unique family of molecular chaperones that
prevent the accumulation of damaged proteins in an
ATP-independent manner. The subsequent refolding
can be achieved by major chaperone families like
HSP70/HSP27 [1]. The formation of dimers, which is
a typical feature of all sSHSPs, is the first step in hierar-
chical assembly of the higher-order oligomers (from 9
to 40 subunits). sSHSPs are organized in three partite
domains: a central structurally well-conserved o-crys-
talline domain (ACD) and flanking variable N-termi-
nal domain (NTD), and a C-terminal domain (CTD)
[2]. In contrast to the well-defined ACD, structural
information regarding N- and C-termini is relatively
limited. The NTD is the most diverse region in
sequence and length among all sHSPs [2—6]. The high
flexibility of this region, as well as its susceptibility to
proteolysis, are the main limitations to obtain high-
quality crystallographic data. The exceptions are N-
termini of TaHSP 16.9 from wheat, TSP36 from the
beef tapeworm 7Taenia saginata, and HSP 14.0 from
Sulfolobolus tokodaii. As revealed by their well-
resolved crystal structures, they appear to be intrinsi-

cally disordered with a tendency to form o-helices [7—
9]. The NTD exchange, truncation, cross-linking, and
amino acid substitution studies indicated that this
region may potentially be important for substrate rec-
ognition and binding [3, 10—13]. In addition, there are
reports indicating that stress signals, such as high tem-
perature or NTD phosphorylation, destabilize the
oligomeric structure of SHSP [14, 15]. Disintegration
of oligomers leads to exposure of hydrophobic interior
surface, including NTD, and enhances substrate pro-
tein binding [16]. Overall, these results suggest that
NTD is involved in oligomer organization and sta-
bility. Consistent with this notion, extension of the
N-terminus in HSP 16.5 (from Methanocaldococcus
Jjannaschii) resulted in the formation of polydisperse
oligomers with greater substrate binding affinity [17].
This modification was achieved by inserting the Pro-
rich 14-amino acid long peptide, which is specific for
the human Hsp27 located near the junction of NTD
and ACD of HSP 16.5.

To address the lack of reports on the effect of N-ter-
minal tags in contributing to the chaperone activity of
sHSPs, in this study, we used two NTD variants of the
Tpv HSP 14.3 (from the thermoacidophilic archacon
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Thermoplasma volcanium) containing His-rich tags in
the proximal part of its N-terminus. These variants
were generated by use of commercially available vec-
tors, which are commonly used in various expression
systems. The poly-His tags differed in length, number
of His residues, amino acid composition, and charge
density. Chaperone activities of the variants with the
poly-His tags as compared to the variant without tag,
were investigated for protection of the model substrate
pig heart citrate synthase (phCS) against heat inacti-
vation. In addition, the magnitude of change in the
structure of NTD with respect to the intrinsically dis-
ordered state was analyzed by means of the PONDR
predictor.

MATERIALS AND METHODS

Plasmid constructs. Two of the N-terminal variants
were generated by modifications at the DNA level as
follows: the TVNO0775 gene (locus name
TVG_RS04180, sequences 790978...791352) of T. vol-
canium encoding the recombinant sHSP, 7pv HSP
14.3, was previously sub-cloned into pQE-31 expres-
sion vector (pQE-31/Tpv HSP14.3) for expression in
Escherichia coli [18]. The expressed 6xHis-tagged
fusion protein contained the 26-aa N-terminal exten-
sion (7pv HSP 14.3 variant 1), which was one of the
N-terminal variants used in the present study. The
second variant was constructed using the TAGZyme
pQE-2 expression vector system (QIAGEN Inc.,
USA). The Tpv HSP 14.3 gene was amplified from the
T. volcanium genomic DNA by PCR (Gene cycler,
Techne Inc., USA) using the forward primer 5'-T
GAG CAT ATG CAG ATG TAT ACA CCC ATA
AAG TTC TTT ACG-3' including Ndel recognition
site and the reverse primer 5'-TGAG CTG CAG C
ACC CAA TCA CAT CAA GCA TAC-3' including
Pstl recognition site. Restriction enzyme sites are
underlined in the above mentioned forward and
reverse primer sequences. The PCR amplicon after
purification (QIAquick Gel Extraction Kit, QIAGEN
Inc., USA) was subcloned into a pQE-2 expression
vector at the cut sites of Nde 1 and Pst I restriction
enzymes. Ligation was performed using T4 Ligase
(Thermo Fisher Scientific, USA) at 4°C overnight.
The plasmids were inserted into competent E. coli
TG1 cells using the method described by Chung et al.
[19]. The sequence of the cloned Tpv HSP 14.3 gene in
the recombinant pQE-2 vector (pQE-2/TpvHSP14.3)
was confirmed by sequencing (GenScript Biotech.,
USA). This second variant (7pv HSP 14.3 variant 2)
contained the 11-aa extension with 7xHis-tag at the
N-termini of 7pv HSP 14.3.

Expression and purification of N-terminally modi-
fied 7pv HSP 14.3 variants. Overnight cultures of the
recombinant E. coli TG1 cells carrying pQE-31/Tpv
HSP14.3 and pQE-2/7Tpv HSP14.3 plasmids were
grown in Luria-Bertani (LB) medium supplemented
with 100 ug/mL ampicillin at 37°C. When the ODyy,
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was reached 0.6, 1 mM of isopropy-f-D-thiogalacto-
side (IPTG) was added to the culture medium for
induction. After cultivation at 37°C for 5 h, cells were
collected by centrifugation for 20 min at 4000x g and
suspended in 50 mM sodium phosphate buffer, pH 8.0
containing 10 mM imidazole and 300 mM NaCl, and
then lysed by sonication (Sonics and Materials, USA)
at 20 W for 200 s with 30 s intervals. The lysate was
centrifuged at 10000% g for 30 min at 4°C to obtain
soluble fraction. His-tagged fusion proteins with N-
terminal extensions of 11-aa or 26-aa, each contain-
ing multiple His residues, were purified under native
conditions using Ni-NTA affinity chromatography
(QIAexpressionist Kit, Qiagen, USA), as previously
described [18].

The third N-terminal variant of 7pv HSP 14.3 was
obtained after N-terminal tag removal by sequential
enzymatic digestions at protein level (Fig. 1a). The 11
aa tag of the Tpv HSP 14.3 variant 2 was removed by
TAGZyme Kit according to the protocol described in
the Kit Manual (TAGZYme Kit User Manual, Qia-
gen, USA), to obtain the variant without tag at the N-
terminus (7pv HSP 14.3 variant 3). In this protocol,
extra amino acids from the N-terminus of the protein
were excised by using dipeptidyl aminopeptidase I
(DAPase) in the presence of an excessive amount of
glutamine cyclotransferase (Qcyclase) and pyro-glu-
tamyl aminopeptidase (pGAPase). DAPase, Qcy-
clase, and pGAPase, each having a C-terminal His
tag, were then eliminated by small-scale subtractive
Ni-NTA chromatography.

Chaperone activity assays. Chaperone-like activi-
ties of the Tpv HSP 14.3 variants were studied by mea-
suring their capacity to prevent thermal-induced inac-
tivation of the substrate protein at 47°C, as described
before [18]. For the heat protection assays, the con-
centration of the model substrate, pig heart citrate
synthase (phCS) (EC 4.1.3.7, Sigma-Aldrich, USA),
was adjusted to 0.9 ug/mL using 20 mM Tris- HCI buf-
fer with 1 mM EDTA, pH 8.0 (assay buffer). Diluted
phCS samples were then incubated at 47°C for 10 min
in the presence of the 7pv HSP14.3 variant proteins.
After immediate cooling of the mixtures on ice, the
remaining phCS activities were measured according to
the method of Srere et al. [20]. In these experiments,
the reaction mixture (1 mL) in the assay buffer con-
tained 0.2 mM oxaloacetate, 0.15 mM acetyl-CoA and
0.2 mM 5.5'-dithiobis (2-nitrobenzoic acid), 3 ug/mL
phCS and 0.45 ug/mL sHSP variant. The increase in
the OD,;, was monitored continuously for 5—10 min
using a UV-visible spectrophotometer (Shimadzu,
Japan) equipped with a controlled Peltier heater sys-
tem (Shimadzu, Japan) at 35°C. Initial velocities were
computed from activity curves. Control reactions
without Tpv HSP were also performed with the addi-
tion of assay buffer to adjust the total reaction volume.
All experiments were conducted in triplicate.
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Fig. 1. Schematic presentation of the 7pv HSP 14.3 N-terminal constructs and predicted 3D monomeric models. a) N-terminal
tag (MKHHHHHHHMAQ) of variant 2 was removed by taking advantage of the TAGZyme system in three steps. DAPase 1
enzyme cleaves dipeptide sequence in pairs in the presence of high amount of Qcyclase until the stop point, Gln (Q). The second
enzyme, Qcyclase, converts Gln into pyroglutamine, which was removed by the third enzyme, pGAPase. Thus, the native form
of the Tpv HSP14.3 protein (variant 3) was obtained. b) 3-D model structures of the three N-terminal variants of the 7pv sHSP.
NTD: N-terminal domain, ACD: a-crystallin domain, CTD: C-terminal domain.

The effect of pre-heating on the chaperone func-
tion of the Tpv HSP 14.3 variants was determined by
performing the phCS activity assay after heating the
samples of Tpv HSP variant proteins at 60°C for
10 min, as described above. For data analysis and
graphing, GraphPad Prism 9.0 software (GraphPad,
USA) was used.

Bioinformatics analysis and three-dimensional
structure modelling. The molecular weights of the 7pv
HSP14.3 variants were predicted with the aid of the
ExPASy tool (http://web.expasy.org/compute pi/).
The three-dimensional structure of the 7pv HSP 14.3
was generated using homology modeling (MOD-
ELLER 9.15 ver) based on crystal structures of S. foko-
daii (PDB entry 3AAC and 3VQM), Xanthomonas
axonopodis (PDB entry 3GLA), Deinococcus radiodu-
rans (PDB entry 4FEI). Visualization and structure
analyses of the models were performed with the UCSF
Chimera package (https://www.cgl.ucsf.edu/chi-
mera/).

The intrinsically disordered regions (IDRs) of the
N-terminally tagged 7pv HSP 14.3 variants and the
Tpv HSP 14.3 having original NTD were predicted by
using the online tool PONDR, which is available at
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http://www.pondr.com. The threshold value was set to
0.5, and above this value was associated with disorder-
liness [21]. Hydrophobicity analysis was performed
using the Peptide 2.0 tool (https://www.pep-
tide2.com).

RESULTS

Predicted 3-D structure of 7pv HSP 14.3 variants
and intrinsically disorder region analysis. We generated
3-D structure models of the original form and N-ter-
minally modified forms of 7pv HSP 14.3 monomers
by homology modeling. The N-termini of all 7pv
HSP14.3 variants showed a propensity to form o.-heli-
cal structure while the added N-terminal extensions
remained unstructured (Fig. 1b). It is widely accepted
that IDRs of the proteins that typically do not fold into
a defined tertiary structure consist of a higher propor-
tion of charged or polar amino acids [22]. This notion
is supported by our results, which showed that the
additional sequences provided by the tags, particularly
in variant 1 are enriched in disorder-promoting resi-
dues such as R, P, E, S, and L. The content of polar
amino acids in the N-terminus of the 7pv HSP
increased from 15% in the original form (variant 3) to
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Fig. 2. PONDR score plots of the N-terminal segments of
the 7pv HSP 14.3 variants. a) Tpv HSP 14.3 variant 3 (no
extension), b) variant 2 (with 11-aa extension) and c) vari-
ant 1 (with 26-aa extension). The straight line shows the
threshold that is set at PONDR Score 0.5.

>30% in variant 1 (31.58%) and variant 2 (30.23%).
Therefore, the apparent increase in the size of the IDR
by the addition of the tags can be attributed to distur-
bance of the equilibrium between net charge and mean
hydrophobicity of the NTD sequence. The graphical
representations of the IDRs of the N-termini of the
variants obtained using the PONDR predictor are
shown in Fig. 2. According to this analysis, only the
disorder probability score of the first residue (M) of
variant 3 passed the threshold value 0.5. About 3% of
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Variant | «—— Variant 2

Variant 3

Fig. 3. SDS PAGE analysis for 7pv HSP14.3 N-terminal
variant proteins. Lane I: Tpy HSP14.3 with 26-aa tag (vari-
ant 1, 17.25 kDa), lane 2: Tpv HSP14.3 with 11-aa tag vari-
ant 2, 15.81 kDa), lane 3: 7pv HSP14.3 with no extension
(variant 3, 14.32 kDa). Lane M: pre-stained protein ladder.

the N-terminal sequence of this variant exhibited dis-
orderliness. All the added N-terminal tag sequences
(11-aa) of variant 2 lie in the disordered region (com-
prising 25.58% of its NTD). The disordered segment
of variant 1 (with 26-aa tag) includes 13-aa of the
extended N-terminal sequences (comprising 22.81%
of NTD).

SDS-PAGE analysis. The SDS-PAGE results
clearly showed that N-terminal fusions of the 7pv
HSP 14.3 (i.e., variant 1 and variant 2) including poly-
His were successfully purified using Ni-NTA affinity
chromatography under denaturing conditions (Fig. 3).
Removal of the extra 11-aa tag from the variant 2 (MW
15.81 kDa) by exoproteolytic cleavage using TAG-
Zyme kit was proved by the presence of the band spe-
cific for variant 3 (MW 14.32 kDa) on the gel (Figs. 1a
and 3).

Chaperone activity assay with phCS. In order to
evaluate the chaperone activity of 7pv HSP 14.3 vari-
ants with different N-terminal extensions, their ability
to protect the model substrate phCS from thermal
inactivation at 47°C was examined. The optimal tem-
perature for the mesophilic enzyme phCS is 35°C, and
its activity is drastically lost at temperatures above
47°C as previously reported [18]. In agreement with
this data, the obtained result demonstrated that in the
absence of the chaperone (negative control), phCS
enzyme activity decreased about 43-fold (Fig. 4). On
the other hand, in the presence of 7pv HSP 14.3 vari-
ant 1 and variant 2, the remaining phCS activity was
about 9.7-fold and 10-fold higher, respectively, than
the activity measured in the absence of chaperone.
However, removal of the 11-aa N-terminal tag (7pv

No.2 2024



STRUCTURAL AND FUNCTIONAL IMPACTS OF EXTENDED N-TERMINAL END

1000 -
821.40
800 -
g
g 600
RS
8 400 |-
|
200 - 184.35 194.21
71.85
0 a1 1
N v %
X XN
&& & S
RO IR

Fig. 4. Chaperone activity assay of 7pv HSP 14.3 variants
with phCS at 47°C. The remaining activity was monitored
by continuously measuring the absorbance at 412 nm.
Enzyme activity was expressed as “AODy;,;/min”.
PC: positive control, activity measured before heat-treat-
ment. NC: negative control, remaining activity after heat
treatment in the absence of chaperone. Data represents the
average values with =STD (at the top of each bar) from at
least three independent experiments.

HSP 14.3 variant 3), resulted in an about 3.8-fold
increase in the heat protection efficiency of the 7Tpv
HSP 14.3, with respect to the negative control. Thus,
only 8.7% of the original activity (i.e., of the positive
control) could be retained.

Chaperone activity after pre-heat treatment. In
order to determine the effect of pre-heating of sHSP
on its chaperone activity, the 7pv HSP14.3 variants
were heated at 60°C for 10 min, then cooled down,
before chaperone activity assay was performed. Activ-
ity assay using phCS as the substrate was run as
described in the Materials and Methods. For all three
variants, pre-heating at 60°C resulted in better protection
of the phCS activity from heat denaturation at 47°C as
compared to non-heated sHSP samples (Fig. 5).
Increases in the heat protection efficiencies of all vari-
ants after heat induction were from 1.05- to 1.5-fold
higher than in the uninduced state.

DISCUSSION

There are several reports suggesting the use of His-
tag fusion as an effective means for the purification of
various recombinant proteins. In this study, N-termi-
nal fusions of two tags at different sizes and including
poly-His have been efficiently used for affinity purifi-
cation of the Tpv HSP 14.3 variants under denaturing
conditions (Fig. 3). Some reports indicated that His-
tagging may facilitate protein refolding and offer other
advantages such as increased protein yield, stability,
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Fig. 5. Effect of pre-heating on chaperone activity of 7pv
HSP 14.3 variants with phCS. After pre-heating the Tpv
HSP14.3 variants at 60°C, suppression of the thermal
inactivation of the phCS was determined as described in
the Materials and Methods. Enzyme activity was expressed
as “AODy,/min”. Light gray columns—variant 1; dark
gray columns—variant 2; black columns—variant 3. Data
represents the average values with =STD (at the top of
each bar) from at least three independent experiments.

and solubility [23, 24]. However, there are cases show-
ing that His-tags can affect the structure and/or activ-
ity of some proteins adversely and, therefore, are not
preferred for crystallographic, physiological studies,
or pharmaceutical uses [25]. Until now, the influence
of extra N-terminal sequences, such as His-tags, on
the chaperone function of SHSPs has not been investi-
gated. In the present study, for the first time, the
impact of the poly-His tags of different sizes at the N-
terminus on the chaperone activity of the recombinant
Tpv HSP14.3 HSP was examined. Our results clearly
illustrated that protection efficiencies of the Tpv HSP
14.3 variant 1 (with 26-aa N-terminus extension) and
variant 2 (with 11-aa N-terminus extension) against
heat-induced inactivation of the phCS were higher
than that of the variant 3 (without NTD extension).
Our data from the output of the PONDR predictor
suggested that the fused extra residues to the proximal
NTD of Tpv HSP 14.3 increased its potential to form
IDRs due to the additional disorder-promoting amino
acids they provided. There are several reports indicat-
ing that the structural flexibility of IDRs allows them
to interact with a variety of protein partners by adopt-
ing different conformations when binding [26—28]. In
addition, it was demonstrated that NTD of the sHSPs
is structurally disordered with a tendency to form heli-
ces, and thus, its hydrophobic residues are presented
on a large surface to interact with substrates [9, 29, 30].
In our variant constructs, NTD tags provided addi-
tional hydrophobic residues which constitute 30.8 and
18.0% of the 26-aa and 11-aa extensions, respectively.
Therefore, the increased potential of the NTD to form
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IDRs when tags are fused may provide a greater degree
of flexibility and larger exposed surfaces. The latter is
most likely presenting hydrophobic residues for effi-
cient binding to substrate protein.

On the other hand, numerous experimental results
have shown that chaperone activity of the sHSPs,
mainly thermophilic ones, enhanced after pre-heating
at high temperatures [9, 31—33]. It was proposed that
efficiency of subunit exchange, which is necessary for
molecular chaperone activity of the sHSPs, is highly
dependent on temperature. At elevated temperatures,
sHSPs dissociate into dimers that are amenable to
interact with the denatured substrates through their
easily accessible hydrophobic surfaces [7, 10, 16, 34,
35]. Consistent with this hypothesis, our experiments
also demonstrated that heat induction is an effective
strategy for functional activation of the Tpv HSP 14.3
variants. Thus, thermal induction together with the
increased conformational flexibility of the NTDs
should have a significant role in the enhancement of
the chaperone activity of sHSPs.

Collectively, the current results indicated a direct
correlation between the improved capacity of the
NTD to form IDRs and the enhanced heat protection
ability of the Tpv HSP 14.3. The disorderliness of the
NTD may contribute to the high chaperone efficiency
of the sHSP, possibly by presenting hydrophobic resi-
dues that interact with the hydrophobic patches on the
denaturing substrate protein. Therefore, His affinity
tags can be an appropriate choice not only for efficient
purification of the recombinant sHSPs but also for
improvement of their ability to capture substrate pro-
teins and effectively protect them from heat denatur-
ation.
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