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Stimulation of complex chaperone activity may be a viable means of therapy for neurodegenerative dis-
eases. These chaperons execute reactivation of thermally and chemically aggregated protein substrates
by cooperating with their partner co-chaperons. We optimized the expression and purification conditions
of Tid1-L chaperone. Expression of Tid1-L in E. coli resulted in the formation of inclusion bodies which
was further purified to soluble active form using 8 M urea and Ni-NTA column. Also, we investigated
the events of the reactivation and disaggregation using aggregated G6PDH, luciferase and insulin as sub-
strates. Incubation of aggregated/denatured enzymes with mortalin but not with Tid1 and/or Mge1
resulted in the initiation of the disaggregation reaction albeit very insignificantly. Under the same condi-
tions coincubating the samples with chaperon and its assisted partners Tid1-L and nucleotide exchange
factor Mge1 led to (40%) increase in enzyme activity of G6PDH. Similarly, luciferase activity was syner-
gistically enhanced in the presence of mortlain/Tid1-L/Mge1 chaperones machinery. Chaperone-
dependent disaggregation of thermally aggregated insulin showed that addition of Hsp70 and Hsp40
chaperones resulted in fast-track of renaissance reaction and inhibition of amyloid. The present study
results conclude the quality of cell-control involves interaction of chaperon Hsp70 and its co-
chaperones leading to complex formation with chemically/thermally aggregated substrate eventually
causing its reactivation and disaggregation.
� 2020 Published by Elsevier B.V. on behalf of King Saud University. This is anopenaccess article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

HSP70 (Heat Shock Proteins) are family of proteins which estab-
lish different cellular processes including protein folding, protein
complex assembly and protein degradation (Hartl et al., 2011;
Bukau and Horwich, 1998). The Human Hsp70 family comprises
of eight members, six of whom are located in cytosol, one in the
lumen of the ER and one in the mitochondrial matrix (mortalin,
HspA9) (Bhattacharyya et al., 1995). Mortalin is related to a variety
of diseases (Khan et al., 2017; Syken et al., 1999). Different studies
showed the involvement of mortalin in numerous pathophysiolog-
ical circumstances such as Alzheimer’s, Parkinson’s (Cook et al.,
2016) and cancers (Na et al., 2016). Recently, mortalin autoanti-
body was documented a new serological marker for liver chirrosis
(Lu et al., 2015). Numerous Hsp70 of co-chaperons are exists in
mammalian mitochondria termed as Hsp40 (J-proteins), encour-
ages the ATPase which appears in orthological proteins, GrpE and
further controls the mortality rate through the factor of nucleotide
amendment (DaSilva and Borges, 2011).

Tumorous imaginal Disk 1 (TID1) is a member of the molecular
chaperone family DnaJ / Hsp40. Hsp40 family proteins share a DnaJ
domain that functions to boost Hsp700s ATPase activity through
protein refolding and transportation. Mortalin is the only mito-
chondrial member of the Hsp70 family in mammalian cells, and
was proposed to function as cochaperone with TID1 (Syken et al.,
1999). There are two splice forms of TID1mRNA which encode long
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and short TID1 isoforms that function as DnaJ cochaperones in the
cytosol (Schilling et al., 1998) and are processed into mature forms
after import into the mitochondrial matrix. Several studies have
shown that Tid1 acts as a regulator in intracellular signaling path-
ways associated with cell survival, cell proliferation and cellular
response that is stress-induced. Tid1 also plays a role both in the
apoptotic and antiapoptotic processes (Sarkar et al., 2001). Tid1
has also been suggested to control intracellular signaling for mod-
ulation of the Ras signaling pathway through its association with
the RasGAP protein (Lo et al., 2004).

Most of the chaperone systems are inefficient in successful dis-
solving of protein aggregates in vitro. Only one study states, for the
DnaK system, that a molar excess of the DnaK system can effec-
tively reactivate previously heat-aggregated RNA polymerase
(Skowyra et al., 1990). In the presence of a large (100–1000-fold)
molar excess of the DnaK or Hsp70 chaperone systems, negligible
quantities of pre-aggregate enzymes such as luciferase are recov-
ered (Schroder et al., 1993). In comparison, substoichiometric rates
of the DnaK system are adequate to efficiently solubilize and reac-
tivate a wide range of previously aggregated protein substrates in
the presence of the E. coli chaperone ClpB (Goloubinoff et al., 1999).
Synergistic behavior of chaperones in the refolding and disaggrega-
tion of denatured proteins for various proteins has been previously
reported (Glover and Lindquist, 1998). In addition, nature appears
to have strongly selected molecular chaperones to protect cells
from the harmful effects of protein aggregates (Dobson, 2003).
Genetic overexpression of Hsp70 in mouse models of type 1
spinocerebellar ataxia (Cummings et al., 2001) and Parkinson’s dis-
ease has been shown to suppress amyloid-related phenotypes
(Klucken et al., 2004). The formation of amyloid fibrils, induced
by partial protein unfolding and enrichment in beta structure,
has been studied earlier (Jahn and Radford, 2008). Several molecu-
lar chaperones, and even non-chaperone proteins have been impli-
cated in the defenses against amyloid (Luo et al., 2014; Landreh
et al., 2015).

Thus, the current paper was planned to optimize the condition
of expression and purification of mitochondrial chaperone Tid1-L
(HSP 40) and their synergistic role along with mortalin (HSP 70)
for protein refolding and disaggregation studies. In addition, their
functions in insulin aggregation and amyloid formation were also
examined using diverse biophysical and imaging methods.
2. Materials and methods

2.1. Materials

Resin and superdex-200 column nickel-nitrilotriacetic acid (Ni-
NTA) were purchased from the Qiagen and Gene script, respec-
tively. All other analytical grade chemicals and were purchased
from Sigma. Purchased from Promega, WI, USA, NdeI, Hind III
enzymes (Promega, WI, USA), and T4 DNA ligase.
2.2. Methods

2.2.1. Purification of (HSP 70) human mortalin
Mortalin was expressed and purified with our previous method

(Khan et al., 2017). Briefly, after successful expression conditions
(18 �C, 0.5 mM IPTG for 16 h) in E. coli, bacterial lysate was loaded
on Ni-NTA column and protein was eluted at 165 mM IPTG concen-
tration. Further, minor contaminants were removed using
Superdex- 200 gel filtration column. Purity of purified mortalin
was checked on 4–15% gradient SDS-PAGE.
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2.2.2. Expression of Tid1-L (HSP 40) in E. coli
The protein was changed after codon optimization to generate a

His-tag at the N - terminal end and the recombinant plasmid pET-
28a was E. coli BL21 (DE3)-pLysS. The transformed cells in the
pET28a: Tidl-L and permitted to grow at 37 �C with broth media
of lysogenic which involves 35 mg/mL of chloramphenicol and
50 mg/mL of kanamycin till 600 nm OD. Tidl-L expression was per-
suaded via 1 mM of IPTG and culture was permitted to ripe at 18 �C
temp overnight. Further, cells were harvested for 1/2 h via cen-
trifugation at 5 k-rpm and suspended pellet were gained by run-
ning on SDS-PAGE.

2.2.3. Purification of Tid1-L from inclusion bodies
The bacterial pellet obtained after centrifugation at 10, 000 � g

for 10 min at 4 �C was used for the purification of tid1-L from inclu-
sion bodies. The pellet was re-suspended in denaturing 15 ml Lysis
Buffers (100 mM NaH2PO4, 10 mM Tris�Cl, 8 M urea, pH to 8.0,
1 mg/ml lysozyme, 0.1% NP-40 W/V and 1X PI cocktail). The cells
were incubated at room temperature for 30 min followed by cen-
trifugation at 10,000 � g for 30 min at 4 �C. The supernatant con-
taining protein of interest was mixed with equilibrated Ni-NTA
agarose resin (1 ml) and kept on shaker for 1 h. The resin was
loaded onto a column to allow the unbound protein to pass
through the column under the influence of gravitational force.
Ni-NTA slurry with bound protein was washed with 10 column
volumes of wash buffer (100 mM NaH2PO4, 10 mM Tris�Cl, 8 M
urea, pH 6.3) and protein was eluted with 3 ml elution buffer
(100 mM NaH2PO4, 10 mM Tris�Cl, 8 M urea, pH 5.9 & 4.5). The
protein was analyzed by SDS-PAGE to check the purity of the pro-
tein. Further, after dialysis of tid1-L in a gradient concentration of
urea (6, 3, 1 & 0 M), the protein tend to aggregate in 0 M urea and
soluble fraction was reloaded on second Ni-NTA column and pro-
tein was eluted in pH gradient manner. The protein concentration
was measured by Bradford method (Bradford, 1976).

2.2.4. Refolding of aggregated G6PDH and luciferase
Based on Iosefson (2012) studies, the current study technique

was implemented. Briefly, accumulation of G6PDH (0.85 mM) was
carried out in 100 mM tris (pH 7.4) buffer containing 100 mM
KCl, 10 mM MgCl2, and 10 mM DTT for 10 min at 52 �C. Outstand-
ing activity afterwards the step of denaturation was < 3%. Further,
to measure refolding activity, aggregates were incubated in ATP
regenerating solution (0.2 M glycine betaine monohydrate, 10 mg/
ml pyruvate kinase, 5 mM phosphoenolpyruvate, and 4 mM
ATP). Thereafter, mortalin (8 mM) along with (0.01–1 lM) of the
tid1-L, and 1 lM of the Mge1 were added to the G6PDH aggregates.
This technique is performed with the previous study (Hansen et al.,
2002).

Firefly luciferase was aggregated under thermal condition.
Briefly, 200 mM luciferase stock was diluted 300-fold with PBS
containing BSA (1 mg/ml) and then incubated at 45 �C for
15 min. Aggregated luciferase (1 mM) was diluted 20-fold with
refolding buffer containing (25 mM Hepes, pH 7.6, 150 mM KCl,
10 mM MgCl2, 4 mM ATP, 10 mM DTT, 1 mM EDTA and 0.1 mg/
ml BSA) along with chaperone (mortalin, 1 mM) and its co-
chaperones (1 mM of each Tid1-L and Mge1). At RT, mixture was
gestated and aliquoted with luminescence assay system.

2.2.5. Preparation of amyloid (Insulin)
Stock solution of insulin (Sigma) was prepared in glycine-HCl

buffer (50 mM, pH-2.0). The concentration of insulin was deter-
mined using an extinction coefficient of 1.0 for 1 mg/mL at
276 nm (Khan et al., 2015). Stock solution of chaperones
(mortalin/tid1-L) were prepared in sodium phosphate buffer pH
7.4 and various concentration of these chaperones were added to
the fibrillated insulin. Listed conc is the mortalin conc, and the
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tid1-L was held at 100-fold lesser value. For example, treatment
with 200 nM mortalin/tid1-L involved final concentrations of
200 nM mortalin and 2 nM Tid1-L.
2.2.6. Measurements of ThT fluorescence
ThT Fluorescence assay was measured on Jasco FP-750 spec-

trofluorometer (Japan). Stock of ThT dye was prepared in milli Q
water and their concentration was estimated using its coefficient
of molar extinction at e412 nm = 36,000 M�1 cm�1 (Khan et al.,
2018). 100 ll samples were aliquoted from the thermal fibrillated
insulin in the absence and presence of mortalin/tid1-L and com-
bined with ThT to achieve a 1:1 protein to dye ratio. The spectra
were recorded at 450–650 nm at 440 nm, when excited. All mea-
surements were in triplicate.
2.2.7. Electron microscopy
At the end of the spectroscopic measurements, electron micro-

scopic analyses were performed. For this, 20 ml aliquots were
removed from each sample and placed on 200-mesh copper grids
covered with carbon stabilized Formvar film for 1 min, washed
twice with distilled water, and treated with 3% uranyl acetate for
1 min. Images were captured on transmission electron microscope
(TEM) JEOL operating at an accelerating voltage of 200 Kv with
magnifications x10000.
Fig. 1. SDS-PAGE (4–15% gradient) profile of purified mortalin. Lane 1- contain
protein standard marker, lane 2- purified fraction of mortalin after superdex-200
chromatography.
2.3. Statistical analysis

All data were presented as mean ± standard deviation from 3
independent determinations. The statistical analysis was made
by performing one-way ANOVA for 3 independent determinations.
Significance of results was determined as p � 0.05.
3. Results

3.1. Purification of mortalin (HSP 70) chaperone

Cloned mortalin was expressed in E. coli, containing name and
further filtered Ni-NTA and gel filtration column in a 2-step chro-
matography process. SDS-PAGE profiling demonstrates homogene-
ity and mortalin purity (Fig. 1). Their expression method and
purification has been published earlier in our lab (Khan et al.,
2017).
Fig. 2a. SDS-PAGE of expression of Tid1-L (HSP 40) in E. coli: Lane 1- Protein
standard marker, Lane 2- Uninduced tid1-L, Lane 3- total lysate (supernatant), Lane
4- pellet.
3.2. Expression and purification of HSP 40 (tid1-L)

SDS-PAGE tid1-L expression analysis showed more protein in
the pellet than supernatant (Fig. 2a), indicating inclusion bodies
of tid1-L types under experimental conditions. It may be because
of the inability of the prokaryotic machinery in E. coli to fold
tid1-L, a eukaryotic protein. His tag containing tid1-L was purified
using 8 M urea from inclusion bodies followed by purification with
Ni-NTA. A pH gradient of 5.9 & 4.5 was used to eluted protein.
Therefore, eluted protein was dialyzed to remove urea and to get
tid1-L refolded. Nevertheless, as shown in the SDS-PAGE profile
(Fig. 2b, Lane-4), the protein appears to aggregate in 0 M urea dia-
lyzed sample and showed accumulation (higher aggregate); Super-
natant was further reloaded onto Ni-NTA affinity resin to resolve
protein contamination and aggregation. After eluting at pH 4.5,
on SDS - PAGE (Fig. 2b, Lane-9), tid1-L showed single band, sug-
gesting tid1-L purity.

Analysis of expression of tid1-L showed formation of inclusion
bodies. Earlier literature also identified tid1-L bodies for inclusion
(Iosefson et al., 2012). The formation of inclusion bodies may be
due to the fact that the folding of tid1-L, a eukaryotic protein, in
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the E. coli folding system was not efficiently folded by the prokary-
otic machinery (Goder et al., 2004; Opekarova and Tanner, 2003).
3.3. Aggregate-reactivation activity of mortalin and Tid1-L

In the present study we tested glucose-6-phosphate dehydroge-
nase (G6PDH) and firefly luciferase reactivation using the mortalin
and Tid1-L chaperone method. Large aggregates were formed from
chemically denatured G6PDH using 10 mM urea and 40 mM DTT
(Barnett et al., 2005), and firefly luciferase with thermal aggrega-
tion (Barnett et al., 2000). As illustrated in Figs. 3, mortalin



Fig. 2b. SDS-PAGE showing purification steps of Tid1-L: Lane 1 & 2- Elution of Tid1-
L at pH 5.9 and 4.5 respectively. Lane 3 & 4- contain dialysed sample in 1 M and 0 M
urea. Lane 6- Total lysate. Lane 7-Flow through. Lane 8 & 9- Second Ni-NTA eluted
fractions at pH 5.9 & 4.5 respectively. Lane 10- Protein standard marker.

Fig. 3b. Yield of G6PDH refolding (after 6 h) obtained by mortalin and their co-
chaperones. A stable G6PDH aggregates were reactivated at 30 �C in the presence of
mortalin (8 lM), either alone or assisted by the indicated co-chaperone Tid1-L
(1 lM) and Mge1 (1 lM). *Statistically different from the control group, p � 0.05
and **statistically different from the Tid1-L, p � 0.05.

Fig. 3a. Describes the time dependent G6PDH activity in the presence of 8 lM
mortalin assisted by different concentration of Tid1-L and 1 lM Mge1 co-
chaperone.

Fig. 4. Reactivation of Luciferase activity. Aggregated luciferase (1 mM) was diluted
20-fold with refolding buffer along with chaperone (mortalin, 1 mM) and its co-
chaperones (1 mM of each Tid1-L and Mge1). Remaining activity of luciferase was
measured as described in methodology. Experimental data represent the aver-
age ± s.d.
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(HSP70) does not reactivate the aggregated G6PDH by itself 3a and
3b. However, in the presence of its partner co-chaperone Tid1-L
(HSP 40), the percentage of G6PDH ’s remaining activity increases
as Tid1-L concentrations grow. In addition, the reactivation activity
of the preformed G6PDH aggregate increased more significantly (2-
fold) with the addition of another mitochondrial co-chaperone
Mge1 (Fig. 3b). Our finding showed clearly the disaggregation of
misfolded proteins (G6PDH) by mitochondrial mortalin chaper-
ones in combination with its partner tid1-L and Mge1. The role
of mortalin reactivation and other ClpB chaperones for similar sub-
strate has been reported earlier (Barnett et al., 2005; Iosefson et al.,
2012; Nagy et al., 2010).

Reactivation of another firefly luciferase substratum has also
been determined in the absence and presence of the co-
chaperone mortalin system (Fig. 4). The results showed negligible
luciferase activity that mortalin and tid1-L display only in the
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absence of assisted partner Mge1. The growth in luciferase activity
with mortalin was confirmed through co-chaperons (i.e., Tidl-L and
Mge1). The luciferase disaggregation was earlier studies in yeast,
bacteria, chaperons and co-chaperons (Zhang et al., 2012;
Zolkiewski, 1999; Motohashi et al., 1999).
3.4. ThT fluorescence measurements

ThT fluorescence assays were performed to determine the
capacity of chaperone co-chaperone system for aggregation inhibi-
tion. 100 ll samples were aliquoted from the fibrillated insulin
samples (65 �C) in the absence and presence of mortalin / tid1-L
and combined with ThT to achieve a 1:1 protein-to-dye ratio. Insu-
lin fibrillated at 65 �C displayed an enhanced ThT signal indicating
the presence of aggregated structures, and similar results were
observed when Tid1-L alone (Fig. 5) or mortalin alone (data not
shown) was treated with insulin. The combination of chaperone



Fig. 5. ThT fluorescence of aggregated insulin in the absence and presence of chaperones (a) Kinetics of aggregation of insulin (b) bar graph representing ThT fluorescence
intensity of aggregated insulin at 65 �C after 72 h alone and in the presence of mortlain/tid1 chaperones. Indicated concentration represent mortalin while tid1-L was taken
100 fold less.
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and co-chaperone, however, significantly reduced the ThT fluores-
cence signal whose magnitude depended on the mortalin and Tid1
concentrations. As illustrated in Fig. 5A combined amyloid inhibi-
tion of 400 nM mortalin and corresponding concentration of its
100-fold lower concentration co-chaperone was achieved. Mor-
talin concentrations of 100 nM and 200 nM have also been signif-
icantly effective in keeping insulin fibrillation triggered by heat at
bay. Fig. 5b, illustrated ThT fluorescence intensity of thermal
aggregated insulin after 72 h in the absence and presence of mor-
talin and tid1 chaperones, decrease in ThT fluorescence intensity
indicating inhibition of insulin amyloid by these chaperones. Inhi-
Fig. 6. Electron micrographs of control and aggregated insulin samples under various c
concentration of mortalin.
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bition of Ab amyloid by peptide and chaperones has been reported
earlier (Luo et al., 2014; Landreh et al., 2015).

3.5. Electron microscopy

The results of spectroscopic measurements have been con-
firmed and authenticated using the transmission electron micro-
scopy (TEM) Fig. 6 by physical evaluation of insulin samples.
Panel-1 matches native insulin which shows no aggregation. Insu-
lin incubated at 65 �C for 72 h shows abundant aggregation in the
form of fibrils, protofibrils, amorphous aggregates and mature
oncentrations of chaperones and co-chaperones. Tid1-L was added 100-fold lower
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amyloids which indicate the favorable fibrillation condition of the
test protein under study (panel 2). There was a significant reduc-
tion in the formation and existence between aggregated protein
when test protein was co-incubated under thermal stress with
varying doses of moratlin and tid1 combinations (as defined in
the Methods section). Panel 3–4 corresponds to concentrations of
300 nm and 400 nm of mortalin and its co-chaperon concentration
of tid1-L. However, neither chaperone alone nor co-chaperone
alone could have a significant impact on the prevention of insulin
aggregation –although some positive impact could be seen (panel
5), indicating that the chaperone system ’s effectiveness in pre-
venting unwanted misfolding and protein aggregation in the phys-
iological system also requires a co-chaperone.
4. Discussion

Cellular thermotolerance is a crucial factor and is carried out by
proteins belonging to the family of chaperones. Cellular chaper-
ones such as mortalin (Hsp70) collaborate with their respective
co-chaperons such as tid1 (Hsp40) chaperones and allow the ther-
mally aggregated protein substrates such as insulin to reactivate.
Reactivation studies of thermally aggregated proteins suggested
that chaperones from the Hsp100 family alone do not achieve suf-
ficient disaggregation but need co-chaperone proteins in this step
as well. For instance, In E. coli Hsp70 (DnaK) and its co-
chaperons comply with ClpB when several aggregated proteins
are disaggregated (Mogk, et al., 1999). Similarly, after thermal
stress, in addition to Hsp78, mitochondrial Hsp70 and its co-
chaperons are necessary for cellular quality control and organelle
reactivation as described in yeast studies (Schmitt et al., 1996;
Germaniuk et al., 2002).

Chaperone Hsp70 and its co-chaperon Hsp40 were successfully
expressed and purified to homogeneity in the present communica-
tion, as described in detail in the results section before being sub-
jected to thermally aggregated protein reactivation studies. The
chaperone structures were also used to demonstrate their rescue
ability against chemically denatured glucose-6-phosphate dehy-
drogenase (G6PDH) and firefly luciferase heat denatures. After
the introduction of chaperon and its co-chaperone, significant
recovery of enzyme activity indicated the potential for reactivation
of the chaperon system and the cellular quality control performed
by these molecular chaperones. An important observation was
found when adding another co-chaperon mge1 which led to over-
whelming activity recovery of the test enzyme under chemical
stress indication that there is a complex structure and an intricate
mechanism for reactivating the stressed biomolecules involving
not just one or two chaperones but an array of them. Complex
chaperone-cochaperone systems thus perform quality control of
the cells. Interestingly, firefly luciferase showed similar behaviour
when undergoing thermal stress and then incubated with chaper-
ones. Overall the results suggest cellular biomolecules synergistic
and cooperative mechanism to alleviate any unfavourable stress.

Furthermore, distilled chaperone, mortalin (Hsp70) and its part-
ner Tidl1 (Hsp40) have been tested for their functions in the
defence of thermally aggregated insulin and subsequent reactiva-
tion using multimethodological approach. Any protein’s misfolding
and aggregation precedes unfolding and anything that prevents a
protein’s unfolding will largely protect it against misfolding and
aggregation. In the present study, insulin unfolding was effectively
resisted by molecular chaperone mortalin helped by its co-
chaperone when thermal insult was made to the test protein. Such
results are also consistent with the above spectroscopic assess-
ments of the preventive and protective effects of molecular chap-
eron Hsp70 and its co-chaperon Hsp40 against insulin
amyloidogenesis induced by heat.
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Furthermore, the results indicate that the molecular chaperon
system acts rather early on sensing the physical or chemical stress
to cellular molecules thus preventing any unfavorable transfer of
its biomolecules, particularly proteins. This is important because
a protein can be reactivated to its normal form during the early
stages of protein aggregation, but late stages of aggregation may
allow cells to kill and destabilize them which cost cells energeti-
cally. Finally, electron microscopy was employed after spectro-
scopic examination to observe the cooperative effects of the
chaperone system physically. Once again, the results are very con-
vincing and clearly show the cellular chaperones quality control
mechanism.

In summary, our results demonstrate the importance of the cel-
lular quality control achieved through cooperation between chap-
erones of the families Hsp70 (mortalin) and Hsp40 (Tidl) in the
reactivation of various protein aggregates and it is important to
establish the complex reality structure of different chaperones
and supported partners.
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