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Abstract

Small heat shock proteins usually exhibit increased chaperone-like activity either at high temperatures or after preheating. However, the
activation mechanism is still unclear. In the current study, we investigated the preheating-activation process of Mj HSP16.5, using various
biophysical methods. Although Mj HSP16.5 was reported to be the most monodispersed sHSPs, we found that the newly purified Mj HSP16.5
was actually heterogeneous. 85 °C-preheating could activate Mj HSP16.5 and turn it into a more compact homogeneous species at the same time.
Different cooling rates after preheating did not change the activity of Mj HSP16.5, suggesting that the 85 °C-preheated Mj HSP16.5 is in the most
active and also the most stable state. These results demonstrate that the activation process of Mj HSP16.5 might accompany a refolding process.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Small heat shock proteins (sHSPs) are ubiquitous among all
organisms. As monomers, their sizes range from 12 to 43 kDa,
assembling into larger oligomers of 9–40 monomers. All known
sHSPs share a conserved sequence of “the α-crystallin domain”.
Crystal structures of Mj HSP16.5, HSP16.5 from Methanococ-
cus jannaschii, and HSP16.9 from wheat, reveal a very similar
dimeric organization with a strand of one monomer exchanged
with a strand from the other monomer, suggesting that this
dimeric unit is a common building block and the most stable
subunit of all sHSPs [1,2].

sHSPs possess chaperone-like activity that protects other
unfolded proteins from aggregation [3,4]. The unfolded proteins
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arrested by sHSPs might be recovered later with the help of
other chaperones [5,6]. It is suggested that the ‘native’ assembly
form of sHSP is used as a storage state and can quickly disso-
ciate into active small subunits in response to external high
temperature [2,7–13]. In the case of HSP 26, a 24-mer, the active
species was a dimer [10]. Consistent with this suggestion,
many sHSPs exchange a subunit between the native assem-
blies [2,7,14,15], even between assemblies of different homo-
logies of sHSPs [2,14]. It has also been proposed that the ratio
of sHSP to its substrate may depend on the type of substrate
investigated [16]. For example, a 1:1 monomeric molar ratio of
a single chain monellin (SCM) to Mj HSP16.5 could prevent
the thermal aggregation of SCM at 80 °C [16]; the ratio of
insulin to Mj HSP16.5 required about 1:7 (molar ratio in mo-
nomer) to completely prevent the DTT-induced aggregation
of the insulin B chain at 37 °C [14], while a 1:40 monomeric
molar ratio of citrate synthase (CS) to Mj HSP16.5 was not able
to completely prevent the thermal aggregation of CS at 40 °C
[16].

Interestingly, many sHSPs show significantly increased chaper-
one-like activity either at elevated temperatures or after being
preheated and subsequently cooled [10,17–21]. Although the me-
chanism is not completely understood, the activation of sHSPs
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has been attributed to many factors, including the destabilization of
sHSP oligomers [10], increase of the subunit-exchange rate
[15,22,23] and the size of sHSPs at high temperatures [17,22].
However, the data regarding these factors are somewhat incon-
sistent. For example, it has been found that the increased activity of
sHSPs coincides with the destabilization of the oligomer and an
increase in the subunit-exchange rate [10,24]. However, a recent
report showed that the activation of HSP26 did not require
dissociation of the oligomer [25].

To better understand the activation mechanism of sHSPs, we
studied the changes in conformation and activity of Mj HSP16.5
before and after preheating, using several techniques, including
circular dichroism (CD), fluorescence resonance energy trans-
fer (FRET), dynamic light scattering (DLS) and analytical ultra-
centrifugation (AUC). Mj HSP16.5 was selected for this study
because: (1) its crystal structure has been solved [1]; (2) Mj
HSP16.5 was regarded as the most monodispersed (homoge-
neous) sHSPs [26]; and (3) the 24-mer of Mj HSP16.5 is ex-
tremely thermostable even at temperatures as high as 70 °C [14].
Our results show that the newly purified Mj HSP16.5 is actually
heterogeneous, and preheating treatment could not only activate
Mj HSP16.5, but also turn it to a homogeneous compact species,
suggesting a “refolding” mechanism of activation.

2. Experimental

2.1. Materials

Cy3 and Cy5 mono NHS ester dyes were obtained from GE Amersham. Por-
cine heart citrate synthase (CS), bovine insulin, thyroglobulin (669 kDa), catalase
(232 kDa), bovine serum albumin (66 kDa) and mineral oil were purchased from
Sigma. The pET21a plasmid containing the Mj HSP16.5 gene was a generous gift
from Dr. Sung-Hou Kim at the University of California at Berkeley. The pET21a
plasmid containing the Mj HSP16.5 gene was transformed into the E. coli Strain,
Rossetta (DE). Expression and purification ofMj HSP16.5 was performed according
to the reported procedures [27] with minor modifications. Briefly, E. coli cells were
cultured at 37 °C, and harvested at 4 °C by centrifugation. The harvested cell pellet
was then resuspended in PBS buffer and sonicated. After centrifugation at 4 °C, the
supernatant was collected and mixed with solid ammonium sulfate to a final con-
centration of (NH4)2SO4 of 260 g/L, and incubated at 4 °C for 15 min. The sample
was then centrifuged, and the supernatant was mixed with solid ammonium sulfate
again to a final concentration of (NH4)2SO4 of 460 g/L, and incubated at 4 °C for
15min and then centrifuged. The pellet was dissolved in 50mMPBSbuffer (pH 6.9),
and applied onto a 5-mL HiTrap Q column (GE Amersham), washed with a linear
gradient from 0 to 0.5 M NaCl. The fraction corresponding to Mj HSP16.5 was
pooled and concentrated by ultrafiltration (Amicon, YM30), then applied onto a
Sephacryl S-200 HR column (GE Amersham), eluting with 40 mM PBS, 100 mM
NaCl buffer (pH6.9).NewlyPurifiedMjHSP16.5was concentrated byultrafiltration
(Amicon, YM30), and used immediately or stored at 4 °C for no more than 72 h.

2.2. Preparation of dye-labeled protein

Mj HSP16.5 was labeled with either Cy3 or Cy5 mono NHS ester dye
according to the protocol provided by the manufacturer. The labeled protein was
separated from free dye by separation on a Sephadex G-25 desalting column (GE
Amersham). The final dye:Mj HSP16.5 (24-mer) molar ratios were estimated to
be 3.5 and 8.5 for the Cy3-labeled and Cy5-labeled Mj HSP16.5, respectively.

2.3. Preheating treatment

The preheating of the newly purified and dye-labeled Mj HSP16.5 was
performed by incubating proteins in a water bath, and the subsequent cooling
was performed in an ice-water bath, or air, or at a controlled cooling rate.
Preheated Mj HSP16.5 was used immediately or stored at 4 °C for no more than
72 h.

2.4. Native-pore gradient PAGE

Mj HSP 16.5 was loaded with 100 mM Tris, 10% Glycerol, 0.2% brom-
phenol blue buffer (pH 8.6), and native-pore gradient PAGE was performed in
25 mM Tris, 192 mM Glycine running buffer (pH 8.3) at 4 °C for 12 h on pore
gradient gels with a gradient from 4–30%, then stained with Coomassie brilliant
blue. Thyroglobulin (669 kDa), catalase (232 kDa), and bovine serum albumin
(66 kDa) were used as molecular weight markers.

2.5. Aggregation assay

The aggregations of CS at 45 °C and reduced insulin at 37 °C were
monitored at one-minute time intervals by light scattering at 360 nm us-
ing Molecular Devices-SpectraMax 190 (Molecular Devices). CS was used
at a concentration of 1.69 μM (monomer) in 50 mM PBS and 1 mM EDTA
(pH 6.9). Insulin was first prepared as a high concentration stock solution in
20 mM Glycine–HCl (pH 3.0) and stored at 4 °C, before its subsequent use at
a final concentration of 53.6 μM. The aggregation of reduced insulin was
initiated by the addition of DTT at a final concentration of 2 mM with diffe-
rent concentrations of Mj HSP16.5 in 50 mM PBS and 1 mM EDTA (pH 6.9).
Five microliters of mineral oil was added to each plate to prevent evaporation,
and plates were gently shaken (automatically controlled by SpectraMax 190)
before each measurement to prevent the sedimentation of aggregated pro-
teins. The concentrations of Mj HSP16.5, CS, and insulin were determined
by absorbance at 280 nm using a Lambda 45 UV/Vis spectrometer (Perkin
Elmer) with extinction coefficients of 0.565 mg−1 cm2 [28], 1.0 mg−1 cm2, and
1.78 mg−1 cm2 [29], respectively.

2.6. Circular dichroism

CD spectra were recorded on a Jobin Yvon CD6 at 25 °C with 1-cm and 0.1-
mm pathlength cylinder quartz cuvettes for near-UV and far-UV, respectively.
Mj HSP16.5 was used at concentrations of 1.4 mg/mL and 1.0 mg/mL in 10 mM
PBS (pH 6.9) for near-UV and far-UV CD, respectively.

2.7. Fluorescence spectra

Fluorescence spectra were obtained from a Jobin Yvon Fluorolog-312 fluo-
rometer at 25 °C. Samples were excited at 280 nm with an excitation slit of 2 nm
and the emission spectra were recorded between 300–500 nm with an emission
slit of 3 nm.

2.8. Subunit exchange

0.423 μM of newly purified (or preheated) Cy3-labeled Mj HSP16.5 in
10 mMPBS (pH 7.0) was mixed with 0.135 μMof newly purified (or preheated)
Cy5-labeled Mj HSP16.5 in 10 mM PBS (pH 7.0) at 4 °C to obtain an equal
molar ratio of Cy3-and Cy5-labeled Mj HSP16.5 monomers. The mixture was
incubated at different temperatures as indicated in the figures. At certain time
intervals, samples were taken out and cooled to 25 °C in a water bath. FRET
was monitored on a Jobin Yvon Fluorolog-312 fluorometer at 25 °C. Samples
were excited at 520 nm with an excitation slit of 2 nm and the emission spectra
were recorded between 550–750 nm with an emission slit of 3 nm. The time
constants (τ) for the subunit exchange were estimated by fitting the acceptor
fluorescence increase at 668 nm using Origin 6.0 (Microcal Software, Inc.) to
the Eq.: y=y0+Ae

−t/τ.

2.9. Dynamic light scattering

DLS experiments were performed at 25 °C with 1 mg/mL Mj HSP16.5 in
50 mM PBS and 100 mM NaCl buffer (pH 6.9) using ALV/DLS/CGS-5022F
(ALV) with He–Ne laser (632.8 nm).



Fig. 1. Preheating enhances the chaperone-like activity of Mj HSP16.5.
(A) Suppression of the thermal aggregation of 1.69 μM CS was monitored at
45 °C by absorbance at 360 nm in the presence of different monomeric molar
ratios of CS to Mj HSP16.5. (B) Suppression of the reductive aggregation of
53.6 μM insulin in 2 mM DTTwas monitored at 37 °C by absorbance at 360 nm
in the presence of different monomeric molar ratios of insulin to Mj HSP16.5.

Fig. 2. CD spectra of the newly purified and preheated Mj HSP16.5. Con-
centrations of Mj HSP16.5 were 1.4 mg/mL and 1.0 mg/mL in 10 mM PBS
(pH 6.9) for near-UV and far-UV CD, respectively.
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2.10. Analytical ultracentrifugation

Sedimentation velocity experiments were carried out using a Beckman
Optima XL-A analytical ultracentrifuge with an An-60Ti rotor. To find out if
there is any concentration-dependent behavior, three concentrations (0.071 mg/
mL, 0.88 mg/mL, and 3.5 mg/mL) of Mj HSP16.5 in 50 mM PBS and 100 mM
NaCl buffer (pH 6.9) were investigated, and the absorbance was monitored at
220 nm, 280 nm, and 290 nm for the concentrations of 0.071 mg/mL, 0.88 mg/
mL, and 3.5 mg/mL, respectively. Three different samples, i.e. the newly
purified, 65 °C-preheated, and 85 °C-preheated Mj HSP16.5, with the same
concentration were centrifuged at 24,000 rpm at 20 °C concurrently in the
same rotor to ensure an identical experimental condition. Data analyses were
performed using the Enhanced vanHolde–Weischet [28,29] and TimeDerivative
(dC/dt) [30] methods in the UltraScan software package (http://www.ultrascan.
uthscsa.edu/;).

3. Results

3.1. The chaperone-like activity of Mj HSP16.5 significantly
increased after preheating

Every datum point in Fig. 1 represents a final OD of the
thermal aggregation of CS (Fig. 1A) or reductive aggregation of
insulin (Fig. 1B), and a lower value means a higher chaperone-
like activity of Mj HSP 16.5. Fig. 1A shows that the newly
purified Mj HSP16.5 (37 °C data) has a low chaperone-like
activity, and that even a monomeric molar ratio of 1:80 of CS
to Mj HSP16.5 was insufficient to completely prevent the
thermal aggregation of CS at 45 °C. After Mj HSP16.5 was
preheated and cooled, its chaperone-like activity increased sig-
nificantly, and higher preheating temperatures resulted in grea-
ter chaperone-like activities. After being preheated at 85 °C
and then cooled down, a molar ratio of 1:20 of CS to Mj
HSP16.5 was sufficient to prevent the thermal aggregation of
CS at 45 °C. Similarly, to completely prevent the DTT-induced
aggregation of the insulin B chain at 37 °C, the ratio of insulin/
newly purified Mj HSP16.5 has to be as high as about 1:7
(molar ratio in monomer) [14]; however, after Mj HSP16.5
has been preheated at 65 °C or at higher temperatures and
cooled down, a molar ratio of about 1:2 can efficiently prevent
the DTT-induced aggregation of the insulin B chain at the
same condition (Fig. 1B).

In addition, when the 65 °C-preheated Mj HSP16.5 was
heated again at 45 °C, and subsequently cooled to room tem-
perature, its chaperone-like activity remained the same as the
sample that was only preheated once at 65 °C. Meanwhile when
the 45 °C-preheated Mj HSP16.5 was heated again at 65 °C and
subsequently cooled to room temperature, its chaperone-like
activity was also the same as the sample that was only preheated
once at 65 °C (data not shown). Our experiments also showed
that the preheating time (in the range from 1 h to 6 h) and
subsequent cooling rate (either cooled at 0.1 °C/min or cooled
by ice-water bath) had no obvious influence on the chaperone-
like activity of the preheated Mj HSP 16.5 (data not shown).
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Fig. 3. Fluorescence spectra of the newly purified and preheated Mj HSP16.5.
Concentration of Mj HSP16.5 was 0.18 mg/mL in 10 mM PBS pH 6.9 buffer.

Fig. 5. Mass-based hydrodynamic radius of Mj HSP16.5 calculated from DLS
experiments.
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3.2. No secondary structure change but significant aromatic
packing change after preheating

Far-UV spectra ofMj HSP16.5 both before and after preheating
showed no observable differences (Fig. 2A). These results indicate
that only a very small change, if any, in the secondary structure
of Mj HSP16.5 occurred after preheating. Fluorescence spectra
(Fig. 3) show little change between the newly purified and the
preheated Mj HSP16.5, indicating little changes in the hydropho-
bic environment of both tryptophan and tyrosine residues after
preheating. However, significant differences between the newly
purified and the preheated Mj HSP16.5were observed for near-UV
CD spectra (Fig. 2B), indicating significant changes in the local
(chiral) packing of the aromatic side chains of Mj HSP16.5 after
preheating.

3.3. Mj HSP16.5 became more homogeneous after preheating

Consistent with previously published data [14], Mj HSP16.5
maintained its oligomeric state after preheating as indicated by
the size exclusion chromatographic data (data not shown).
Native-pore gradient PAGE also showed that the majority of the
newly purified and preheated Mj HSP16.5 migrated as a 24-mer
(Fig. 4). However, several very weak bands migrated between
the 24-mer band and the 669 kDa molecular weight marker for
Fig. 4. Effects of Mj HSP16.5 preheating on native-pore gradient PAGE.
Thyroglobulin (669 kDa) and catalase (232 kDa) were used as molecular weight
markers.
the newly purified and 65 °C-preheated Mj HSP16.5 samples,
but not for the 85 °C-preheated Mj HSP16.5 sample. These
weak bands may be larger oligomers and/or significantly dis-
torted 24-mers.

Fig. 5 shows the mass-weighted radius of Mj HSP16.5 that
was calculated from DLS experiments both before and after
preheating at different temperatures. There is almost no change
Fig. 6. Analysis of sedimentation velocity of Mj HSP 16.5. (A) Van Holde–
Weischet distribution plot of the newly purified (open squares), 65 °C-prehea-
ted (open triangles), and 85 °C-preheated (open circles) Mj HSP16.5; the
concentration of Mj HSP16.5 was 3.5 mg/mL. (B) The g(s⁎) profiles by
Time Derivative (dC/dt) data analysis of the newly purified (open squares),
65 °C-preheated (open triangles ), and 85 °C-preheated (open circles) Mj
HSP16.5. Solid lines are the Gaussian-fitted curves, where the data of the newly
purified, 65 °C-preheated, and 85 °C-preheated Mj HSP 16.5 were fitted to
three, two, and one component(s), respectively.



Fig. 7. Subunit exchange of Mj HSP 16.5. (A) The FRET spectra at 25 °C of the
mixtures of the Cy3-labeled and Cy5-labeled Mj HSP16.5 after being incubated
at 50 °C for 2 h, except for the bold line, which is the spectrum of the initial state
of the mixture without incubation. Prior to being incubated at 50 °C for 2 h, the
Cy3-labeled and Cy5-labeled Mj HSP16.5 had also been individually preheated
at 65 °C (dotted-line) and 85 °C (dashed-dotted-line) (Dotted-line overlapped
with dotted-dashed-line). (B) Sold lines show the peak value of the FRETspectra
at 668 nm (left y-axis) when the subunit exchange had been finished at each
subunit exchange (incubation) temperature (horizontal axis), and dashed-line
represents the calculated time constants (right y-axis) of the subunit exchange.
The square symbols (both open and closed) represent the newly purified Mj HSP
16.5, the circle symbols represent the individually 65°C-preheated, and triangles
represent the individually 85 °C-preheated.
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in the radius of Mj HSP16.5 when preheated below 65 °C.
However, if Mj HSP16.5 is preheated to a temperature higher
than 75 °C and then cooled, its radius decreases significantly
from approximately 6.9 nm to 6.2 nm. Further increases in the
preheating temperature had no effect on the radius of the protein.
It must be noted that the decrease in the radius of Mj HSP16.5
after preheating does not contradict the increase in size of Mj
HSP16.5 at high temperatures [17]. In this study, we compared
the radii of different samples at the same temperature (25 °C)
with different preheating temperatures, while prior studies com-
pared the radii measured at different temperatures [17].

AUC is a powerful technique to determine the homogeneity/
heterogeneity of macromolecular solutions. It can detect changes
in both the shape and size of macromolecules that many other
techniques cannot [31,32]. Although previous work by others
suggested that Mj HSP16.5 could be homogeneous, the AUC
experiments described here suggest that this suggestion may
not be entirely true. Fig. 6A shows the van Holde–Weischet
distribution plots of the AUC results of Mj HSP16.5. The vertical
lines for the Mj HSP16.5 sample preheated to 85 °C suggest that
it is homogeneous, whereas the tilted lines suggest that the newly
purified Mj HSP16.5 is heterogeneous. This observation held
true when concentrations between 0.071–3.5 mg/mLwere tested,
suggesting that it is not a concentration-dependent feature (for
clarity, Fig. 6 shows only one concentration). Fig. 6B shows the g
(s⁎) profiles of the newly purified, the 65 °C-preheated, and the
85 °C-preheatedMjHSP16.5 samples byTimeDerivative (dC/dt)
data analysis. The average sedimentation coefficients (s20,w)
were calculated to be 18.0 S, 14.5S, and 14.0S for the newly
purified, the 65 °C-preheated, and the 85 °C-preheated Mj
HSP16.5 samples, respectively. The newly purified Mj HSP16.5
showed a wide distribution of sedimentation coefficients, which
could only be fitted to at least three Gaussian components. The
65 °C-preheated sample had a narrower distribution of sedimen-
tation coefficients that could be fitted to two components, and
the 85 °C-preheated sample had the narrowest distribution of
sedimentation coefficients that could be fitted to a single Gaus-
sian component, also indicating homogeneity.

3.4. Subunit-exchange rate increased after preheating

Cy3 and Cy5 labeling did not change the 24-mer assembly of
Mj HSP16.5 (data not shown). Fig. 7 shows the FRET results
of the subunit exchange of Mj HSP16.5 at different tempera-
tures. At 37 °C, there was almost no subunit exchange occurred
for the newly purified Mj HSP16.5 sample, while significant
subunit exchange was observed for the 65 °C-preheated and the
85 °C-preheated Mj HSP16.5 samples. At 45 °C and above,
subunit exchange of the newly purified Mj HSP16.5 sample was
also observed. Large differences in both the subunit-exchange
rate and the magnitude between the newly purified and
preheated Mj HSP16.5 samples were observed at 75 °C and
above. Unexpectedly, there was no significant difference in
either the subunit-exchange rate or the magnitude between the
65 °C-preheated and the 85 °C-preheated Mj HSP16.5, though
the chaperone-like activity difference is obvious. At 85 °C,
subunit-exchange time constants were too fast comparing to the
manual mixing time, therefore the time constants were not
calculated.

4. Discussion

4.1. Enhanced chaperone-like activity of Mj HSP16.5 after
preheating

Mj HSP16.5 is usually regarded as an inefficient chaperone
with broad substrate specificity [14,16]. Previous reports in-
dicate that at a monomeric molar ratio of 1:1, Mj HSP16.5
could prevent the thermal aggregation of SCM at 80 °C [16]. To
completely prevent DTT-induced aggregation of the insulin
B chain at 37 °C, the required monomeric molar ratio of insulin
to the newly purified Mj HSP16.5 was 1:7. However, our results
showed that after Mj HSP16.5 was preheated at temperatures
65 °C or higher and subsequently cooled down, a molar ratio of
approximately 1:2 could efficiently prevent DTT-induced ag-
gregation of the insulin B chain under the same conditions.
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This observation indicates that the preheated protein is 3.5-fold
more active than the newly purified form. These data suggest
that preheated Mj HSP16.5, which is much similar to its native
state in the hyperthermophilic archaeon than the newly purified,
is likely an efficient chaperone.

4.2. Activation mechanism for the chaperone activity of Mj
HSP16.5

Subunit exchange is a unifying feature of all sHSPs. Since an
increase in the subunit-exchange rate correlates with an increase
in its chaperone-like activity in some studies, it was proposed
that subunit exchange was important for the chaperone-like
activity of sHSPs [15,23,25]. However, we showed that with a
monomeric molar ratio of 1:80 of CS to Mj HSP16.5, the newly
purified Mj HSP16.5 exhibited obvious chaperone-like activity
at 37 °C, but no subunit exchange was observed at the same
temperature (Fig. 7). No subunit exchange at 37 °C for Mj
HSP16.5 is consistent with a previous report that there was no
subunit exchange for Mj HSP16.5 at 50 °C with different label-
ing groups [14]. Newly purified Mj HSP16.5 without labeling
groups would be expected to be more stable and more difficult
to exchange a subunit than the labeled ones. This result de-
monstrates that subunit exchange is not a prerequisite for the
chaperone-like activity of sHSPs, which is consistent with a
recent report that the activation of HSP26 did not require
dissociation of the oligomer [25].

Our results showed that Mj HSP16.5 underwent little
secondary structural and hydrophobic environment change after
preheating. However, significant changes in the local packing
(chiral environment) of the aromatic side chains were observed in
near-UV CD spectra. Since tryptophan and tyrosine residues are
the dominant contributors to near-UV CD spectra, and the only
one tryptophan and one of the two tyrosine residues in the Mj
HSP16.5 monomer was found near its dimeric interface, the
changes in the near-UV CD spectrum should mainly arise from
local monomeric and/or dimeric conformational change. And this
local conformational change between the newly purified and the
85 °C-preheated Mj HSP 16.5 indicates that one of these two
species must be trapped in misfolded local minima. The cooling
rate after preheating and the repeated preheating ofMjHSP16.5 at
temperatures lower than the first preheating temperature did
not affect the chaperone activity of the preheated Mj HSP16.5,
indicating that the 85 °C-preheated Mj HSP16.5 was in its most
stable state. Therefore, the preheating-activation process is likely
a refolding process.

It must be noted that the stable state described here refers
to the folding/unfolding process, and does not refer to the
dissociation/reassembly process of the oligomer. In fact, the
locally misfolded monomers/dimers might have a “self-sticky”
area and are tightly stuck to each other in the latent distorted
oligomers, making it more difficult for both subunit exchange
and dissociation. As a result, the activation of sHSPs coincides
with the destabilization, or dissociation, of the oligomer and
increase in the rate of subunit exchange.

In summary, our results demonstrate that the newly purified
Mj HSP16.5 expressed in E. coli at 37 °C was heterogeneous
and less active, which is possibly locally misfolded. Preheating
or high temperature can activate the newly purified Mj HSP16.5
likely by refolding it into the most stable and compact state. It
was proposed that HSPs emerged from the hazardous environ-
ment near hydrothermal systems [33], so it is possible that the
activation of other sHSPs is similar to that of Mj HSP16.5.
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