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Abstract: MjHsp16.5 was separately labeled by fluorescent dye Cy3 and Cy5.5. The dissociation event of
a single 24-mer MjHsp16.5 molecule was captured by single-molecule imaging (SMI). Temperature-regulated
subunit exchange was revealed by the real-time fluorescence resonance energy transfer (FRET). The
combination of single-molecular statistics and kinetic parameters from FRET experiments leads to the
conclusion that below 75 °C the rate-determining step of the subunit exchange was the dissociation of the
dye-labeled 24-mer in which the dimer was intact, whereas above 75 °C, smaller units emerged in the
exchange and the rate-determining step had the character of a bimolecular reaction.

Introduction

Small heat shock proteins (sHsps) are abundant and ubiqui-
tous among all organisms and have functional diversity.1,2 The
sHsps belong to a class of heat shock proteins (Hsps) that can
protect proteins from thermal denaturation and irreversible
aggregation under stress conditions and also have chaperone
activity. According to the size, the Hsps are divided into five
major families: Hsp100, Hsp90, Hsp70, Hsp60, and sHsps. The
sHsps range in size from 12 to 42 K and form large oligomeric
complexes of 12-42 subunits. The sHsps share a homologous
R-crystalline domain with a short C-terminal extension and a
variable hydrophobic N-terminal region. By exposing the
hydrophobic surfaces, misfolding and partially unfolding pro-
teins can aggregate, contributing directly to some diseases, such
as cataract and Parkinson’s disease3. Through binding non-native
proteins, sHsp can suppress the aggregation and keep the
proteins ready for refolding.

Due to the polydispersity, up to now only a few crystal
structures of the sHsps are reported, including archeal MjH-
sp16.54 from Methanococcus jannaschii(living at temperature
up to 94°C5) and wheat sHsp16.9.6 The quaternary structures
and subunit interactions are clearly shown. Dimers are the most
stable suboligomer. Although a dimer is the building block for
higher assembly in both cases, their quaternary structures are
different. MjHsp16.5 is a hollow spherical 24-mer, whereas
sHsp16.9 is a dodecameric double disk. Some sHsps have the
dimeric state.7, 8

The putative molecular chaperone mechanism of sHsps
involves temperature-regulated exposure of hydrophobic regions
that bind to exposed hydrophobic patches on protein substrates
to form large sHsp-substrate complexes. Recent study on
MjHsp16.5 at high temperature suggests that there is a relation-
ship between the activation mechanism and size alteration9,10

or subunit exchange.11 It was proposed that the activation
mechanism of MjHsp16.5 involved temperature-induced con-
formational change with size increment of the complex resulting
in the exposure of hydrophobic substrate-binding site.10 And
even at ambient temperature, the MjHsp16.5 assemblies have
loose, if not perfect, octahedral symmetry.12 But there are
different possible mechanisms to explain the chaperone activity.
One is that the substrates bind to the outside surface of the
sphere without the disassembly of MjHsp16.5;9 another is that
the MjHsp16.5 dissociates into smaller active subunits.11 The
subunit exchange and changes in oligomerization or in quater-
nary structure are suggested to be important for the sHsp
activity.13-18 Similarly, the mechanism of MjHsp16.5 subunit
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exchange has two possibilities: collision-dependent exchange
and dissociation-dependent exchange.11

Practically, all previous knowledge has been learnt from
ensemble experiments, even though the interpretation is given
on a molecular level. The ensemble-averaged measurement may
overlook important information that is related to the single-
molecular behaviors. Recently, single-molecule imaging (SMI)
has emerged as a novel tool to investigate biological processes
with great details, which can provide insights into the molecular
behavior and visualize the biological processes beyond the
ensemble average.19-29

Here, for the first time, the dissociation event of 24-mer
MjHsp16.5 protein was captured by SMI. As a sensitive monitor
for distance, fluorescence resonance energy transfer (FRET) was
employed to reveal the mechanism of subunit exchange of
MjHsp16.5 in vitro at various elevated temperatures.11 The
kinetic analyses indicated that below 75°C the rate-determining
step was the dissociation of the dye-labeled 24-mer, whereas
above 75°C, the rate-determining step had the character of a
bimolecular reaction.

Experimental Section

Expression, Purification, and Labeling.pET21a plasmid (generous
gifts from Professor Sung-Hou Kim of University of California at
Berkeley) containing MjHsp16.5 gene was transformed intoEscherichia
coli strain Rossetta (DE). Expression and purification of MjHsp16.5
were performed according to the reported procedure with minor
modifications.30 Following the instruction of the labeling kit (Amersham
Pharmacia), the MjHsp16.5 24-mer was labeled with amine-reactive
Cy3 (donor) or Cy5.5 (acceptor) separately, and the final dye/protein
ratios were estimated. For the Cy3- and Cy5.5-monofunctional reactive
dye, the final ratios of dye/protein assembly were 18.5 and 7.8,
respectively. The concentrations of 24-mer protein were 0.52 mg/mL
for Cy3-sHsp and 0.35 mg/mL for Cy5.5-sHsp. For the bisfunctional
dye, the dye/assembly ratio was 11.5 for Cy3 dye. The concentrations
of 24-mer protein were 0.064 mg/mL for Cy3-sHsp and 0.073 mg/mL
for Cy5.5-sHsp. CD spectra indicated that the secondary and tertiary
structures were probably not changed, and the size exclusion chroma-
tography showed that there is no appreciable variation in the status of
oligomerization after the labeling.31

Single-Molecule Imaging.A 532 nm laser beam (Millennia IIs,
Spectra-Physics) was reflected by a dichroic mirror (575 nm long-pass
or 560 nm long-pass filter) into a 100× objective (NA ) 1.30, oil,
Nikon) mounted on an inverted fluorescence microscope (TE300,
Nikon).32 The fluorescence emission from molecules was collected by
the same objective and imaged onto an intensified CCD camera (I-

Pentamax, Roper Scientific). Two 550 nm long-pass filters were used
to block the laser scattering light. The exposure time was 50 ms per
frame. To maintain total protein concentration during SMI, the dye-
labeled proteins were diluted to 10-10 M with unlabeled proteins (10-7

M, 0.069 mg/ml) and were dropped onto the glass slide.
Ensemble FRET Spectrum.After the equal-volume mixture of

Cy3-monofunctional dye-labeled MjHsp16.5 and Cy5.5-monofunctional
dye-labeled MjHsp16.5 the solution was heated, with a heating rate of
120°C/min by a heating/freezing stage (Linkam, THMS 600, Tadworth,
UK, accuracy 0.1 K). Immediately after the solution reached the desired
temperature, the fluorescence spectra excited at 514 nm were collected
between 500 and 850 nm using a Renishaw Raman 1000 System
(Wotton-Under-Edge, UK). The kinetic runs were taken at different
temperatures. Most of the solutions were kept at each desired temper-
ature for 90 min to reach the plateaus of the signal variation, whereas
for some others, the heating time was shortened due to the fast reaction
rate but no less than 30 min.

Image Analysis.The positions of the molecular trajectories were
determined according to each local maximum through the movie stack.
The diffusion coefficient was determined by fitting the mean-square
displacements with the Enstein-Smoluchowski equation

where 〈∆r2〉 is the mean square displacement.D is the diffusion
coefficient, andt is the time. In the case of dissociation into two
fragments, the diffusion coefficientsDp, Df, andDs, representing the
parent, the fast fragment, and the slow fragment, respectively, were
deduced. To eliminate most uncertainties, the ratios ofDs/Dp andDf/
Dp were used as the scaled diffusion coefficients. The corresponding
error in the diffusion coefficients was calculated according to the rules
of error propagation.31

Kinetic Analysis. In the ensemble FRET experiment, the total
fluorescence intensities were integrated from 500 to 850 nm for donor
(Cy3) and 650 to 850 nm for acceptor (Cy5.5). The crosstalk was
minimized by extracting the acceptor spectrum from the FRET spectrum
using a pure Cy3 fluorophore spectrum. The FRET intensity was defined
as

To analyze the kinetic data, we considered the increase of acceptor
intensity rather than the decrease of donor intensity because of the
existence of the background from non-FRET fluorescence in Cy3 due
to the over labeling of Cy3. The acceptor intensity as a function of
time was fit to a first-order rate equation

or a second-order rate equation

whereA0 andB0 are fitting parameters andk is the rate constant.31 The
activation enthalpy,∆H q, and activation entropy,∆Sq, could be derived
according to the transition state theory.33 The assumption that∆H q

and∆Sq were independent of temperature was made.

Results

Dissociation of MjHsp16.5 at the Single-Molecule Level.
The dissociation of the parent 24-mer complex into multiple
small daughter subunits was captured in solution using epi-
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fluorescence microscope (Figure 1A). The real-time movies of
disassembly are presented in the Supporting Information. The
statistic analysis of 40 dissociation events showed that the
process was divided into multiple steps. First, a subunit dropped
from the 24-mer complex, and subsequently another one went
out, one by one until the last step of dissociation finished. The
24-mer proteins could also dissociate into two fragments, and
these two oligomers further dissociated into smaller fragments.
Sometimes with the time resolution, the dissociation into
multiple fragments could also be observed. Dominatingly, two
fragments were observed in the first step of the dissociation
(Figure 1B). The analysis of the final fragment number showed
that there was an obvious population on even numbers (Figure
1C).

To make sure that the observed trajectories were from the
dissociation process, a Cy3-bisfunctional dye was used to label
the proteins with chemical cross linkage between subunits. As
expected, two-fragment events were dominantly observed
(Figure 2A), so that a reliable diffusion coefficient on the
trajectories could be obtained. To quantitatively describe the
dissociation process, the mean square displacements before and
after the dissociation were calculated and fitted with the
Enstein-Smoluchowski equation. Figures 2B and 2C present
the distributions of the scaled diffusion coefficients. The errors
in the diffusion coefficients were evaluated and are shown in
the figures. Because of the reciprocal relationship between the
diffusion coefficientD and the particle radiusr, the scaled
diffusion coefficient should be greater than one. The distribu-
tions confirmed that the observed splitting of the trajectories
was due to the dissociation of the parent assembly.

To understand the mechanism of MjHsp16.5 dissociation at
room temperature, we compared the observed diffusion coef-
ficient of MjHsp16.5 with a theoretical estimation in the
solution. We found that it was impossible to track the 24-mer
proteins in the PBS buffer by our conditions of image collection
because of the fast molecular motion. By shifting the focus point
into different planes of the solution, we found that what we
observed was the trajectories at the liquid-air interface. This
is understandable because at the air-water interface, the proteins

diffuse more slowly than that in the solution.34,35 In our
experiment, the motion of proteins could only be observed in a
thin layer at the air-water interface, which means that a model
of two-dimensional movement instead of three-dimensional
motion should be applied. Some fast drift or directional motion
was found immediately after the protein solution was dropped
onto the glass slide. The two-dimensional free diffusion was
imaged after 10 or 20 minutes when the solution was stable.
To confirm that the observation was at the liquid-air interface,
we used two glass slides to sandwich the protein solution, and
we failed to capture the image of the protein motion.

Temperature-Regulated Subunit Exchange of MjHsp16.5.
To determine the effect of temperature on the subunit-exchange
of MjHsp16.5, we monitored the reaction through the FRET
intensity over a wide range of temperatures.

Figure 3 shows the ensemble reaction processes at elevated
temperatures monitored by the FRET intensity. The reaction
rate increased with the temperature in 50-66 °C (the low-

(34) Sengupta, T.; Razumovsky, L.; Damodaran, S.Langmuir1999, 15, 6991-
7001.
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Figure 1. Dissociation of Cy3-monofunctional dye-labeled MjHsp16.5.
(A) Four sequential fluorescence images show the dissociation process. As
an example, this 24-mer complex dissociate into six smaller subunits. The
exposure time of each frame is 50 ms, and the sequential numbers of the
frames are shown. (B) The distribution of the number of fragments at the
first dissociation step. (C) The final distribution of the number of fragments.

Figure 2. Cy3-bisfunctionanl dye-labeled MjHsp16.5 results in long
dissociation trajectory with two fragments. (A) Fluorescence images show
a two-fragment dissociation. The exposure time of each frame is 50 ms,
and the sequential numbers of the frames are shown. (B) and (C) Distribution
of the scaled diffusion coefficient. The error bars on the scaled diffusion
coefficients are shown.

Figure 3. Ensemble reaction process monitored by FRET intensity versus
time at different elevated temperatures. Obviously, three temperature regions
could be recognized: the range of low temperature (50-66 °C), the range
of high temperature (80-96 °C), and the range between them.
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temperature range), but a slow process came in when the
temperature was higher than 77°C, and the reaction rate
increased again with the increase of the temperature in 80-96
°C (the high-temperature range). The reaction rate in the high-
temperature region was slower than the one in the lower-
temperature region.

Two sets of selected data of spectra against time are shown
in Figure 4A,B. Because of the uncertainty of the reaction order
on the rate-determining step, the increase of the acceptor
intensity was fit by the rate equations of first-order and second-
order reactions, respectively. Both gave reasonable fits, as
demonstrated in Figure 4C,D.∆Sq and∆Hq were derived (Table
1) from the Arrhenius plot (Figure 5) by using the transition
state theory, assuming that both∆Sq and ∆Hq are constants.
The separate linearities in the two graphs of different temper-
ature ranges indicate that there were two kinds of kinetic
processes.

After the reaction reached a plateau at elevated temperatures,
the solutions were cooled to room temperature. The final FRET
intensity at the elevated temperatures and that after cooled are
compared in Figure 6. The two types of profiles are obviously
different. In Figure 6A, the most striking feature is the decrease
of FRET intensity in the low-temperature region and the increase
of FRET intensity in the high-temperature region. However, in
Figure 6B, the FRET intensity continues to increase with a
plateau in the major part of the low-temperature region.

Discussion

Air/Water Interface Dissociation. The mechanism of in-
terfacial denaturation of a protein may be similar to its thermal
denaturation in solution.36,37 The inside surface of MjHsp16.5

24-mer sphere is much more hydrophobic than the outside
surface, and the conserved hydrophobic residues are involved
in dimer interaction.4 When the protein is at the air-water
interface, the change of its environment affects the stability of
hydrogen bonding and hydrophobic and electrostatic interac-
tions, leading to the exposure of the hydrophobic region to air
and facilitating the dissociation. Water molecules will be trapped
in an orderly arrangement by reorganization when the proteins
denature in a solution, which causes a negative entropy change
(∆S ) -22.4 J mol-1 K-1 per water molecule reorganized38).
According to the crystal structure,4 there are in total 20 contacts
around the 3-fold and 4-fold axes, including hydrogen bond,
ionic interaction, and hydrophobic interaction. Therefore, the
dissociation of the sHsp assembly in solution at room temper-
ature is probably an entropy-reducing process. Opposite to the
dissociation in the solution, air/water interface helps to stabilize
the exposed hydrophobic domain and less water molecules are
needed. So, compared with that in solutions, the interface
dissociation is likely to be an entropy-driven process. Similarly,

(36) Razumovsky, L.; Damodaran, S.Langmuir1999, 15, 1392-1399.

(37) Xu, S.; Damodaran, S.Langmuir1992, 8, 2021-2027.
(38) Fisicaro, E.; Compari, C.; Braibanti, A.Phys. Chem. Chem. Phys.2004, 6,

4156-4166.

Figure 4. Time-dependent spectra of the ensemble FRET in (A) and (B)
and the kinetic fit to the acceptor intensities in (C) and (D) at two
representative reaction temperatures. The rate constant can be determined
from the curve fit. First-order (solid line) and second-order (dashed line)
reactions were used to fit the observed data (square points).

Table 1. Standard Entropy and Enthalpy of Activation Fitted with
the First-Order and Second-Order Reaction-Rate Equations in Two
Different Temperature Ranges

T (°C) ∆Sq (J mol-1 K-1) ∆Hq (kJ mol-1)

First-order 50-66 226( 16 159( 5.2
85-96 -132( 34 50.2( 12

Second-order 50-66 510( 16 216( 5.4
85-96 -42.4( 46 49.6( 17

Figure 5. The plot of lnk against 1/T in two temperature ranges. (A) and
(C): 50-66°C, (B) and (D): 85-96°C. In (A) and (B), the data (square
points with error bar) are fitted (line) by the first-order rate equation, and
in (C) and (D), the second-order equation is applied. From the plot, the
standard entropy and enthalpy of activation can be derived.

Figure 6. The comparison on the final FRET intensity at the elevated
temperatures (A) and that after cooled (B). These two profiles show that
the exchange mechanisms are different between the low- and high-
temperature ranges.
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phosphorylation may dissociate the multimeric structure to
dimers.39

The observation on the dominant two-fragment event together
with minor distribution of multiple splitting in the first step of
the Cy3-monofunctional dye-labeled MjHsp16.5 proteins indi-
cates that the observed dissociation rate is in the same order of
the time resolution of the movies (50 ms/frame). The distribution
of the final fragments showed even-number population in the
dissociation statistics, and the maximum number is smaller than
12. There are three different dimer-dimer contacts related by
the 2-, 3-, and 4-fold axes, in which the most extensive subunit
contacts are found around the 2-fold axis.4 The even-number
distribution reflects the fact that the 24-mer is built on dimers
with weaker contact between them (Figure 7). The ratio of 18.5
for the dye/protein assembly implies that 77% of the monomers
were labeled with dyes. Therefore, it is suggested that the 24-
mer complex could dissociate step by step with some final
fragments being dimers.

Different Mechanisms of Subunit Exchange at Two
Temperature Ranges. It is well-known that if the rate-
determining step in a chemical process is a unimolecular first-
order dissociation,∆Sq is usually positive, because the con-
version of the reactant to the transition state results in a loose
molecular structure at the transition state. On the other hand, if
the rate-determining step is a bimolecular second-order reaction,
∆Sq is usually negative, because two reactant molecules have
to come together to form one transition state complex.33 ∆Hq

corresponds to the reaction barrier. Dissociation often has a
higher∆Hq than a bimolecular reaction. The comparison of the
activation entropy and enthalpy at low (50-66 °C) and high
(85-96 °C) temperature ranges is shown in Table 1. Regardless
of the reaction order in the fitting models, the activation entropy
in the low-temperature range is positive, whereas that in the
high-temperature range is negative. It is also noticed that the
activation enthalpy in the low-temperature range is higher than
the one in the high-temperature range. Combined with the direct
observation of dissociation of the 24-mer assembly in SMI, the
behaviors in the two temperature ranges can be well explained
by the following suggestion. In the low-temperature range, the
rate-determining step is the dissociation of the 24-mer, and the
subunit exchange in this low-temperature region follows the
dissociation-dependent mechanism. Meanwhile, during the
dissociation and subunit exchange, the dimer remains intact.

When the temperature is high enough, the subunit exchange
based on dimers quickly finishes; also, the higher the temper-
ature is, the more the fragments appear. At the same time,
collisions among different protein oligomers cause monomer
to be exchanged between dimers, whose rate-determining step
is a bimolecular reaction.

The above suggestion can also explain the results in Figure
6. From Figure 6A it is seen that the final FRET intensity
reduced with the increase of temperature in the low-temperature
region. This can be interpreted by that accompanying the subunit
exchanges, either dissociation or expansion of the assembly
proceeds with the temperature. At this moment, it is not possible
for us to differentiate between the two cases. In Figure 6B, the
initial increase of the FRET intensity may reflect the fact that
at the moment of cooling, the exchange reaction does not reach
full scale yet. The plateau in the major part of the low-
temperature region indicates that after the completion of subunit
exchange, the status of products at different temperatures is the
same after they cooled. In the high-temperature range, the FRET
intensity increases in both Figure 6A and B, which indicates
that the final status is different from that in the low-temperature
range. This is in agreement with the suggestion that the dimer
is intact in the low-temperature range and that the exchange of
monomers occurs between dimers in the high-temperature range.

At physiological temperatures, the underlying chaperone
mechanism of sHsps involves the temperature-regulated expo-
sure of hydrophobic binding sites, and their exposure is realized
by the dissociation of large oligomers into smaller oligo-
mers6,11,14,40,41, whereas in the case of MjHsp16.5, the supportive
evidence for the thermally induced expansion at elevated
temperatures was provided by dynamic light scatting as well
as electron microscopy.10 The volume of the cavity of the
MjHsp16.5 spherical 24-mer oligomer would not be large
enough to contain 24 SCMs (single chain monellin, a model
substrate) without changing the size.42 Some other sHsps have
the dissociation process under heat shock conditions.6,40,43,44

Hsp25 16-mer complex is in a concentration-dependent equi-
librium with tetramers and dimers and forms large particles
when incubated above 65°C.17 The dissociated species expose
the hydrophobic regions that are the binding site for the non-
native protein. Our observation provides some new insight
regarding the mechanism of subunit exchange and protein
protection.

Conclusion

In this study, for the first time, our SMI experiment has
directly observed the dissociation of the MjHsp16.5 complex.
The SMI results and the application of the transition state theory
on FRET data have revealed different mechanisms on the
temperature-regulated subunit exchange and different aggrega-
tion of MjHsp16.5 at different temperatures. Below 75°C, the
dissociation-induced subunit exchange is the dominant process
in which the dimer remains intact. Above 75°C, smaller units
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Biol. Chem.1999, 274, 9378-9385.
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Figure 7. Schematic representation of the MjHsp16.5 protein structure with
the dimer as the building block. (A) The interior of the sphere with the
front one-third cut off is viewed along the crystallographic 3-fold (left)
and 4-fold (right) axes. Schematic octahedrons of the structure oriented in
the same way are shown in the middle. (B) The population of even-number
fragments in the dissociation can be understood with the illustration.
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emerge in the exchange, and the rate-determining step of subunit
exchange has the character of a bimolecular reaction.
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