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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 The putative molecular chaperone mechanism of sHsps
involves temperature-regulated exposure of hydrophobic regions
that bind to exposed hydrophobic patches on protein substrates
fo form large sHspsubstrate complexes. Recent study on

Small heat shock proteins (sHsps) are abundant and ubiqui-
tous among all organisms and have functional diverfsityhe

sHsps belong to a class of heat shock proteins (Hsps) that can ; : -
protect proteins from thermal denaturation and irreversible MjHsp16.5 at high temperature suggests that there is a relation-

aggregation under stress conditions and also have chaperon&hiP Petween the activation mechanism and size altefetfon
activity. According to the size, the Hsps are divided into five OF Subunit exchang®. It was proposed that the activation
major families: Hsp100, Hsp90, Hsp70, Hsp60, and sHsps. The mecha}nlsm of MJH3916.§ m_volved temperature-induced con-
SHsps range in size from 12 to 42 K and form large oligomeric formational change with size increment of the complex resulting
complexes of 1242 subunits. The sHsps share a homologous N the exposure of hydrophobic substrate-binding $itand
a-crystalline domain with a short C-terminal extension and a €ven at ambient temperature, the MjHsp16.5 assemblies have
variable hydrophobic N-terminal region. By exposing the 100se, if not perfect, octahedral symmetfyBut there are
hydrophobic surfaces, misfolding and partially unfolding pro- different possible mechanisms to explain the chaperone activity.
teins can aggregate, contributing directly to some diseases, suctPne is that the substrates bind to the outside surface of the
as cataract and Parkinson’s disa$&rough binding non-native  sphere without the disassembly of MjHsp18 &nother is that
proteins, sHsp can suppress the aggregation and keep théhe MjHsp16.5 dissociates into smaller active subuttifShe
proteins ready for refolding. subunit exchange and changes in oligomerization or in quater-
Due to the polydispersity, up to now only a few crystal nary structure are suggested to be important for the sHsp
structures of the sHsps are reported, including archeal MjH- activity.1*-18 Similarly, the mechanism of MjHsp16.5 subunit
sp16.3 from Methanococcus jannasch(iving at temperature
up to 94°CP and wheat sHsp169The quaternary structures  (8) Bukach, O. V.; Seit-Nebi, A. S.; Marston, S. B.; Gusev, N.Eur. J.
and subunit interactions are clearly shown. Dimers are the most (g) R 51 va L Loe 1 H. Cheong, G. W.: Kim. K. K. W, Z..

stable suboligomer. Although a dimer is the building block for 1850§615T.;8hf§gqusee, S.; Kim, S. fProc. Natl. Acad. Sci. U.S.2003
h?gher asse_mbly in thh cases, their ql{atemary structures argo) kim, D. R.; Lee, I.; Ha, S. C.: Kim, K. KBiochem. Biophys. Res. Commun.
different. MjHsp16.5 is a hollow spherical 24-mer, whereas 2003 307, 991-998.

. . . 11) Bova, M. P.; Huang, Q. L.; Ding, L. L.; Horwitz, J. Biol. Chem200
sHsp16.9 is a dodecameric double disk. Some sHsps have the( ) 277, 38458_38475_9 Q 9 2

i i , 8 (12) Haley, D. A.; Bova, M. P.; Huang, Q. L.; McHaourab, H. S.; Stewart, P.
dimeric state’ L. J. Mol. Biol. 200Q 298 261-272.
(13) Bova, M. P.; McHaourab, H. S.; Han, Y.; Fung, B. K. K.Biol. Chem.

(1) Saibil, H.Curr. Opin. Struct. Biol.200Q 10, 251-258. 200Q 275 1035-1042.

(2) Haslbeck, MCell. Mol. Life Sci.2002 59, 1649-1657. (14) Bova, M. P.; Ding, L. L.; Horwitz, J.; Fung, B. K. K. Biol. Chem1997,

(3) Clark, J. I.; Muchowski, P. Xurr. Opin. Struct. Biol200Q 10, 52—59. 272, 29511-29517.

(4) Kim, K. K.; Kim, R.; Kim, S. H. Nature 1998 394, 595-599. (15) Giese, K. C.; Vierling, EJ. Biol. Chem2002 277, 46310-46318.

(5) Jones, W. J.; Leigh, J. A.; Mayer, F.; Woese, C. R.; Wolfe, RASh. (16) Koteiche, H. A.; McHaourab, H. Sl. Biol. Chem.2003 278 10361
Microbiol. 1983 136(4) 254-261. 10367.

(6) van Montfort, R. L. M.; Basha, E.; Friedrich, K. L.; Slingsby, C.; Vierling, (17) Ehrnsperger, M.; Lilie, H.; Gaestel, M.; BuchnerJJBiol. Chem1999
E. Nat. Struct. Biol.2001, 8, 1025-1030. 274, 1486714874.

(7) Kim, M. V.; Seit-Nebi, A. S.; Marston, S. B.; Gusev, N. Biochem. (18) Friedrich, K. L.; Giese, K. C.; Buan, N. R.; Vierling, B. Biol. Chem.
Biophys. Res. Commu004 315, 796-801. 2004 279, 1080-1089.
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exchange has two possibilities: collision-dependent exchangePentamax, Roper Scientific). Two 550 nm long-pass filters were used
and dissociation-dependent exchakye. to block the laser scattering light. The exposure time was 50 ms per

Practically, all previous knowledge has been learnt from frame. To maintain total protein concentration during SMI, the dye-
ensemble experiments, even though the interpretation is givenlabeled proteins were diluted to 79 M with unlabeled proteins (10

M, 0.069 mg/ml) and were dropped onto the glass slide.
on a molecular level. The ensemble-averaged measurement may Ensemble FRET Spectrum.After the equal-volume mixture of

overlook 'mporta_mt information t_hat is related t_o th? single- Cy3-monofunctional dye-labeled MjHsp16.5 and Cy5.5-monofunctional
molecular behaviors. Recently, single-molecule imaging (SMI) gye-jabeled MjHsp16.5 the solution was heated, with a heating rate of
has emerged as a novel tool to investigate biological processesi20°C/min by a heating/freezing stage (Linkam, THMS 600, Tadworth,
with great details, which can provide insights into the molecular UK, accuracy 0.1 K). Immediately after the solution reached the desired
behavior and visualize the biological processes beyond thetemperature, the fluorescence spectra excited at 514 nm were collected
ensemble averagé729 between 500 and 850 nm using a Renishaw Raman 1000 System

Here. for the first time. the dissociation event of 24-mer (Wotton-Under-Edge, UK). The kinetic runs were taken at different

MjHsp16.5 protein was captured by SMI. As a sensitive monitor temperatures._Most of the solutions were kept_at each ple;wed temper-
. ature for 90 min to reach the plateaus of the signal variation, whereas
for distance, fluorescence resonance energy transfer (FRET) wa:

. . or some others, the heating time was shortened due to the fast reaction
employed to reveal the mechanism of subunit exchange of .. v+ o less than 30 min

MjHsp16.5 in vitro at various elevated temperatufeJhe Image Analysis. The positions of the molecular trajectories were
kinetic analyses indicated that below’Zsthe rate-determining  determined according to each local maximum through the movie stack.
step was the dissociation of the dye-labeled 24-mer, whereasThe diffusion coefficient was determined by fitting the mean-square
above 78C, the rate-determining step had the character of a displacements with the Enstei®moluchowski equation
bimolecular reaction.
[Ar’[= 4Dt 1)
Experimental Section
where [Ar?0is the mean square displacemebt.is the diffusion
Expression, Purification, and Labeling.pET21a plasmid (generous  coefficient, andt is the time. In the case of dissociation into two
gifts from Professor Sung-Hou Kim of University of California at  fragments, the diffusion coefficient®,, Dr, andDs, representing the
Berkeley) containing MjHsp16.5 gene was transformedEgcherichia parent, the fast fragment, and the slow fragment, respectively, were
coli strain Rossetta (DE). Expression and purification of MjHsp16.5 deduced. To eliminate most uncertainties, the ratioB4i, and D/
were performed according to the reported procedure with minor p, were used as the scaled diffusion coefficients. The corresponding
modifications® Following the instruction of the labeling kit (Amersham  error in the diffusion coefficients was calculated according to the rules
Pharmacia), the MjHsp16.5 24-mer was labeled with amine-reactive of error propagatioft
Cy3 (donor) or Cy5.5 (acceptor) separately, and the final dye/protein  Kinetic Analysis. In the ensemble FRET experiment, the total
ratios were estimated. For the Cy3- and Cy5.5-monofunctional reactive fluorescence intensities were integrated from 500 to 850 nm for donor
dye, the final ratios of dye/protein assembly were 18.5 and 7.8, (Cy3) and 650 to 850 nm for acceptor (Cy5.5). The crosstalk was
respectively. The concentrations of 24-mer protein were 0.52 mg/mL minimized by extracting the acceptor spectrum from the FRET spectrum
for Cy3—sHsp and 0.35 mg/mL for Cy5-5Hsp. For the bisfunctional  ysing a pure Cy3 fluorophore spectrum. The FRET intensity was defined
dye, the dye/assembly ratio was 11.5 for Cy3 dye. The concentrations gs
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 _ I(Cy5.5)

structures were probably not changed, and the size exclusion chroma- lrrer = W @

tography showed that there is no appreciable variation in the status of

oligomerization after the labeling. To analyze the kinetic data, we considered the increase of acceptor
Single-Molecule Imaging.A 532 nm laser beam (Millennia lls, intensity rather than the decrease of donor intensity because of the

Spectra-Physics) was reflected by a dichroic mirror (575 nm long-pass €xistence of the background from non-FRET fluorescence in Cy3 due

or 560 nm long-pass filter) into a 1800bjective (NA= 1.30, oil, to the over labeling of Cy3. The acceptor intensity as a function of

Nikon) mounted on an inverted fluorescence microscope (TE300, time was fit to a first-order rate equation
Nikon) .22 The fluorescence emission from molecules was collected by -
the same objective and imaged onto an intensified CCD camera (I IA() =A1—e™) (3)

(19) Weiss, SSciencel999 283 1676-1683. or a second-order rate equation
(20) van Oijen, A. M.; Blainey, P. C.; Crampton, D. J.; Richardson, C. C;
Ellenberger, T.; Xie, X. SScience2003 301, 1235-1238.

(21) Seisenberger, G.; Ried, M. U.; Endress, T.; Buning, H.; Hallek, M.; | (t) =B ___ 0 (4)
Brauchle, C Science2001, 294, 1929-1932, A 0 gfk2_ o

(22) Yasuda, R.; Noji, H.; Yoshida, M.; Kinosita, K.; Itoh, Mature 2001,
410, 898-904. . .

(23) Zhuang, X. W.; Kim, H.; Pereira, M. J. B.; Babcock, H. P.; Walter, N. G.; WhereA, andB, are fitting parameters aridis the rate constarit.The
ChIL(J, dS-ScielncéQOZ 296, 14?}16176]( oh | activation enthalpyAH*, and activation entropyAS*, could be derived

(24) I,&gag_ ZZ}Y%I.'SMA'Z(%]??ngAd Jg'éBB(?_QCZOBCE)_’ H. P.; Zhuang, X.Rfioc. Natl according to the transition state thedfyThe assumption thatH *

(25) Lu, H. P.; Xun, L. Y.; Xie, X. SSciencel998 282, 1877-1882. and AS* were independent of temperature was made.

(26) Bustamante, C.; Bryant, Z.; Smith, S. Bature2003 421, 423-427.

(27) Zhuang, X. W.; Bartley, L. E.; Babcock, H. P.; Russell, R.; Ha, T. J.; Results
Herschlag, D.; Chu, SScience200Q 288 2048-2051.

(28) Moerner, W. E.; Orrit, MSciencel999 283 1670-1676. i iati i i .

(29) Peleg, G.; Ghanouni, P.; Kobilka, B. K.; Zare, R.oc. Natl. Acad. Sci. Dissociation of MjHsp16.5 at the Single-Molecule Level.
U.S.A.2001, 98, 8469-8474. The dissociation of the parent 24-mer complex into multiple

(30) Kim, K. K.; Yokota, H.; Santoso, S.; Lerner, D.; Kim, R.; Kim, S. #. ; B P P i
Struct, Biol. 1998 121 76.80. small daughter subunits was captured in solution using epi

(31) See Supporting Information for details.

(32) Guan, Y. H.; Hong, L.; Wild, U. P.; Zhao, X. &ife Sci. Instrum2003 (33) Moore, J. W.; Pearson, R. &jnetics and Mechanisnihird ed.; John
1, 38—39. Wiley & Sons: New York, 1981; pp 197, 256.
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Figure 1. Dissociation of Cy3-monofunctional dye-labeled MjHsp16.5. Scaled Diffusion Coefficient

(A) Four sequential fluorescence images show the dissociation process. AsFigure 2. Cy3-bisfunctionanl dye-labeled MjHsp16.5 results in long
an example, this 24-mer complex dissociate into six smaller subunits. The dissociation trajectory with two fragments. (A) Fluorescence images show
exposure time of each frame is 50 ms, and the sequential numbers of thea two-fragment dissociation. The exposure time of each frame is 50 ms,
frames are shown. (B) The distribution of the number of fragments at the and the sequential numbers of the frames are shown. (B) and (C) Distribution
first dissociation step. (C) The final distribution of the number of fragments. ©f the scaled diffusion coefficient. The error bars on the scaled diffusion

coefficients are shown.
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 Figure 3. Ensemble reaction process monitored by FRET intensity versus
time at different elevated temperatures. Obviously, three temperature regions

dissociation process, a Cy3-bisfunctional dye was used to labelgouid be recognized: the range of low temperature-@®°C), the range

the proteins with chemical cross linkage between subunits. As of high temperature (8696 °C), and the range between them.

expected, two-fragment events were dominantly observed

(Figure 2A), so that a reliable diffusion coefficient on the diffuse more slowly than that in the solutiéh® In our
trajectories could be obtained. To quantitatively describe the experiment, the motion of proteins could only be observed in a
dissociation process, the mean square displacements before anthin layer at the airwater interface, which means that a model
after the dissociation were calculated and fitted with the Of two-dimensional movement instead of three-dimensional
Enstein-Smoluchowski equation. Figures 2B and 2C present motion should be applied. Some fast drift or directional motion
the distributions of the scaled diffusion coefficients. The errors was found immediately after the protein solution was dropped
in the diffusion coefficients were evaluated and are shown in onto the glass slide. The two-dimensional free diffusion was
the figures. Because of the reciprocal relationship between theimaged after 10 or 20 minutes when the solution was stable.
diffusion coefficientD and the particle radius, the scaled  TO confirm that the observation was at the liquir interface,
diffusion coefficient should be greater than one. The distribu- We used two glass slides to sandwich the protein solution, and
tions confirmed that the observed splitting of the trajectories We failed to capture the image of the protein motion.

was due to the dissociation of the parent assembly. Temperature-Regulated Subunit Exchange of MjHsp16.5.

To understand the mechanism of MjHsp16.5 dissociation at To dt_etermine the effect _of temperature on the subunit-exchange
room temperature, we compared the observed diffusion coef-°f MiHsp16.5, we monitored the reaction through the FRET
ficient of MjHspl6.5 with a theoretical estimation in the INtensity over a wide range of temperatures.
solution. We found that it was impossible to track the 24-mer ~ Figure 3 shows the ensemble reaction processes at elevated
proteins in the PBS buffer by our conditions of image collection temperatures monitored by the FRET intensity. The reaction
because of the fast molecular motion. By shifting the focus point rate increased with the temperature in—&® °C (the low-
into different planes of the solution, we found that what we
observed was the trajectories at the liquédr interface. This
is understandable because at the-aiater interface, the proteins  (35) Xu, S.; Damodaran, S. Colloid. Interface Sci1993 159, 124-133.

(34) Sengupta, T.; Razumovsky, L.; Damodararl,&gmuir1999 15, 6991~
7001
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and the kinetic fit to the acceptor intensities in (C) and (D) at two

0 20 40 60 80 100 0 20 40 60 80 100

Time (minutes)

reactions were used to fit the observed data (square points).

Table 1.

1000/(T/K)

Figure 4. Time-dependent spectra of the ensemble FRET in (A) and (B) Figure 5. The plot of Ink against 1T in two temperature ranges. (A) and
(C): 50-66°C, (B) and (D): 85-96°C. In (A) and (B), the data (square
representative reaction temperatures. The rate constant can be determineBoints with error bar) are fitted (line) by the first-order rate equation, and
from the curve fit. First-order (solid line) and second-order (dashed line) in (C) and (D), the second-order equation is applied. From the plot, the

standard entropy and enthalpy of activation can be derived.

0.5

Standard Entropy and Enthalpy of Activation Fitted with

the First-Order and Second-Order Reaction-Rate Equations in Two A_ .
Different Temperature Ranges 041 ..
T(°C) ASF (I molt K1) AH (k3 mol-1) 03} . ’
First-order 506-66 226+ 16 159+ 5.2 02 . .
85-96 —1324 34 50.2+ 12 .
Second-order 5666 510+ 16 216+ 5.4 0.1
85-96 —42.4+ 46 49.6+ 17 ta
_£ 0ol B
0.8 e
temperature range), but a slow process came in when the o7l .
temperature was higher than 7T, and the reaction rate et
increased again with the increase of the temperature 980 0.6F
°C (the high-temperature range). The reaction rate in the high- 05L . . . .
temperature region was slower than the one in the lower- S0 60 70 80 90 100

Temperature (°C)

temperature region. . . Figure 6. The comparison on the final FRET intensity at the elevated
Two sets of selected data of spectra against time are shownemperatures (A) and that after cooled (B). These two profiles show that

in Figure 4A,B. Because of the uncertainty of the reaction order the exchange mechanisms are different between the low- and high-
on the rate-determining step, the increase of the acceptortémperature ranges.
intensity was fit by the rate equations of first-order and second- ) ) )
order reactions, respectively. Both gave reasonable fits, as24-mer sphere is much more hydrophobic than the outside
demonstrated in Figure 4C,D.Sf andAH* were derived (Table ~ Surface, and the conserved hydrophobic residues are involved
1) from the Arrhenius plot (Figure 5) by using the transition in dimer interactiorf. When the protein is at the aiwater
state theory, assuming that bo& and AH* are constants.  interface, the change of its environment affects the stability of
The separate linearities in the two graphs of different temper- hydrogen bonding and hydrophobic and electrostatic interac-
ature ranges indicate that there were two kinds of kinetic tions, leading to the exposure of the hydrophobic region to air
processes. and facilitating the dissociation. Water molecules will be trapped
After the reaction reached a plateau at elevated temperaturesin an orderly arrangement by reorganization when the proteins
the solutions were cooled to room temperature. The final FRET denature in a solution, which causes a negative entropy change
intensity at the elevated temperatures and that after cooled argAS= —22.4 J mot! K~1 per water molecule reorganizZ&j
compared in Figure 6. The two types of profiles are obviously According to the crystal structufethere are in total 20 contacts
different. In Figure 6A, the most striking feature is the decrease around the 3-fold and 4-fold axes, including hydrogen bond,
of FRET intensity in the low-temperature region and the increase ionic interaction, and hydrophobic interaction. Therefore, the
of FRET intensity in the high-temperature region. However, in dissociation of the sHsp assembly in solution at room temper-
Figure 6B, the FRET intensity continues to increase with a ature is probably an entropy-reducing process. Opposite to the
plateau in the major part of the low-temperature region. 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,

Discussion

Air/Water Interface Dissociation. The mechanism of in-
terfacial denaturation of a protein may be similar to its thermal
denaturation in solutioPf3” The inside surface of MjHsp16.5

(37) Xu, S.; Damodaran, $angmuir1992 8, 2021-2027.
(38) Fisicaro, E.; Compari, C.; Braibanti, Rhys. Chem. Chem. Phy004 6,
4156-4166.

(36) Razumovsky, L.; Damodaran, Bangmuir1999 15, 1392-1399.
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&

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
t"‘r{gugi?n:éricshﬁ:gagﬁilfgﬁ]festjgtcalfio(%)f;nz '}’r']it';fi%ﬁ?&fgtzi“hztrfgc\%ﬁ m;h exchanges, either dissociation or expansion of the assembly
front one-third cut off isgviewed along the crystallograph?c 3-fold (left) proceeds Wlth the_ temperature. At this moment, it 'S_' not possible
and 4-fold (right) axes. Schematic octahedrons of the structure oriented in fOr Us to differentiate between the two cases. In Figure 6B, the
the same way are shown in the middle. (B) The population of even-number initial increase of the FRET intensity may reflect the fact that
fragments in the dissociation can be understood with the illustration. 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

the Cy3-monofunctional dye-labeled MjHsp16.5 proteins indi- intensity_increases_in t_)oth Figure 6A a_nd B, which indicates
cates that the observed dissociation rate is in the same order of 1t the final status is different from that in the low-temperature
the time resolution of the movies (50 ms/frame). The distribution 'ang€: This is in agreement with the suggestion that the dimer
of the final fragments showed even-number population in the Is intact in the Iow-temperatu_re range and_ that the exchange of
dissociation statistics, and the maximum number is smaller than MoNOMers occurs between dimers in the high-temperature range.
12. There are three different dimedimer contacts related by At physiological temperatures, the underlying chaperone
the 2-, 3-, and 4-fold axes, in which the most extensive subunit mechanism of sHsps involves the temperature-regulated expo-
contacts are found around the 2-fold a&iEhe even-number  Sure of hydrophobic binding sites, and their exposure is realized
distribution reflects the fact that the 24-mer is built on dimers 2Y thfl g'fosﬁc'at'on of large oligomers into smaller oligo-
with weaker contact between them (Figure 7). The ratio of 18.5 Mers 1444 iwhereas in the case of MjHsp16.5, the supportive
for the dye/protein assembly implies that 77% of the monomers €vidence for the thermally induced expansion at elevated
were labeled with dyes. Therefore, it is suggested that the 24-€mperatures was provided by dynamic light scatting as well

mer complex could dissociate step by step with some final @S €lectron microscopy. The volume of the cavity of the
fragments being dimers. MjHsp16.5 spherical 24-mer oligomer would not be large

enough to contain 24 SCMs (single chain monellin, a model
substrate) without changing the siZeSome other sHsps have
t. the dissociation process under heat shock condifiéhig?44

phosphorylation may dissociate the multimeric structure to
dimers®®

The observation on the dominant two-fragment event together
with minor distribution of multiple splitting in the first step of

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 firs > Y - )
order dissociationAS* is usually positive, because the con- SP25 16-mer complex is in a concentration-dependent equi-
version of the reactant to the transition state results in a Ioose“b”um with tetramers and dlmers. and.forms large particles
molecular structure at the transition state. On the other hand, if When incubated above &1 The dissociated species expose
the rate-determining step is a bimolecular second-order reaction, "€ hydrophobic regions that are the binding site for the non-
A is usually negative, because two reactant molecules haveNativé protein. Our observation provides some new insight
to come together to form one transition state complexH* regard|_ng the mechanism of subunit exchange and protein
corresponds to the reaction barrier. Dissociation often has aProtection.
higherAH* than a bimolecular reaction. The comparison of the conclusion
activation entropy and enthalpy at low (566 °C) and high ) ] ) )

(85—-96 °C) temperature ranges is shown in Table 1. Regardless " this study, for the first time, our SMI experiment has
of the reaction order in the fitting models, the activation entropy directly observed the dissociation of the MjHsp16.5 complex.
in the low-temperature range is positive, whereas that in the The SMI results and the appllcatlon of the transmon. state theory
high-temperature range is negative. It is also noticed that the®" FRET data have revealed different mechanisms on the
activation enthalpy in the low-temperature range is higher than temperature-regulated subunit exchange and different aggrega-
the one in the high-temperature range. Combined with the direct ion of MjHsp16.5 at different temperatures. Below 5, the
observation of dissociation of the 24-mer assembly in SMI, the dissociation-induced subunit exchange is the dominant process
behaviors in the two temperature ranges can be well explainedn Which the dimer remains intact. Above 76, smaller units
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