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ABSTRACT

The small heat shock protein (sHSP) from Methanococcus jannaschii (Mj Hsp16.5) forms a monodisperse 24mer and each of

its monomer contains two flexible N- and C-terminals and a rigid a-crystallin domain with an extruding b-strand exchange

loop. The minimal a-crystallin domain with a b-sandwich fold is conserved in sHSP family, while the presence of the b-

strand exchange loop is divergent. The function of the b-strand exchange loop and the minimal a-crystallin domain of Mj

Hsp16.5 need further study. In the present study, we constructed two fragment-deletion mutants of Mj Hsp16.5, one with

both the N- and C-terminals deleted (DNDC) and the other with a further deletion of the b-strand exchange loop

(DNDLDC). DNDC existed as a dimer in solution. In contrast, the minimal a-crystallin domain DNDLDC became polydis-

perse in solution and exhibited more efficient chaperone-like activities to prevent amorphous aggregation of insulin B chain

and fibril formation of the amyloidogenic peptide dansyl-SSTSAA-W than the mutant DNDC and the wild type did. The

hydrophobic probe binding experiments indicated that DNDLDC exposed much more hydrophobic surface than DNDC. Our

study also demonstrated that Mj Hsp16.5 used different mechanisms for protecting different substrates. Though Mj Hsp16.5

formed stable complexes with substrates when preventing thermal aggregation, no complexes were detected when preventing

aggregation under non-heat-shock conditions.
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INTRODUCTION

Small heat shock proteins (sHSPs) are an ubiquitous

class of heat shock proteins that have a monomer size

from 12 kDa to 43 kDa and assemble into large oligom-

ers of 9-40 monomers.1,2 SHSPs show chaperone-like

activities to protect other unfolded proteins from aggre-

gation, which is a protection mechanism used by cells

from different organisms. As sHSPs are associated with

many protein misfolding diseases such as cataracts, Alz-

heimer’s disease and Parkinson’s disease, investigations

on the relationship between the structure and the func-

tion of sHSPs will provide useful information to under-

stand the mechanisms of these diseases.3–5

Mj Hsp16.5 is a sHSP from Methanococcus jannaschii.

Chaperone-like activities of Mj Hsp16.5 have been

reported for many substrates in vitro.6–9 Mj Hsp16.5

shows efficient chaperone-like activities to prevent the

thermal aggregation of single-chain monellin (SCM) and

Escherichia coli cell extract at 80�C, and a tight complex

is formed between Mj Hsp16.5 and SCM.6,9 However,

Mj Hsp16.5 is an inefficient chaperone in preventing the

dithiothreitol (DTT)-induced aggregation of the insulin
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B chain at 37�C.7 The underlying mechanism of the

substrate-dependent chaperone-like activities of Mj

Hsp16.5 needs to be further explored.

The crystal structure reveals that Mj Hsp16.5 is a

homomeric 24mer with a hollow spherical shape and

octahedral symmetries. The sHSP family is highly con-

served and has similar monomer protein structure. The

monomer of Mj Hsp16.5 can be segmented as three

domains: the highly disordered N-terminal domain (resi-

dues 1–33), the C-terminal domain (residues 136–147),

and the entire a-crystallin domain (residues 34–135),

which is composed of a rigid b-sandwich (the minimal

a-crystallin domain) and an extruding b-strand exchange

loop (residues 87–98).1 As the first reported crystal

structure for sHSP, the structure of Mj Hsp16.5 has been

widely used in comparing with or building structure

models for other sHSP.4,10,11 The minimal a-crystallin

domain is the most conserved region in the sHSP family,

while the sequence and structure conservation of the N-

and C-terminals are low and the presence of the extrud-

ing b-strand exchange loop in the a-crystallin domain

are divergent.1,10,12,13

How these non-conserved fragments and the con-

served minimal a-crystallin domain of Mj Hsp16.5 con-

tribute to its oligomer assembly and chaperone-like

function remain to be understood. The N-terminal

domain was reported to be necessary for the chaperone-

like activity of many sHSPs.6,14,15 Since the minimal a-

crystallin domain is the most conserved part in the sHSP

family, it is interesting to know whether the minimal a-

crystallin domain alone is sufficient for the chaperone-

like activities. The b-strand exchange loop is another

important and interesting fragment of Mj Hsp16.5. The

24mer structure of Mj Hsp16.5 is assembled from dimer

building blocks and each of the dimer is formed by two

monomers with a domain swapping structure using this

b-strand exchange loop.1 Sequence alignment indicates

that the long b-strand exchange loop exists in Mj

Hsp16.5 and wheat Hsp16.9, while the loop is very short

in mammalian sHSPs, such as mammalian (human,

bovine, and murine) aA-crystallin, aB-crystallin,

Hsp27.1,4,10,16,17 The importance of this loop is also

supported by the fact that mutations in this loop of

mammalian sHSPs are correlated with certain congenital

disease such as Charcot-Marie-Tooth disease.18,19

Understanding the function of this loop region in Mj

Hsp16.5 will be helpful to uncover the evolutional differ-

ence from Mj Hsp16.5 to mammalian sHSPs, and to

understand the mechanisms of the related diseases.

In the present study, we investigated the function of

the non-conserved fragments and the conserved minimal

a-crystallin domain of Mj Hsp16.5. Two fragment-

deletion mutant proteins of Mj Hsp16.5, DNDC (mutant

deleting the N-terminal and the C-terminal), and

DNDLDC (mutant deleting the N-terminal, the C-

terminal and the b-strand exchange loop) were con-

structed. Their oligomer state, chaperone-like activities,

hydrophobic surface, and the properties of complex for-

mation with different substrates were studied. Mj

Hsp16.5 was found to use different mechanisms of

chaperone-like activities for different substrates.

MATERIALS AND METHODS

Materials

Rosetta (DE3), pGEX 4T-1 plasmid, T7 promoter, and

terminator primers were from Novagen. The pET21a

plasmid containing the Mj Hsp16.5 gene was a generous

gift from Professor Sung-Hou Kim at the University of

California, Berkeley. Primers for mutation were synthe-

sized by Boya company. Citrate synthase (CS) from por-

cine heart, insulin from bovine pancreas, 4,40-dianilino-

1,10-binaphthyl-5,50-disulfonic acid dipotassium salt (bis-

ANS), bovine serum albumin, ovalbumin from chicken

egg white, trypsin inhibitor from soybean, cytochrome C

from horse heart, and mineral oil were from Sigma.

Water was of Millipore quality. All other chemicals were

of analytical grade or higher.

Mutant plasmid construction

The fragment-deleted mutants were constructed as fol-

lows: Single-fragment-deleted mutants: DN (the N-

terminal 33 amino acid residues were omitted by design-

ing a 50 primer which began matching with the wild-

type (WT) template at residue 34) and DC (the C-

terminal 12 amino acid residues were omitted by chang-

ing the WT template at residue 136 to a stop codon),

and DL [amino acid residues 87–98 MITESERIIYSE were

replaced by SGG using polymerase chain reaction (PCR)

long primer mutagenesis]. Double-fragment-deleted

mutants were constructed based on the single-fragment-

deleted mutants by PCR amplification as follows: DNDC

(template: DC, 50 primer was the same as the DN 50

primer); and DLDC (template: DL, 30 primer: 136 stop

codon primer). The triple-fragment-deleted mutant

DNDLDC was constructed by PCR amplification, using

DLDC as template and the DN 50 primer as 50 primer.

The primers not mentioned previously were T7 promoter

or terminator primers. The mutants DN, DNDC, and

DNDLDC were constructed using plasmid pGEX4T-1.

Two residues, Gly and Ala, were added to the N terminal

of these mutant proteins, due to the Glutathione-S-

transferase (GST) fusion protein expression system.

Mutant protein expression and purification

All plasmids were transformed to Rosetta (DE3) for

expression. The fragment-deleted mutant proteins DNDC

and DNDLDC were purified using the GST fusion

method. Rosetta (DE3) were grown to the exponential

phase at 37�C, then expression of fusion protein was
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induced by adding 0.5 mM isopropyl-1-thio-b-D-galacto-

pyranoside at 25�C for 5 h. The cell pellet was collected by

centrifugation (4�C, 8000 rpm with rotor JLA-8.1 from

Beckman Coulter, 10 min), and stored at 280�C. For pro-

tein purification, the pellet was resuspended in cell lysis

buffer [30 mL phosphate buffered saline (PBS) buffer with

5 mM ethylenediaminetetraacetic acid, 0.3 mM phenyl-

methylsulfonyl fluoride, and 1 mM DTT for 1 L of cul-

ture], then sonicated using a probe-tip sonicator for 200

cycles (each cycle contained 3 s of sonication and 5 s rest).

The lysate was centrifuged (4�C, 18,000 rpm with rotor

R20A2 from Hitachi, 20 min). The supernatant, precipi-

tate and cell lysate were analyzed by sodium dodecyl sul-

fate polyacrylamide gel electrophoresis (SDS-PAGE) to

verify that the fusion protein was mainly in the superna-

tant. A series of affinity chromatography columns were

applied to purify the mutant proteins. The supernatant of

the cell lysate was loaded onto a pre-equilibrated glutathi-

one column (Hitrap GSTrap FF, GE) in buffer A (50 mM

PBS, pH 7.3, 150 mM NaCl). The GST-fusion protein was

cleaved on column by the addition of 10 units of throm-

bin (GE) for each milligram of GST-fusion protein in

buffer A at 25�C for 10 h to remove the GST tag from the

aimed proteins. Then, the elute containing the products in

the unbounded fraction after enzyme digestion were

loaded onto a pre-equilibrated glutathione column

(Hitrap GSTrap FF,GE) in buffer A again to remove GST

and undigested fusion proteins, which was eluted a little

in the previous step. The elute of the unbound fraction

was then loaded onto a benzamidine sepharose column

(HiTrap Benzamidine FF,GE) to remove thrombin. The

final product in the unbound fraction was concentrated

by ultracentrifugation (4�C, 4500 rpm with rotor SX4250

from Beckman Coulter) with Amicon Ultra-15 centrifugal

3K filter devices from Millipore. The fractions from each

intermediate procedure were analyzed by SDS-PAGE. Pro-

tein bands were stained with Coomassie brilliant blue.

Mass spectrum identification of mutant
proteins

An Autoflex III mass spectrometry with a matrix-assisted

laser desorption/ionization device (Bruker Daltonics

GmbH, Germany) was used to identify the molecular

weight and purity of the purified mutant proteins. Proteins

were predesalted to 20 mM PBS (pH 7.3) buffer before

measurement. MAIDI-TOF mass spectra showed the purity

of both proteins, and the molecular weight of DNDC was

11,497 Da, while that of DNDLDC was 10,242 Da.

Circular dichroism

Circular dichroism (CD) spectra were recorded for the

WT Mj Hsp16.5 and the mutants DNDC, DNDLDC on a

MOS 450 AF/CD (Biologic, France) at different tempera-

tures, with 1 mm path length cylinder quartz cuvettes for

far ultraviolet (UV) region (190–260 nm). The concen-

trations of the three proteins were all 0.2 mg mL21. Pro-

teins were predesalted to 40 mM PBS buffer (pH 7.3)

before measurements. Each CD spectra represents the

average of three scans.

Thermal denaturation curves of the mutant proteins

DNDC and DNDLDC were also recorded on the MOS

450 AF/CD using the Peltier accessory with 1 cm quartz

cuvettes. The CD signal at 216 nm was recorded. The

concentration of the two proteins was 0.1 mg mL21 in

40 mM PBS buffer (pH 7.3), and heating was performed

at the speed of 1�C min21 from 25�C to 95�C.

Buffer condition

All the experiments of the chaperone-like activities

assay, bis-ANS binding experiments and the gel filtration

analyses were carried out with the same physiological

buffer A (50 mM PBS, pH 7.3, 150 mM NaCl).

Protein concentration measurement

The concentrations of Mj Hsp16.5 and the two mutant

proteins DNDC, DNDLDC were determined by absorb-

ance at 280 nm using a UV/visible (Vis) spectrometer

Ultrospec 1100 pro (Amersham Biosciences) with extinc-

tion coefficients of 0.502 mg21cm2 (WT), 0.719

mg21cm2 (DNDC) and 0.680 mg21cm2 (DNDLDC),

respectively. All the extinction coefficients were theoretic

value calculated from the amino acid sequences using the

Vector NTI software from Invitrogen,20 since we used

these determined concentration to compare the

chaperone-like activities of the mutant proteins with the

WT. Bradford method was also used to validate the con-

centration determined by the theoretic extinction coeffi-

cients. The errors of the two methods for the three

proteins were below 20%.

Oligomeric state determination by size
exclusion chromatography

Different concentrations of purified mutant proteins

were loaded onto an analytical size exclusion chromatog-

raphy column (Superdex-75 10/300 GL, GE) pre-

equilibrated with buffer A. The protein molecular

markers ovalbumin from chicken egg white (43.1 kDa),

trypsin inhibitor from soybean (20.1 kDa), and cyto-

chrome C from horse heart (12.3 kDa) were used as

molecular weight standards.

Chaperone-like activity assay for the insulin
substrate

The aggregation of reduced insulin at 37�C triggered

by DTT (2 mM) were monitored by light scattering at

360 nm using a multiwell UV spectrometer SpectraMax

190 (Molecular Device) with a 96-well plate. Insulin was
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first dissolved as high concentration in 20 mM Gly-HCl

buffer (pH 3.0). The concentration of insulin was deter-

mined by absorbance at 280 nm using a UV/Vis spec-

trometer Ultrospec 1100 pro (Amersham Biosciences)

with the extinction coefficients of 1.00 mg21 cm2. Differ-

ent concentrations of the mutant proteins and the WT

were mixed with the substrate insulin (50 lM) to show

the concentration dependence. These experiments were

repeated three times, and the results shown are represen-

tative of one of these experiments with all the samples

prepared and measured at the same time and conditions.

The quantitative difference between different repeats is

less than 20%.

Chaperone-like activity assay for the
amyloidogenic peptide dansyl-SSTSAA-W
substrate

The modified amyloidogenic peptide SSTSAA with a

dansyl group at the N-terminal and a tryptophan residue

at the C-terminal was synthesized by standard Fmoc syn-

thesis.21 The lyophilized peptide was dissolved in water

by sonication for 5 s and filtered by the filter membrane

(0.22 lm). The concentration of the peptide was deter-

mined by the absorbance at 280 nm using a UV/Vis

spectrometer Ultrospec 1100 pro (Amersham Bioscien-

ces) with the theoretic extinction coefficients of 10.0

mg21 cm2. The WT and the mutant DNDC, DNDLDC

with the same molar concentration of the monomer (15

lM) were separately incubated with the amyloidogenic

peptide (150 lM) solution. Amyloid fibril formation

process was monitored by the change in the fluorescence

emission spectrum of the reaction mixture before and

after 24 h incubation in Buffer A at room temperature.

The emission spectrum from 340 nm to 550 nm with the

excitation wavelength of 295 nm was scanned by the Flu-

oroLog 3 Spectrofluorometer (HORIBA Jobin Yvon,

Longjumeau, France). These experiments were repeated

three times and the results shown are representative of

one of these experiments with all the samples prepared

and measured at the same time and conditions. The

order of the chaperone-like activities of the three pro-

teins is consistent among all repeats.

Chaperone-like activity assay for the CS
substrate

The thermal aggregation of CS at 50�C was monitored

by light scattering at 360 nm using a Lambda 45 UV/Vis

spectrometer (Perkin Elmer) with the temperature con-

trolled by a digital temperature controller (PolyScience).

In all aggregation assay experiments, 10 lL of mineral oil

was added to prevent evaporation. The concentration of

CS was determined by absorbance at 280 nm using a UV/

Vis spectrometer Ultrospec 1100 pro (Amersham Bio-

sciences) with the extinction coefficients of 1.78 mg21

cm2. The concentrations of each reaction constituents

were: CS (0.67 lM of the monomer) and the chaperone

(64 lM of the monomer). The preheating of WT and

mutant proteins was performed by incubating them in a

water bath at 85�C for an hour, and then cooling in air to

room temperature. These experiments were repeated three

times and the results shown are representative of one of

these experiments with all the samples prepared and

measured at the same time and conditions. The quantita-

tive difference between different repeats is less than 20%.

Bis-ANS binding experiment

The hydrophobic probe bis-ANS at a final concentra-

tion of 2 lM was separately mixed with WT Mj Hsp16.5

and the mutants DNDC, DNDLDC at the same molar con-

centration of the monomer (2 lM) in physiological buffer

A. The mixture samples were preincubated separately at

room temperature, 37�C and 50�C (using thermal cycler

from Eppendorf) for an hour and cooling to room tem-

perature for measurements. Binding spectra were acquired

by a FluoroLog 3 Spectrofluorometer (HORIBA Jobin

Yvon) with a 1-cm path length cuvette. Samples were

excited at 385 nm, and the emission was recorded from

400 nm to 600 nm. The excitation and emission slit width

were set to 5 nm. Each bis-ANS spectrum represents the

average of three scans. The concentration of bis-ANS was

determined by absorbance at 385 nm with an extinction

coefficient E385 5 16,790 cm21 M21,22 using a NanoDrop

2000 spectrophotometer from Thermo Scientific.

Gel filtration analysis of the chaperon–
substrate complex

The chaperone was mixed with different substrates sep-

arately and aggregation assays for chaperone-like activities

were carried out to guarantee the complete suppression of

the aggregation. The reaction mixture for all the aggrega-

tion assays were centrifuged (12,000 rpm, 5 min), and fil-

tered by the filter membrane (0.22 lm), then loaded onto

the analytical size exclusion chromatography column (Sur-

perose-6 10/300, GE) pre-equilibrated with buffer A.

Structure model generation

The structure model of the monomeric DNDLDC was

generated by mutation from the WT Mj Hsp16.5 with

PyMol23 and energy minimization with GROMAC.24

RESULTS

The secondary structures were retained in
the mutant proteins

We constructed three fragment-deletion mutant pro-

teins of Mj Hsp16.5 [Fig. 1(A)]. The DNDC and

DNDLDC mutants were expressed and purified in the E.

coli as GST-fusion proteins, while the DN mutant cannot
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be purified due to its gel characteristic, as reported by

Kim et al.6 The mutant proteins DNDC and DNDLDC

were successfully purified using a series of affinity chro-

matography columns.

Far UV CD spectra showed that the mutant proteins

retained a b-sheet core structure, indicated by the nega-

tive peak at 215 nm [Fig. 2(A)]. This negative peak

showed a blue-shift compared with the WT Mj Hsp16.5,

indicating the removal of other non-b structures. Com-

pared to the WT protein, the mutant proteins contain an

increased amount of random coil structures as indicated

by a weak peak at 195 nm. The far UV CD spectra of the

mutant DNDC showed no difference at higher tempera-

tures [Fig. 2(B)], while the CD spectra of the mutant

DNDLDC changed at 85�C and 95�C [Fig. 2(C)]. Ther-

mal denaturation experiment demonstrated that both

mutants were heat stable, and the mutant DNDC was

more stable than the mutant DNDLDC, which began to

denature above 85�C [Fig. 2(D)].

The two mutant proteins exhibited different
types of quaternary structure

The crystallographic study of Mj Hsp16.5 indicated

that the three non-conserved fragments play important

roles in its oligomerization.1 After deleting the fragments,

the mutant proteins displayed different oligomeric states

in gel filtration experiments (Fig. 3). The mutant DNDC

eluted as a single peak, independent of sample concentra-

tion, which was corresponding to an apparent molecular

weight of 28 kDa, and could be considered as a dimer. In

contrast, the mutant DNDLDC existed as a polydisperse

quaternary structure, with a combination of oligomers of

different size as indicated by shoulder elution peaks. The

oligomeric state of DNDLDC showed clear concentration

dependence. The main peak shifted to the smaller

oligomer when the concentration was low and to the

larger oligomer when the concentration was high.

The mutant protein DNDLDC exhibited even
better chaperone-like activity to the insulin
B chain substrate

The B chain of insulin aggregates after being induced

by the addition of DTT, and is a commonly used sub-

strate to measure chaperone-like activity in

vitro.7,12,14,25 The WT Mj Hsp16.5 is an inefficient

chaperone for this substrate at 37�C. A molar ratio of

8:1 of Mj Hsp16.5 monomer to insulin was needed to

completely inhibit the aggregation [Fig. 4(A)]. The

mutant protein DNDC showed less efficient chaperone-

like activity than the WT, and a molar ratio of 8:1 was

not enough to completely inhibit the aggregation [Fig.

4(B)]. Surprisingly, DNDLDC showed better chaperone-

like activity to the insulin substrate than the WT at

37�C. A molar ratio of 2:1 of the DNDLDC monomer to

insulin was enough to completely inhibit the aggregation

of insulin B chain induced by DTT [Fig. 4(C)].

The mutant protein DNDLDC exhibited even
better chaperone-like activity to inhibit the
aggregation of an amyloidogenic peptide

In a previous study, we showed that Mj Hsp16.5 can

inhibit the amyloid fibril formation process of a peptide

from RNase with a FRET pair attached: dansyl-SSTSAA-

W.8 The introduction of the FRET pair provides a useful

tool to monitor the time course of amyloid fibril forma-

tion.21,26 We used this peptide as another substrate to

measure the in vitro chaperone-like activity of sHSPs at

room temperature. The WT and the mutant DNDC,

DNDLDC were separately mixed with the peptide in the

same molar concentration of the monomer. The fibrils

formed in the WT and DNDC samples after 24 h incuba-

tion at room temperature, as indicated by the FRET sig-

nal of the tryptophan and the dansyl group from two

mating b-sheets in the process of fibril formation of the

peptide, while no fibrils formed in the DNDLDC sample

(Fig. 5). This result demonstrated that the chaperone-like

activity of the mutant DNDLDC was more effective than

the mutant DNDC and the WT protein in inhibiting the

formation of amyloid fibrils at room temperature.

Figure 1
Domain structure of the mutants. (A) Domain structure of Mj Hsp16.5
mutants constructed in this study: DN (the N-terminal 33 amino acid

residues were omitted, DNDC (the N-terminal 33 amino acid residues

and the C-terminal 12 amino acid residues were omitted), and
DNDLDC (the N-terminal 33 amino acid residues and the C-terminal

12 amino acid residues were omitted and the amino acid residues 87–
98 MITESERIIYSE in the b-strand exchange loop were replaced by

SGG). (B) Superposition of the monomeric DNDLDC (red) on a dimer
of wild-type Mj Hsp16.5 (green). The amino acid residues 87–98

MITESERIIYSE (cyan) in the wild type were replaced by SGG

(magenta) in DNDLDC. The C-terminal of the wild type was shown in
blue while the N-terminal was not seen from the crystal structure.

Superposition was made with PyMOL.23
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The mutant proteins failed to suppress the
thermal aggregation of CS

We further investigated the in vitro chaperone-like

activity of the two mutant proteins using CS as a sub-

strate, which aggregates at above 42�C. The WT Mj

Hsp16.5 is reported to exhibit increased chaperone-like

activity in suppressing the thermal aggregation of CS

after preheating.2 We found that the two mutant

proteins showed no chaperone-like activity for the CS

substrate at 50�C, both with and without preheating

[Fig. 6(B,C)], while the WT exhibited chaperone like-

activity to suppress the thermal aggregation at the same

molar concentration of the monomer as the two mutants

[Fig. 6(A)].

The mutant protein DNDLDC exposed more
hydrophobic surface than DNDC

The two mutant proteins DNDLDC and DNDC, differ-

ing only in the b-strand exchange loop, exhibited dra-

matically different chaperone-like activities to prevent

amorphous aggregation of insulin B chain and fibril for-

mation of the amyloidogenic peptide dansyl-SSTSAA-W

at non-heat-shock conditions. To further investigate the

difference of their hydrophobic surface exposure, bis-

ANS, a fluorescent dye that can access the hydrophobic

surface of proteins was used. With the excitation wave-

length of 385 nm, the proteins Mj Hsp16.5, DNDLDC,

DNDC alone generated no meaningful fluorescence sig-

nal, and bis-ANS alone showed weak fluorescence at 524

nm. However, after mixed with the proteins, bis-ANS

showed high fluorescence signal with the peak blue

shifted to around 500 nm by binding to the hydrophobic

surface of the proteins. In our experiments, bis-ANS

were all in excess, and the relative fluorescence intensity

indicated the extent of the hydrophobic surface exposure

of the proteins. At the same molar concentration of

monomer, the mutant DNDLDC exposed much more

hydrophobic surface than the mutant DNDC at various

temperatures for incubation, indicated by the higher

Figure 2
Far UV CD spectra and thermal denaturation of the mutants. (A) Far UV CD spectra of the two mutants DNDC and DNDLDC along with the

wild-type Mj Hsp16.5. The concentration of the three proteins was all 0.2 mg mL21. (B) Temperature dependence of the CD spectra for the
mutant DNDC with the concentration of 0.2 mg mL21. (C) Temperature dependence of the CD spectra for the mutant DNDLDC with the concen-

tration of 0.2 mg mL21. (D) Thermal denaturation of the mutants DNDC and DNDLDC detected by the CD signal at 216 nm with the concentra-
tion of 0.1 mg mL21. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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fluorescence intensity (Fig. 7 and Supporting Informa-

tion Fig. S1). At the same molar concentration of mono-

mer, the minimal a-crystallin domain DNDLDC exposed

comparable hydrophobic surface as the WT Mj Hsp16.5

(Fig. 7 and Supporting Information Fig. S1).

Gel filtration analysis of complex formation
between the chaperone and different
substrates

Since the WT and the mutants exhibited different

behavior on different substrates, gel filtration was used to

further investigate the possible complex formation

between Mj Hsp16.5 and substrates. We compared the

elution curves of the reaction mixture before and after

being triggered by the factors that induce the unfolding

process of the substrates. The mixtures of Mj Hsp16.5

and the substrates were all at molar ratios at which Mj

Hsp16.5 completely suppressed the substrate aggregation.

Figure 3
Size exclusion chromatography elution curves of the two mutants

DNDC and DNDLDC. (A) Elution curves of DNDC at concentrations
from 0.25 mg mL21 to 1 mg mL21. (B) Elution curves of DNDLDC at

concentrations from 0.5 mg mL21 to 4 mg mL21. Only the elution vol-
ume from 8 mL to 16 mL is shown for clarity; the entire column vol-

ume was 24 mL, but no peaks occurred below 8 mL and above 16 mL.
[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4
Chaperone-like activities of mutant and wild-type proteins to suppress aggre-
gation of insulin B chain. (A–C) Kinetics of normalized light scattering of

aggregation of insulin (50 lM) triggered by DTT (2 mM) at 37�C in the pres-

ence of wild type with monomer molar concentration dependence of 200 lM
and 400 lM (A), DNDC with monomer molar concentration dependence of

200 lM and 400 lM (B), and DNDLDC with monomer molar concentration
dependence of 50 lM and 100 lM (C). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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When the insulin B chain or the amyloidogenic peptide

dansyl-SSTSAA-W substrates were used, no peak for a

larger chaperone–substrate complex was observed for the

WT Mj Hsp16.5 [Fig. 8(A,B)] and DNDLDC, DNDC

mutants (data not shown), indicating no tight complexes

were formed. For the CS substrate, a peak corresponding

to the chaperone–substrate complex appeared in the void

volume and the peak for CS disappeared after being trig-

gered [Fig. 8(C)].

DISCUSSION

The minimal a-crystallin domain alone is suffi-
cient to suppress protein or peptide aggre-
gation under non-heat-shock conditions

The immunoglobulin-like a-crystallin domain is the

most conserved elements in sHSPs.1,12,13,27 The mini-

mal a-crystallin domain of Saccharomyces cerevisiae

Hsp26 was found to be able to exist as a stably folded

monomer28; however, chaperone-like activity was not

reported. Whether the chaperone-like activity of sHSPs

depends on the most conserved a-crystallin domain is

still an open question. Many studies show that the N-

terminal domain of sHSPs is essential for the chaperone-

like activities.6,14,15,29–32 The N-35 deletion mutant of

Mycobacterium tuberculosis Hsp16.3 fails to protect

against the aggregation of insulin B chain.14 The trun-

cated a-crystallin domain of human aB-crystallin

(aB57-157) is functional to inhibit the aggregation of

alcohol dehydrogenase (ADH) at 37�C, though its

chaperone-like activity is less efficient than the WT.33

The truncated form of human aB-crystallin (aB68–162)

containing C-terminal extension also exhibits chaperone

like activity for ADH and moderate chaperone-like

Figure 5
Chaperone-like activities of mutant and wild-type proteins to suppress

the fibril formation of the modified peptide dansyl-SSTSAA-W. The flu-
orescence emission spectroscopy of the peptide (150 lM) before and

after incubation with the same monomer molar concentration (15 lM)

of the wild type and the mutants DNDC, DNDLDC for 24 h at room
temperature. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6
Chaperone-like activities of the mutant and wild-type proteins to sup-
press thermal aggregation of CS. (A–C) Kinetics of normalized light scat-

tering of thermal aggregation of CS (0.67 lM of the monomer) at 50�C
in the presence of the chaperone: wild type (A), DNDC (B), and
DNDLDC (C). All these chaperone, with and without preheating were at

the same concentration (64 lM of the monomer). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Functional Domain of Small Heat Shock Protein

PROTEINS 1163



activity for lactalbumin.16 Our results showed that the

mutant DNDLDC of Mj Hsp16.5, with all the non-con-

served fragments deleted and retaining only the con-

served b-sandwich, exhibited even better chaperone-like

activity for insulin B chain. A monomer molar ratio to

insulin of 2:1 was enough to completely suppress the

aggregation, which was four times more efficient than

the WT Mj Hsp16.5. We also used the modified amyloi-

dogenic peptide dansyl-SSTSAA-W as another substrate

to investigate the chaperone-like activity of the mutant

DNDLDC compared with the WT at room temperature.

The mutant DNDLDC also exhibited better activity than

the WT. These results suggest that neither the oligomeric

structure of the 24mer, nor the non-conserved fragments

are necessary for the chaperone-like activities of Mj

Hsp16.5 for these two substrates. The conserved minimal

a-crystallin domain alone is sufficient to exhibit

chaperone-like activity to suppress aggregation of the

two substrates under our experiment conditions.

The b-strand exchange loop covers the
hydrophobic surface for binding substrates

Bis-ANS experiment demonstrated that the minimal

a-crystallin domain DNDLDC exposed more hydropho-

bic surface than the entire a-crystallin domain DNDC

and exhibited more efficient chaperone-like activities to

prevent amorphous aggregation of insulin B chain and

Figure 7
Bis-ANS binding experiments to detect the hydrophobic surface expo-

sure. Bis-ANS at a final concentration of 2 lM was separately mixed
with wild type Mj Hsp16.5 and the mutants DNDC, DNDLDC at the

same final molar concentration of the monomer (2 lM) in physiologi-

cal buffer A. The mixture samples were preincubated at 37�C for an
hour before measurements. Fluorescence spectra were recorded at room

temperature with excitation at 385 nm and emission scan from 400 nm
to 600 nm. The three proteins alone generated no meaningful fluores-

cence signal. The relative fluorescence intensity of all samples was nor-
malized by setting the peak value of the wild-type sample as 1. [Color

figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 8
Analysis of the complex formation between the chaperone and different sub-
strates by gel filtration. (A–C) Size exclusion chromatography elution curves

of the mixture of the chaperone and substrates with and without being trig-

gered aggregation. (A) Mixture of the wild type and insulin (peak A represents
the wild type Mj Hsp16.5; peak B represents the intact insulin; peak C repre-

sents the insulin chain; and peak D represents DTT). (B) Mixture of the wild
type and the peptide dansyl-SSTSAA-W (peak A represents the wild type Mj

Hsp16.5; peak B represents the peptide). (C) Mixture of the wild type with
preheating and CS before and after heat shock (peak A represents the com-

plex; peak B represent the wild type Mj Hsp16.5; peak C represents the intact

CS). Inset is the SDS-PAGE analysis of the pool peak A. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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fibril formation of the amyloidogenic peptide dansyl-

SSTSAA-W. As DNDLDC only differs from DNDC in the

absence of the b6-strand exchange loop, it is highly pos-

sible that the exchange loop covers some of the hydro-

phobic surface in DNDC. Bis-ANS experiment also

showed that DNDLDC exposed comparable hydrophobic

surface as the WT. The N-terminal of WT Mj Hsp16.5

and other sHSPs are hydrophobic. Truncation mutant of

the N-terminal of M. tuberculosis Hsp16.3 fails to bind

bis-ANS14 and the N-terminal domain of recombinant

murine aB-crystallin binds hydrophobic probe bis-

ANS.34 Thus the minimal a-crystallin domain DNDLDC

is actually more efficient to expose hydrophobic sites for

binding the two substrates than the WT. This may

explain the high chaperone-like activities of the mutant

DNDLDC at non-heat-shock conditions.

The b-strand exchange loop determines the
different dimer interface

We also investigated the role of the b-strand exchange

loop involved in the formation of the dimer. The two

monomers of Mj Hsp16.5 form a stable dimer using the

b-strand exchange loop as the swapping domain.1 Two

distinctly different modes of dimerization have evolved

across the kingdoms of life. The non-metazoan sHSPs

dimerize through reciprocal interaction between b6 and

b2 strands; whereas the metazoan sHSPs dimerize

through their extended b6 1 7 strands.13

We tried to change the dimer interface of Mj Hsp16.5

by disrupting the b-strand exchange loop. Structure

alignment showed that the mutant DNDLDC of Mj

Hsp16.5 has a similar b-sandwich fold and similar length

of the loop region as the a-crystallin domain from

human aB-crystallin (Supporting Information Fig. S2),

while the mutant DNDC keeps the original length of the

loop region. The mutant DNDC existed as a stable dimer,

without concentration dependence. The mutant

DNDLDC, which lacks the b-strand exchange loop pres-

ent in DNDC, existed as a flexible quaternary structure

with a combination of oligomers of different size, and

was clearly concentration dependent. Disruption of the

domain swapping b-strand [Fig. 1(B)] changed the stable

and monodisperse DNDC to the flexible and polydisperse

DNDLDC. Previous X-ray crystallography revealed three

distinct alternative registers formed by the paired b6 1 7

strands, termed API , APII, and APIII.16 There are differ-

ences in the length of b7 in the reported metazoan struc-

ture and in how the AP interface forms with regard to

registration of hydrogen bonding between the b7

strand.12,35,36 Whether the variation in the AP interface

contributes to the polydispersity of metazoan sHSPs is

still under debate.12 Feil et al. used SAXS to study the

structure of a truncated form of human aB-crystallin.

They found that the dimer interface was flexible with an

extended exposed surface area that might contribute to

the biological activity and polydispersity of human aB-

crystallin.33 Our result showed that the minimal a-

crystallin domain of Mj Hsp16.5 itself (DNDLDC) is pol-

ydisperse and highly active. As the minimal a-crystallin

domain of Mj Hsp16.5 is similar to that in the metazoan

sHSPs, it is possible that the exposed surface area in met-

azoan sHSPs may also benefit their chaperone-like activ-

ities at non-heat-shock conditions.

Mj Hsp16.5 uses different mechanisms of
chaperone-like activities for different
substrates

The minimal a-crystallin domain of Mj Hsp16.5 alone

was sufficient to exhibit chaperone-like activity to sup-

press substrate aggregation at non-heat-shock conditions.

However, neither of the two mutants can suppress the

thermal aggregation of CS. This result is in accord with

the fact that the N-31 deleted mutation of Mj Hsp16.5

fails to protect E. coli cell extract from thermal

aggregation.6

To explain the differences in chaperone-like activities

for different substrates, we used gel filtration to analyze

the properties of chaperone-substrate complex formation.

Mj Hsp16.5 shows efficient chaperone-like activity to

prevent the thermal aggregation of SCM and E. coli cell

extract at 80�C, and a tight complex is formed between

Mj Hsp16.5 and SCM.6,9 Other sHSPs, like M. tuberculo-

sis Hsp16.3, yeast Hsp26, murine Hsp25, and bovine a-

crystallin, can also form complexes with the insulin B

chain to suppress its aggregation.14,37,38 In the present

study, we showed that Mj Hsp16.5 did not form a tight

complex that could not be separated by gel filtration

with the substrates insulin B chain or the amyloidogenic

peptide at non-heat-shock conditions. The mutant pro-

tein DNDLDC also could not form tight complex with

these substrates, though it showed better chaperone-like

activity than the WT. Mj Hsp16.5 formed a complex

with the substrate CS to inhibit its thermal aggregation,

while the mutant proteins DNDLDC and DNDC did not.

Our study shows that Mj Hsp16.5 uses two different

mechanisms to protect proteins from aggregation. The

minimal a-crystallin domain contributes to the

chaperone-like activity by transiently interacting with the

substrates at non-heat-shock conditions, while the N-

and C-terminals and oligomerization were necessary for

forming complexes with the substrates to prevent ther-

mal aggregation. This is consistent with reports that the

N-terminal domain is essential for complex formation

with substrates, when suppressing protein aggrega-

tion.6,14,31,39 To inhibit aggregation of the insulin B

chain and fibril formation of the amyloidogenic peptide

under non-heat-shock conditions, transient hydrophobic

interactions between the substrates and the hydrophobic

surface of Mj Hsp16.5 played key role in the inhibition.

The sphere of Mj Hsp16.5 24mer is reported to
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accumulate and adhere to the already formed hydropho-

bic fibrils with its hydrophobic surface to slow down the

fibrils growth.8 Under this condition, Mj Hsp16.5 did

not dissociate, no subunit exchange occurred, and no

tight complex was formed between Mj Hsp16.5 and the

substrates. Since most of the hydrophobic region was

buried by the subunit interface, the chaperone-like activ-

ity was not efficient. The mutant protein DNDLDC

showed better chaperone-like activity due to more hydro-

phobic exposure than the mutant DNDC. This kind of

transient hydrophobic interaction is also reported for the

chaperone-like activity of a-crystallin on the inhibition

of fibril formation of apoC-II.40 sHSPs aB-crystallin,

Hsp27, Hsp20 bind to a-synuclein to protect its aggrega-

tion through a similar weak and transient interaction.41

As this transient hydrophobic interaction on the surface

was not sufficiently tight, and substrates could escape

from the small heat shock protein and aggregate at

higher temperature, thus the mutants DNDLDC and

DNDC failed to suppress the thermal aggregation of CS.

Under heat-shock conditions, especially at temperature

relevant for M. jannaschii, Mj Hsp16.5 displays structure

dynamics, and the 24mers are reported to largely aggre-

gate into unstructured agglomerates and freely and rever-

sibly exchange subunit with surface exposure of

hydrophobic patches.42 A tight complex was formed

between Mj Hsp16.5 and the unfolded substrates, when

the substrates could not easily escape from the complex

to aggregate. This explained the efficient chaperone-like

activities of Mj Hsp16.5 under heat-shock conditions.

Similar phenomena of temperature-dependent properties

of complex formation occur in Pea Hsp18.1 with the

substrate CS. CS binding to Hsp18.1 at 38�C is transient

and can be reversed at lower temperatures, while at tem-

perature higher than 45�C, Hsp18.1 suppresses the aggre-

gation of CS by irreversible binding, and cooling does

not lead to CS reactivation.43 A recent work also shows

aB-crystallin uses different mechanisms of chaperone

action. It forms complexes with lactalbumin to prevent

its amorphous aggregation, but prevents fibril formation

via weak, transient interactions. Complex formation is

not the only mechanism used by sHSPs to prevent pro-

tein aggregation.44 The conformational stability of sub-

strate intermediate plays a key role in modulating the

mechanism of action and aB-crystallin forms complexes

with more destabilized forms of substrates. Stable com-

plexes were formed when the free energy of binding to

the chaperone was comparable with the free energy of

refolding.44,45 Our proposed mechanism was consistent

with these experiment results.

CONCLUSIONS

In conclusion, by deleting the N- and C-terminals and

the b-strand exchange loop, we find that the minimal a-

crystallin domain of Mj Hsp16.5 forms a polydisperse

quaternary structure and is functional at non-heat-shock

conditions. We demonstrate experimentally that the b-

strand exchange loop covers the hydrophobic surface for

substrates binding and determines the dimer interface of

Mj Hsp16.5. We propose that Mj Hsp16.5 uses different

mechanisms for its chaperone-like activities to protect

different substrates. It protects substrates from aggrega-

tion by transient hydrophobic interactions under non-

heat-shock conditions, while it suppresses the thermal

aggregation by forming tight complexes with the

substrates.
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