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ABSTRACT 

Human Hsp27 is a member of the small heat shock protein family that is 

over-expressed during cellular stress and that is involved in biological functions ranging 

from inhibition of apoptosis to regulation of cellular glutathione levels. In addition, Hsp27 

is an ATP-independent molecular chaperon that binds to unfolding peptides and inhibits 

their precipitation. Roles for Hsp27 in several human diseases have also been proposed. 

For example, the expression of Hsp27 by several human tumors has been noted as a 

potential diagnostic feature or a therapeutic target. Increasing evidence indicates that the 

biological functions of Hsp27 are linked to the reversible self-association of the protein to 

form large oligomers in a process that is at least in part regulated by reversible 

phosphorylation of three Ser residues. The three-dimensional structure of Hsp27 is not 

available, and relatively few rigorous physical studies of the protein have been reported. 

In the present study, analytical ultracentrifugation has been used to define 

self-association of Hsp27 and selected variants as a function of protein concentration, pH, 

temperature, and ionic strength to evaluate the role of structural domains believed to be 

functionally significant. These results are correlated with the chaperon activity, as 

determined by monitoring the inhibition of insulin unfolding, and with the kinetics of 

subunit exchange, monitored by fluorescence resonance energy transfer. 

The results establish that wild-type Hsp27 forms a distribution of oligomers that 

ranges from dimers to at least 32-mers and that oligomerization is highly regulated by 

temperature but not ionic strength or pH. Moreover, the oligomeric size of Hsp27 increases 

with increased temperature in a manner that correlates well with increased chaperon 

activity and rate of subunit exchange. Comparison of results from all three types of 
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experiments obtained for the wild-type protein to those obtained with Hsp27 variants has 

led to the development of a model for Hsp27 self-association and chaperon activity. 
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Introduction 

1. INTRODUCTION 

1.1 Heat shock proteins 

Stress or heat shock proteins (Hsps) were discovered in 1962 as a class of 

conserved proteins the expression of which is induced by various types of stress (Ritossa, 

1962), Hsps are ubiquitous and have been identified in archaea, bacteria, and eukarya 

(Caspers etal, 1995). 

Five major classes of Hsps have been identified that differ in size, structure and 

function: HsplOO, Hsp90, Hsp70, Hsp60 and the small heat shock proteins, sHsps. One of 

the main biological roles of the heat shock proteins is to act as chaperones to stabilize 

partially unfolded proteins, but it has also been shown that Hsps have several additional 

functions that account for their cytoprotective effects. Each family is comprised of 

members that are expressed either constitutively or transcriptional regulated and that are 

targeted to different subcellular compartments. For instance, although Hsp90 is abundantly 

expressed constitutively in cells (Bedard & Brandhorst, 1986; Darmon & Paulin, 1985a; 

Darmon & Paulin, 1985b; Farrelly & Finkelstein, 1984), Hsp70 and Hsp27 are highly 

induced by various stresses such as heat, oxidative stress or anticancer drugs (Bienz & 

Pelham, 1982; Corces et al, 1981; Pelham & Bienz, 1982). Even though the heat shock 

promoter regions of Hsp27 and Hsp70 seem to be organized quite differently (Hoffman & 

Corces, 1986), in normal non-stressed cells, these proteins are either not expressed or 

expressed at low levels. On the other hand in a wide range of tumors, in particular tissues 

and during specific phases of development and differentiation, the basal level of Hsp27 

and/or Hsp70 is unusually high (Pauli et al, 1990). Once induced, these Hsps, can 

modulate the execution of the apoptotic signaling pathway directly. 
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Introduction 

1.2 Small Heat Shock Proteins 

Small heat shock proteins are one class of stress proteins and are characterized by a 

low monomeric molecular weight, a conserved domain near the C-terminus - the 

a-crystallin domain - and ATP-independent chaperon activity. 

Ten human small heat shock proteins are known: Hsp27 (HspBl; also called Hsp25 

in rodents and birds), myotonic dystrophy protein kinase-binding protein (MKBP/HspB2), 

HspB3, aA-crystallin (HspB4), aB-crystallin (HspB5), Hsp20 (p20, HspB6), 

cardiovascular heat shock protein (cvHsp/HspB7), Hsp22 (HspB8), HspB9 and most 

recently the sperm outer dense fiber protein (ODFP/HspBlO) (Arrigo & Welch, 1987; 

Boelens et al, 1998; Fontaine et al, 2003; Ingolia & Craig, 1982; Iwaki et al, 1997; 

Kappe et al, 2001; Kato et al, 1994a; Klemenz et al, 1991; Krief et al, 1999). The best 

studied and first known (Morner, 1894) are the two a-crystallins with the polypeptides 

a A - and aB-crystallin. While the first is mainly expressed in the ocular lens, 

aB-crystallin is expressed in significant amounts in cardiac, skeletal, and smooth muscle 

and in varying amount in a number of other tissues such as kidney and brain (Bhat & 

Nagineni, 1989). Interestingly, it was not until 2000 that aB-crystallin was recognized to 

belong to the small heat shock protein family (MacRae, 2000). In fact, the first protein that 

was described as being a heat inducible small heat shock protein was Hsp27 (HspBl). 

Induction of over-production of Hsp27 in response to hyperthermia was first described in 

Drosophila in the 70s ((Peterson et al, 1979), for a review (Ashburner & Bonner, 1979)), 

in 1978 in chicken embryos (Kelley & Schlesinger, 1978) and in 1982 in HeLa cells 

(Hickey & Weber, 1982). Even though it has a molecular weight of 22,651 Da, Hsp27 was 
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Introduction 

name as such because it migrates with an apparent molecular weight of 27 kDa during 

SDS-PAGE. 

Small heat shock proteins exhibit molecular weights of 9-40 kDa and share a 

number of structural features. In addition to a relatively low monomeric molecular weight, 

most sHsps form large oligomeric complexes in a process that is regulated by 

phosphorylation of key seryl residues. The sHsp monomers are comprised of several 

domains. The most conserved domain is the a-crystallin domain that occurs near the 

C-terminal region, and is named after the lens protein a-crystallin (de Jong et al, 1988). 

This consists of a (3-sandwich comprised of two p-sheets, each formed by 3 p-strands in a 

fold similar to that of immunoglobulins. A somewhat less conserved domain that occurs 

near the N-terminus is referred to as the WDPF domain owing to the presence of this 

sequence of amino acid residues (Lambert et al, 1999). The WDPF domain is followed by 

a short sequence with the reasonably conserved amino acids: P S R L F D Q X F G E X L L 

(Sugiyama et al, 2000). The variability in the monomeric size of sHsps results primarily 

from the highly variable N-terminal sequence and from the length of the C-terminal tail, 

which is highly flexible (Carver et al, 1995). The only conserved sequence near the 

C-terminus is an IXI motif characterized by two isoleucines with any amino acids in 

between. In all cases X represents any amino acid. 

The focus of this dissertation will be the human small Hsp27. The amino acid 

sequence and the conserved domains of this protein are shown in Figure 1.1 

3 
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10 T 20 30 
MTERRVPFSL LRGPSITOPFR DWYPHSRLFD 

40 50 60 
Q A F G L P R L P E EWSQWLGGSS WPGYVRPLPP 

70 T 8 0 T 90 
A A I E S P A V A A PAYSRALSRQ L S S G V S E I R H 

100 110 120 
TADRWRVSLD VNHFAPDELT V K T K D G W E I 

130 • 1 4 0 150 
TGKHEERQDE HGYISRCFTR KYTLPPGVDP 

160 170 180 
TQVSSSLSPE GTLTVEAPMP KLATQSNE IT 

190 2 00 
I P V T F E S R A Q LGGPEAAKSD ETAAK 

Figure 1.1. Amino acid sequence of the small Hsp27. Italics denotes the WDPF 
conserved sequences. The two conserved sequences near the N- and C-terminal tails 
are underlined. Bold residues correspond to the a-crystallin domain. Arrowheads indicate 
the seryl residues that are phosphorylated in vivo, and the open square indicates the 
position of the only cysteinyl residue. 
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Introduction 

1.2.1 Structures and Activity 

At present, detailed structural characterization of sHsps has been limited to 

crystallographic structure determination of two, non-mammalian sHsps. Specifically, 

MjHspl6.5 from the fhermophile Methanococcus jannaschii crystallizes as a 24-mer (Kim 

et al, 1998), and wHspl6.9 from wheat forms a 12-mer (van Montfort et al, 2001). 

Both of these proteins have much shorter N - and C-terminal regions than does Hsp27. 

Although both MjHspl6.5 and wHspl6.9 have chaperon activity, neither exhibits all of the 

cytoprotective functions attributed to Hsp27. 

MjHspl6.5 crystallized as an apparently hollow sphere with outer diameter of 

-120 A and inner diameter of -65 A (Figure 1.2A). No electron density was observed in 

the cavity of the sphere, but the first 32 amino acids at the N-terminus of the protein were 

not visible, and the most N-terminal residue that is observed points towards the inside of 

the sphere. It is, therefore, plausible that the inside of the sphere would be at least partially 

occupied by the missing N-terminal sequences. Each of the 24 subunits is composed of 

nine p-strands in two sheets, two short 3io-helices, and one short p-strand. The two 

P-sheets are packed as parallel layers with one of the p-strands (P6) in one p-sheet 

coming from a neighboring subunit as shown in Figure 1.2B (Kim et al, 1998). 

The other crystallized small Hsp, wHspl6.9, assembles as a dodecamer consisting 

of two disks, each comprising six a-crystallin domains organized in a trimer of dimers as 

shown in Figure 1.3 (van Montfort et al, 2001). 
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A 

B 

Figure 1.2. Crystal structure of the small Hsp 16.5 from Methanococcus jannaschii. 
A. the 24-mer structure. B. Topology of the secondary structure of a MjHsp16.5 dimer 
(modified from (Kim etal., 1998)) 
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A 

Figure 1.3. Crystal structure of wheat Hsp16.9. A. 12-mer assembly from wheat Hsp 
16.9 B. Superposition of the monomer of M. jannaschi Hsp16.5 (blue) and wheat Hsp16.9 
(red). Residues close to the N-terminus of Hsp16.9 coincide with the pi strand of 
Hsp16.5 but run in the opposite direction (modified from (van Montfort er a/., 2001)). 
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In contrast to the Hspl6.5 structure, only one N-terminal sequence per dimer pair 

is disordered while the other forms helices connected by a coil. Moreover, in the 

a-crystallin domain, the two (3-sheets are in an antiparallel orientation. Similarly to the 

thermophilic protein, the P strand 6 of the wheat sHsp forms inter-molecular interactions 

with a neighboring subunit. A superposition of the monomers of Hspl6.5 and Hspl6.9 is 

shown in Figure 1.3B. 

Based on theses two crystal structures, Theriault et al. proposed a model for the 

folding of hamster Hsp27 (Theriault et al, 2004). The sequence alignment of human and 

hamster Hsp27 and wheat Hsp 16.9 on which the model is based is shown in Figure 1.4, 

while the model is presented in Figure 1.5. A l l software used to predict Hsp27 secondary 

structure, JNET (Cuff & Barton, 2000), PROFsec and PHDsec (Rost & Sander, 1993) 

indicate that the a-crystallin domain of Hsp27 is composed primarily of p-strands. 

Moreover, the program Superfamily (Gough et al, 2001) used for sequence alignment 

indicates that the a-crystallin domain of Hsp27 aligns well with the known secondary 

structure of Hspl6.9. The position of the p-strand in Hsp27 is also predicted to match the 

equivalent structural element of the sHsp from Methanococcus jannaschii quite well. 

However, Hsp27 as well as the Hsp 16.9 wheat protein appear to lack the pi strand present 

in Hsp 16.5. The NH2-terminal SXXFDPF motif of Hsp 16.9, which meditates essential 

inter- and intramolecular contacts in the oligomeric assembly, thus mimicking the function 

of the pi-strand of Hspl6.5, aligns with a high degree of homology with the sequences 

around the Trp l 6-Glu-Pro-Phe motif of Hsp27. 

Two major differences between the model of Hsp27 and the experimentally 

determined structure of Hsp 16.9 are noteworthy. First, the loop between the p5 and P7 
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Figure 1.4. Sequence alignment of human (Hu) and hamster (Hm) Hsp27, and wheat 
(We) Hsp16.5. (3-strands (black bars) and a-helices (white bars) are indicated at the top 
for human Hsp27 and bottom for wheat Hsp16.5. Residues that are homologous (grey 
highlight) or identical (black highlight) between the sequences are indicated. Residue 
numbers are kept for the human Hsp27. Only the residues that differ between the human 
and the hamster protein are shown (modified from (Theriault et al., 2004)). 
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N-ter27 

Figure 1.5. Model of hamster Hsp27 (yellow and grey) and wheat Hsp16.5 (blue). 
Grey areas represent regions of Hsp27 that have no correspondence to the wheat protein 
(modified from (Theriault ef al., 2004)). 
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strands is 7 residues longer in Hsp 16.9. Second, the connecting sequence between the 

N H 2 - terminal and a-crystallin region is 42 residues longer in Hsp27. The model predicts 

that as in Hspl6.9, the strands ((32-08) of the crystallin domain of Hsp27 are organized as 

sandwich of two antiparallel (3-sheets formed by strands P2, P3, P9 and P8 on one side of 

the sandwich and P7, P5 and p4 on the other. 

The model also predicts that the sequence Trp 1 6-Glu-Pro-Phe plays an important 

structural role by participating in intramolecular interactions and patching a hydrophobic 

pocket formed by residues He 9 6, G in 9 8 , Tyr 1 5 0 , Thr 1 5 1 and Pro 1 5 3 at the interface of strands 

P2 and p7 in the hamster sequence that corresponds to residues He 8 8, His 9 0 , Tyr 1 4 2 , Thr 1 4 3 

and Pro 1 4 5 in the human protein. Moreover, Hsp27 lacks the p-strand 6 which is involved 

in dimer association in the wheat and the thermophilic proteins. 

The structure of Tsp36 from a flatworm is the first protein structure of a small heat 

shock protein from a metazoan. Interestingly, the monomer of Tsp36 has two a-crystallin 

domains, each preceded by a short N-terminal region (Stamler et al, 2005). The crystallin 

domains are separated by a linker region, and the protein has a long N-terminal tail. A 

schematic comparison of Tsp36 with the other two crystallized small heat shock proteins is 

provided in Figure 1.6. 

Tsp36 is a dimeric protein that can form tetramers under oxidizing conditions 

(Kappe et al, 2004). The dimerization interface is very different from that observed for the 

non-metazoan proteins. In fact, Tsp36 lacks the long P5-p7 loop and P6 and a conserved 

proline residue at the end of P3 in both of its a-crystallin domains. These features are 

involved in maintaining the dimeric strand by strand exchange and ring stacking in the 

non-metazoan sHsp, respectively. On the other hand, Tsp36 has a conserved phenylalanine 
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Figure 1.6 Domain boundaries for wheat Hsp16.9, thermophilic Hsp16.5 and 
flatworm Tsp36. ACD is a-crystallin domain, R1N and R2N are the N-terminal regions 
preceding the a-crystallin domain. Modified from (Stamler ef a/., 2005). 

residue between 03 and 04 that displaces the shorter 05-07 loop from the strand 

exchanged position. 

Moreover, Tsp36 has only one cysteine residue in the 05-07 loop that is probably involved 

in the formation of disulfide bonds to form tetramers under oxidizing conditions. Hsp27 is 

also a metazoan protein, and its a-crystallin domain has the same features as those of 

Tsp36: a shorter 05-07 loop with one cysteine in position 137 and no proline but with the 

conserved phenylalanine residue at the end of 03. 

The N-terminus of Tsp36 is characterized by a series of helices with sharp turns 

marked by proline residues. The main interaction between dimers occurs through this 

region, where a-helices of one monomer cross over the dimeric interface. Moreover, 

residues He3 and Pro5 bury hydrophobic residues at the edges of the first a-crystallin 

domain in a manner similar to the one observed for the IXI region of the C-terminus of 

Hspl6.5 and Hspl6.9. In fact, Tsp36 lacks the C-terminal flexible tail and the conserved 
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Figure 1.7 Structure of Tsp36. A. Each monomer is highlighted in a different color; lie3 

and Pro5 are represented as ball & stick in one monomer and as space-filling in the other. 
B. The strands and helices of monomer one are highlighted as well as the only cysteine 
residue in the 05-07 loop (space-filling representation), the other monomer is with 
surface representation. The four a-crystallin domains are indicated for the first (ad, ac2) 
and second monomer (ad', ac2'). Structure coordinates have been obtained from the 
protein data bank (2bol) and figures were prepared with the program CHIMERA 
(Pettersen et a/., 2004) 
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IXI sequence. A representation of the dimer showing the special arrangement of each 

monomer is presented in Figure 1.7A-B. 

1.2.2 Thermal dependence of oligomerization and activity 

One interesting aspect of heat shock protein self-association is the effect of 

temperature. Oligomerization behavior varies greatly from protein to protein, and this 

variation extends to the effect of temperature. Gel filtration studies show that the Hspl6.9 

dodecamer undergoes a reversible temperature-dependent dissociation into smaller species 

by increasing the temperature from 25 to 40 °C (van Montfort et al, 2001). Similarly yeast 

Hsp 26, which normally forms large and highly symmetrical assembly of 24 subunits, 

dissociates at temperature above 35 °C and, above 43 °C, is present only in a dimeric form 

(Haslbeck e/a/., 1999). 

At one time it was thought that dissociation into dimers seemed to be required for 

chaperon activity of Hsp26, because dimers were initially reported to be the form of the 

protein that binds to the substrate (Haslbeck et al, 1999; Stromer et al, 2004b). Upon 

binding of its substrate in a 2:1 ratio (Hsp26:substrate), Hsp26 re-assembles into a 

chaperon-substrate complex that is not based on the original shell-like structure indicated 

by electron microscopy (Haslbeck et al, 1999). A variant of Hsp26 lacking the first 95 

residues (AN-Hsp26) forms only a dimeric structure that lacks chaperon activity, 

indicating that the regions important for both assembly of the 24-mer and interaction with 

non-native proteins reside in the N-terminal domain (Stromer et al, 2004b). However, 

recently, an Hsp26 variant.with unaffected chaperon activity was reported. This variant 
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(Hsp26 S4C) is locked into a large oligomer form by a disulfide bond at the N-terminus 

(Franzmann et al, 2005), implying oligomerization is not the only regulator of function. 

Hspl6.3 from Mycobacterium tuberculosis exhibits a significantly increased 

chaperon activity after heating to >60 °C (Fu et al, 2003). The oligomeric size of the 

heated protein, however, is the same as that of the untreated protein when examined at 

4 °C by non-denaturing pore-gradient gel electrophoresis or at 25 °C by size exclusion 

chromatography. This increased chaperon activity has been attributed to an increased rate 

of subunit exchange and not to a change in quaternary structure (Fu et al, 2003; Hartl & 

Hayer-Hartl, 2002). 

Gel filtration analysis of murine Hsp25 shows that this protein occurs as a 

hexadecamer in equilibrium with smaller species and that by increasing the temperature 

above 65 °C, large oligomers called "heat shock granules" form that are visible by electron 

microscopy. Purification of these granules revealed an activity similar to that of the 

untreated protein (Ehrnsperger et al, 1999). 

The sHspl4 from Sulfolobus tododaii exists as a stable 24-mer, but subunit 

exchange between the oligomers was observed at elevated temperature. This result 

correlates well with the observation that the chaperon activity of this protein also increases 

at elevated temperatures (Usui et al, 2004a; Usui et al, 2004b). Interestingly an 

N-terminal deletion variant of this protein lacking the first 21 amino acids exhibits 

unaltered oligomeric structure but exhibits reduced subunit exchange and chaperon activity 

at high temperature (Usui et al, 2004a). 

The sHsp from Escherichia coli, IbpB (inclusion-body binding protein B), exhibits 

enhanced chaperon activity at high temperatures with no activity observed below 30 °C 
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and maximum activity between 45 and 60 °C. Moreover, upon an increase from 

physiologically optimal to heat shock temperatures, IbpB dissociates. Interestingly, while 

the quaternary structure of this protein changes, very minor changes are observed in the 

P-sheet dominated secondary structure as detected by circular dichroism. Formation of the 

polydisperse oligomers depends on both of the highly flexible N - and C-termini, with the 

dimeric forms appearing to be the basic structural unit of such polydisperse oligomers (Jiao 

et al, 2005). In fact, deletion of the first and last 11 amino acids leads to variants that are 

inactive and mainly dimeric. 

The rhizobial bacterium Bradyrhizobium japonicum has two classes of sHsps. Class 

A consists of proteins that show similarity to E. coli IbpB, and class B, whose members 

show greater similarity to other sHsps from prokaryotes and eukaryotes (Munchbach et al, 

1999; Nocker et al, 2001). Members of both classes form large complexes and have 

chaperon activity in vivo (Studer & Narberhaus, 2000). Gel filtration chromatography and 

electrospray mass spectrometry show that members of both classes, HspH and HspB (class 

A), and HspF (class B) undergo temperature-induced dissociation (Lentze et al, 2004). 

The oligomerization behavior of a-crystallin is controversial in that the protein 

changes tertiary and quaternary structure with increased temperature, but the nature of 

these changes is unclear. The chaperon-like activity of a-crystallin increases above 30 °C 

with two distinctive transitions, one at 30 °C and one above 55 °C. Upon incubation of the 

protein at 37 °C for 1 or 20 h, the observed sedimentation coefficient decreases from 18 S 

to 16.2 S to 14 S, indicating a decrease in oligomer size (Raman & Rao, 1997). On the 

other hand, electron microscopy indicates that the mean diameter of the temperature 

(37 °C)-modified a-crystallin is within experimental error of that observed for the native 
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protein (Siezen et al, 1980). Finally, Vanhoudt et al have observed that a-crystallin can 

be represented by a distribution of expanded particles with a weight average molar mass of 

550,000 g/mol and that on decreasing (4 °C) or increasing (up to 50 °C) the temperature, 

the size distribution shifts to larger particles as observed by light scattering and 

sedimentation equilibrium experiments (Thomson & Augusteyn, 1983; Vanhoudt et al, 

1998). 

Hsp33 is unusual in that the reduced protein is monomeric and the oxidized protein 

is a disulfide-linked dimer (at 25 °C) that forms tetramers or octamers at elevated 

temperature (Akhtar et al, 2004). The dimeric form of this protein with an exchanged 

domain has been characterized by X-ray crystallography (Kim et al, 2001; Vijayalakshmi 

et al, 2001). Notably, however, Hsp33 lacks an a-crystallin domain and, thus, is not a 

small heat shock protein by definition. 

It is evident that chaperon activity and oligomerization are highly conserved 

features of all the small heat shock proteins. On the other hand, it appears that there is no 

consistent pattern that describes the oligomerization, the role of conserved domain and the 

effect of temperature on activity and self-association of these proteins. In fact, similarity in 

structure and function of these proteins that is implied in the similarity in their name is 

misleading. Consequently, each member of the sHsp family must be characterized 

individually. 
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1.3Hsp27 

1.3.1 Domains and their role in self-association 

Some sHsps have well-defined oligomeric structures that appear to be 

monodisperse while Hsp27 forms large oligomers in vivo and exhibits a dynamic 

distribution of oligomeric forms in vitro and in vivo. The distribution of Hsp27 oligomers 

in solution and the roles of the various domains in Hsp27 self-assembly have not been 

characterized rigorously. Nevertheless, a large body of experimental evidence indicates 

that Hsp27 oligomerization is controlled by phosphorylation of three key seryl residues at 

position 15, 78 and 82 which are phosphorylated in vivo by M A P K A P kinase2 (Kato et al, 

1994b; Stokoe et al, 1992). Hsp27 from human glioma cells has been resolved into two 

forms by sucrose gradient centrifugation: a large aggregated form and a small dissociated 

form (Kato et al, 1994b). Moreover, the amount of dissociated form could be increased 

chemically by addition of compounds like arsenite, which induce phosphorylation and, 

thereby, indicates that the shift in oligomer formation is controlled by phosphorylation. 

Hsp27 oligomerization is a dynamic process, and the WDPF domain is crucial for 

oligomerization (Bova et al, 2000; Jakob et al, 1993). Bova et al. showed that a variant of 

Hsp27 lacking the first 55 residues does not undergo subunit exchange. Lambert et al, 

showed that a chimeric protein comprised of amino acids 5-109 of hamster Hsp27 fused to 

luciferase, a monomeric protein of 62 kDa, formed multimers >350 kDa in NIH-3T3 cells 

(Lambert et al, 1999) and that oligomer formation can be reversed by treatment with 

arsenite, again suggesting a phosphorylation-induced dissociation of Hsp27-luciferase 

multimers into monomers. These observations support the idea that the N-terminal domain 
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is fundamentally important for oligomerization and that dissociation is 

phosphorylation-dependent. On the other hand, deletion of the 33 N-terminal residues 

from the closely related murine Hsp25 has been reported not to affect oligomerization or 

function of this protein (Guo & Cooper, 2000). Notably, the two variants reported in this 

latter work were purified and analyzed with a histidine tag at the N-terminus of the 

protein. 

Circular dichroism measured as a function of temperature to obtain thermal 

denaturation curves of mouse Hsp25 shows that the greatest change in ellipticity (Tm) 

occurs at ~ 69 °C and that this transition is highly cooperative. Moreover, micro 

calorimetric measurements of Hsp25 denaturation are best described by assuming a 

molecular mass of 50 kDa, which corresponds to the dimeric unit, indicating that the basic 

structural unit of Hsp25 is indeed a dimer (Dudich et al, 1995). 

As both a-crystallin and mouse Hsp25 form large oligomers in solution, it was 

expected that neither would be amenable to analysis by N M R spectroscopy owing to the 

very long relaxation times that large complexes exhibit. Nevertheless, ' H N M R studies of 

a-crystallin show that the C-terminus extension is very flexible compared to the bulk of 

the protein and that it does not adopt a preferred conformation (Carver et al, 1992; Carver 

& Lindner, 1998). Similarly, two-dimensional ' H N M R spectroscopy of mouse Hsp25 

reveals that the 18 C-terminal residues exhibit great flexibility that is essentially 

independent of the core domain of the protein (Carver et al, 1995). 

Several physical methods have been used to study the self-association of Hsp27. 

For example, analytical ultracentrifugation analysis was used to establish that the mean 

molecular weight is 730 kDa (Behlke et al, 1991), and pore exclusion limit electrophoresis 
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was used to demonstrate that Hsp27 forms oligomers of 200-800 kDa (Lavoie et al, 

1995). Gel filtration chromatography indicated that Hsp27 forms 24-mers in the 

non-phosphorylated state, that the phosphorylated protein is primarily tetrameric, and that 

the triple variant S15D/S78D/S82D behaves as the phosphorylated protein in vitro 

(Rogalla et al, 1999). Electron microscopy has been used to show that, while Hspl6.5 

particle images show clear symmetry, none of the a-crystallin or Hsp27 particle images 

were clearly symmetrical. In particular, the Hsp27 particles were the most variable, with 

diameters of 90 to 220 A and no single, dominant diameter (Haley et al, 2000). 

1.3.2 Activity 

Most sHsps bind to non-native proteins during cellular stress (Jakob & Buchner, 

1994; Jakob et al, 1993). Though the mechanism by which sHsps bind to unfolding 

polypeptides is unknown, there is evidence that each oligomer binds to several non-native 

proteins, and binding and release of substrates requires neither binding nor hydrolysis of 

ATP (Jakob et al, 1993). Release of unfolded proteins bound by sHsps alone is, in fact, 

highly inefficient though both, protein release and refolding, can be achieved with the 

assistance of larger heat shock proteins (e.g., Hsp70) in an ATP-dependent reaction 

(Ehrnsperger et al, 1997; Wang & Spector, 2001). A variety of unfolded substrate proteins 

can be bound by small heat shock proteins, and the size and stoichiometry of the resulting 

complexes vary with the nature of the unfolded protein (Stromer et al, 2003). In fact, size 

exclusion chromatography profiles of mixtures of Hsp25 or Hsp26 with unfolding protein, 

(i.e., citrate synthase, rhodanase, a-glucosidase and insulin) vary substantially with 

substrates. 
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Over-expression of Hsp27 in tumor cells increases their tumorigenicity and 

protects against cell death triggered by a number of stimuli, e.g., hyperthermia, oxidative 

stress, staurosporine, ligation of the Fas/Apo-l/CD95 death receptor and cytotoxic drugs 

(Garrido et al, 1998). Hsp27 cytoprotective activity has been attributed to a number of 

roles that this small Hsp plays during cellular stress. In addition to chaperon activity, 

Hsp27 interferes with the mechanism of caspase activation, modulates oxidative stress and 

regulates the cytoskeleton (for recent reviews see (Garrido, 2002; Garrido et al, 2001; 

Gusev et al, 2002; Schmitt et al, 2007)). Notably, Hsp27 is reported to modulate the 

intrinsic pathway of apoptosis by interacting with cytosolic cytochrome c (Bruey et al, 

2000a) or with caspase-3 (Pandey et al, 2000) and to inhibit the extrinsic pathway through 

interaction with Daxx (Charette et al, 2000). Hsp27 can also enhance the oxidative 

defense of the cell by increasing cellular glutathione (GSSG) content (Mehlen et al, 1996), 

and it is recognized as a potent regulator of cytoskeletal dynamics, in particular, actin 

microfilament polymerization (Benndorf et al, 1994). Hsp27 facilitates activation of the 

ubiquitin-proteosome pathway by direct interaction with the proteosomal apparatus, 

demonstrating that Hsp27 can act as a chaperon to target different ubiquitinated substrates 

to the proteolytic apparatus (Parcellier et al, 2003). 

Mutations in the Hsp27 gene have been linked to the formation of human 

neuromuscular disorders like axonal Charcot-Marie-Tooth disease and distal hereditary 

motor neuropathy. Five mutations were identified in conserved residues of Hsp27 that 

seem to be linked to premature axonal degeneration. Four out of five are residues in the 

a-crystallin domain (Arg 1 2 7 , Ser 1 3 5, A r g 1 3 6 , Thr 1 5 1) while the fifth is the conserved Pro 1 8 2 

near the flexible C-terminal tail (Evgrafov et al, 2004). Moreover, a genetic deletion of 
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the Hsp27 gene has also been linked to Williams syndrome (Stock et al, 2003), a 

congenital developmental disorder involving the vascular, connective tissue, and central 

nervous system (Ewart et al, 1993). ctB-crystallin as well as Hsp27 accumulate in 

individuals with various neurodegenerative disorders that include Alzheimer's, Parkinson, 

Alexander diseases, Creutzfeldt-Jakob disease and multiple sclerosis (Aquino et al, 1997; 

Head et al, 1993; Iwaki et al, 1993; Kato et al, 1992; Renkawek et al, 1999; Stege et al, 

1999). 

Interestingly, the functional properties of Hsp27 are dependent on the quaternary 

structure of the protein. For example, Hsp27 acts as chaperon and binds to cytochrome c as 

a large, non-phosphorylated oligomer (Bruey et al, 2000b) while it binds to Daxx 

(Charette et al, 2000) and transiently deteriorates actin stress fibers (Lavoie et al, 1995) as 

a small, phosphorylated or non-phosphorylated oligomer, respectively. 

1.4 Methods to characterize assembly of protein oligomers 

1.4.1 Analytical ultracentrifugation 

1.4.1a Overview 

The characterization of oligomeric size distribution is a major challenge to 

understanding the properties of small heat shock proteins. Of the physical and chemical 

techniques that can be employed to study macromolecular oligomerization, analytical 

ultracentrifugation (AUC) has been used in the present work because it affords several 

advantages over alternative methods e.g. high resolution mass spectrometry, dynamic light 

scattering, size-exclusion chromatography and gel electrophoresis. Although, analytical 
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ultracentrifugation is the oldest of these techniques, a vast computational development has 

been done in the last few years that has improved the quality and quantities for 

experiments. Moreover, experiments provide a large quantity of data with relatively high 

precision. 

Analytical ultracentrifugation is attractive for its theoretical simplicity and firm 

basis on first principles. Hydrodynamic theory and thermodynamics can be directly 

applied, and no interaction with matrices, surfaces or bulk flow is required in the 

separation of subpopulations of different size. Analytical ultracentrifugation can be applied 

to a very large range of macromolecular sizes simply by adjusting the rotor speed and to a 

large range of concentrations by using different optics. The instrument employed in this 

work, a Beckman X L - I , is equipped with both absorbance (Giebeler, 1992; Hanlon et al, 

1962; Schachman et al, 1962) and interference (Schachman, 1959; Yphantis et al, 1994) 

optics. 

Although analytical ultracentrifugation is not a high throughput technique, it is the 

most precise technique for characterizing the hydrodynamic and thermodynamic properties 

of proteins and protein complexes, including molecular mass, sedimentation coefficients 

and binding-constant determinations, because, as previously mentioned, it is based on 

equilibrium and non-equilibrium thermodynamics only. 

Analytical ultracentrifugation affords several advantages for the study of small heat 

shock proteins over other techniques. Size exclusion chromatography (SEC), for example, 

requires the use of calibration curves. Often monomeric proteins are used for calibrating 

the column, and the behavior of monomers may differ from that of a self-associating 

protein. Moreover, separation in SEC is effected by the interactions between the solute and 
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the matrix, and sedimentation coefficient distributions may be evaluated over a much 

wider dynamic range. An advantage of gel filtration is that the diffusional broadening in 

the raw data is lower compared to analytical ultracentrifugation experiments, but in an 

sedimentation experiment the amount of data collected is very large and allows for 

diffusional deconvolution (Lebowitz et al, 2002; Schuck et al, 2002). 

Dynamic light scattering (DLS) is an appealing technique because, like A U C , DLS 

can be performed in batch mode without interaction with a matrix. One of the main 

disadvantages of DLS is that the scattering intensity for any species is proportional to the 

product of the concentration times the molecular mass of that scattering species. This 

characteristic makes DLS extremely appealing for detection of small percentages of large 

aggregates because such species produce very strong scattering signals. However, it is a 

poor tool for studying small oligomers. Moreover, DLS has low resolution; normally two 

species by DLS are not resolved as separate peaks unless their radii differ by a factor of 

approximately 2 (i.e., a factor of ~8 in molecular mass). Moreover, the conversion of the 

intensity distribution into fraction by weight is subject to many assumptions and sources of 

error (Philo, 2006). Finally, the primary advantage of analytical ultracentrifugation 

compared to electrospray mass spectrometry is that measurements for the latter are done in 

the gas phase while analytical ultracentrifugation evaluates the self-association in solution. 

Classically, two types of analytical ultracentrifugation experiments are considered: 

sedimentation velocity and sedimentation equilibrium experiments. 

1.4.1 b Sedimentation Velocity 

A sedimentation velocity experiment, produces radial concentration profiles as a 

function of time as shown in Figure 1.8. 
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Figure 1.8 Example of sedimentation velocity run. S h o w n are the concentrat ions 
versus radius distributions at different t imes after start of the sedimentat ion at 50,000 rpm. 
Concentrat ion are in abso rbance units. 

Upon application of a centrifugal force to a protein solution, the macromolecules 

are depleted at the meniscus, and a concentration boundary is formed that moves toward 

the bottom of the centrifuge cell as a function of time. The Svedberg equation (Equation 

1.1) describes the sedimentation coefficient 5 of a macromolecule and the molecular 

parameters that determine the s-value (Svedberg & Pedersen, 1940): 

u _M{\-vp) _MD{\-vp) 

co'r NJ RT 
[Eq.1.1] 

where s is the sedimentation coefficient, u is the observed radial velocity of the 

macromolecules, co is the angular velocity of the rotor, r is the radial position, co2r is the 

centrifugal field, M is the molar mass, vis the partial specific volume, p is the buffer 

density, NA is Avogadro's number,/the frictional coefficient, D is diffusion coefficient, R 

RT 
is gas constant and T is the temperature. The relation D = — — was used to obtain the 
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right side of Equation 1. The sedimentation coefficient is expressed in Svedberg (S) units, 

which corresponds to 10"13 sec. 

The evolution of the concentration distribution of macromolecular species 

throughout the sector-shaped cell and the fit of such data can be achieved by modeling the 

data directly with the underlying transport function known as the Lamm equation 

(Equation 1.2), which is a form of the more general Navier-Stokes equation: 

dZ(r,t) 1 3 
dr 

[Eq.1.2] 
dt r dr\ 

which describes the evolution of the concentration / as a function of time and radial 

position under the influence of sedimentation and diffusion (Lamm, 1929). 

The programs SEDFIT (Schuck, 1998) and SEDPHAT (Schuck, 2003), which are 

the principal programs used in this thesis to analyze velocity experiments, use different 

numerical finite element solutions to the Lamm equation. In particular, the numerical 

analysis known as c(s) distribution provided by the program SEDFIT does not require 

initial guesses or information concerning the system under analysis other than the standard 

physical parameters (e.g., temperature, buffer viscosity and density, and the protein amino 

acid sequence) and the assumption of a non-interacting mixture of species with the same 

frictional coefficient. This program uses a differential sedimentation coefficient 

distribution that deconvolutes diffusion effects based on direct boundary modeling with a 

distribution of Lamm equation solutions. In brief, a sedimentation coefficient distribution 

c(s) can be defined as (Equation 1.3): 
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a (r,t) = jc(s)z(s,D(s),r,t)ds + £ [Eq.1.3] 

with a(r,t) denoting the observed sedimentation data, c(s) the concentration of species with 

sedimentation coefficients between s and s + ds, and x(s>D(s),r,t) the Lamm equation 

solution described before (Schuck & Rossmanith, 2000). 

1.4.1c Sedimentation Equilibrium 

In equilibrium experiments, sedimentation is balanced by diffusional transport, and 

equilibrium is achieved when the net transport disappears throughout the solution. The 

concentration distribution generally approaches an exponential, and for a mixture of 

non-interacting ideal sedimenting molecules, the signal measured as a function of radial 

position, a(r), can be described with the following equation (Equation 1.4): 

where the summation is overall n species; cn,o denotes the molar concentration of species n 

at a reference position ro, M„, vn, and e„, denote the molar mass, partial specific volume 

and the molar extinction coefficient, respectively; d is the optical path length and 5 is a 

baseline offset. 

For self-associating systems, Equation 4 can be modified by relating the molar 

concentration at the reference point of all oligomeric species via cn 0 = Kn(cx 0)" (where the 

a(r) = J^cn0e„dexp 
Mn(\-vp)co2 

2RT 
(r2-r0

2) +S [Eq. 1.4] 
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subscript 1 denotes the monomer). In addition, for M„, nM] can be substituted in each 

exponential term to obtain Equation 1.5: 

a(r) = (ĉ )''exp 
n 

nMx(\-vp)co2 

2RT 
(r2-r2) +S w i t h ^ / = l [Eq. 1.5] 

The association constants Kn are defined from monomer to the « -mer . 

More extensive reviews of analytical ultracentrifugation and related data analysis 

are available (Howlett et al, 2006; Lebowitz et al, 2002; Minton, 2000; Schuster & Toedt, 

1996). 

1.4.2 Forster Resonance Energy Transfer 

1.4.2a Application to small heat shock protein subunit exchange. 

Small heat shock proteins undergo subunit exchange. The biological consequences 

for this remain uncertain but in some cases, increased chaperon activity has been correlated 

with increased subunit exchange. Interestingly, heterogeneous complexes have been 

observed to form as the result of subunit exchange between various small heat shock 

proteins in vivo as well as in vitro. Complexes of phosphorylated Hsp27 and Hsp22 have 

been reported among proteins expressed from a human heart c D N A library (Benndorf et 

al, 2001), and, although Hsp22 is believed to be primarily monomeric in vitro (Chowdary 

et al, 2004), this protein has been reported to occur in vivo as a 25-670 kDa oligomer, 

probably in complexes with other sHsps (Sun et al, 2004). a-crystallin is known to be an 

oligomeric protein comprised primarily of 4 peptides: a A i , a A 2 , a B i and aB2-crys ta l l in 
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(Bloemendal, 1981; Sun & Liang, 1998). Mouse Hsp25, aA-crystallin and aB-crystallin 

can form mixed oligomers, both in vitro and in vivo, that dissociate upon heat treatment 

(Merck et al, 1993; Zantema et al, 1992). Understanding subunit exchange of small Hsps 

is, therefore, important to an understanding of the fundamental properties of such proteins. 

1.4.2b T h e o r y 

The technique used in this thesis to analyze subunit exchange is Forster resonance 

energy transfer or FRET (Forster, 1948). This phenomenon occurs when the emission 

spectrum of a fluorophore, called the donor, overlaps with the absorption spectrum of 

another molecule, called the acceptor. When two such fluorophores are in proximity of 

each other, energy can transfer directly from one to the other. This process does not 

involve emission of light by the donor, but the donor and acceptor are coupled by a 

dipole-dipole interaction. The extent of energy transfer depends on the distance between 

the two fluorophore and the extent of spectroscopic overlap as well as the orientation of the 

donor and acceptor, the dielectric constant of the intervening medium and the quantum 

yield. The efficiency of energy transfer (E) is described by the Forster equation 

(Equation 1.6): 

Where Ro is the Forster distance and r is the distance between the centers of the 

fluorophores. The Forster distance (Ro) is defined as in the Equation 1.7: 

E = [Eq. 1.6] 

[Eq. 1.7] 
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where v is the wavenumber in cm , fD (v) is the emission spectrum in units such that its 

L/(mol cm) at wavenumber v, N' is Avogadro's constant divided by 1000, and k2 is a 

factor depending on the relative orientations of the transition dipole moments of the donor 

and acceptor and their orientations relative to the separation vector. The parameter n is the 

index of refraction. 

The rate of energy transfer kj{r) is given by (Equation 1.8): 

where r is the same distance between the donor and the acceptor, and TD is the lifetime of 

the donor in the absence of energy transfer. 

In summary, the extent of energy transfer is determined by the distance between the 

donor and the acceptor and the extent of spectroscopic overlap. 

1.5 Scope of this thesis 

One of the most intriguing and fundamental characteristics of small heat shock 

proteins is the mechanism of their self-association and how self-association affects 

activity. The present study focuses on these aspects of Hsp27 because of its numerous 

biological roles. 

Analytical ultracentrifugation is the principal technique used to determine Hsp27 

concentration dependent self-association in standard conditions at 20 °C. The wild-type 

protein and a variant that mimics the behavior of phosphorylation in vitro (Rogalla et al., 

molar decadic extinction coefficient in 

[Eq. 1.8] 
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1999) as well as their counterpart with an histidine-tag at the N-terminus, were analyzed 

using sedimentation velocity experiments and, in some cases, sedimentation equilibrium 

analyses. Since temperature and other physical parameters can influence oligomerization, a 

thorough analysis of the effects of pH, ionic strength and temperature on the two 

biologically relevant variants without the histidine tag was undertaken. Moreover, 

site-directed mutagenesis was used to generate a number of deletion and point variants, 

not previously described, to understand the role in self-association of the two extremities 

of the protein, as well as the only cysteinyl residue at position 137. A schematic 

representation of the variants analyzed in this work is summarized in Figure 1.9. 

These results provide new insights into the solution properties of Hsp27 that have 

implications for the interpretation of previous work with this protein and for the design of 

future experiments. 

In the second part of this thesis the subunit exchange properties of the wild-type 

protein and selected variants {e.g., the phosphorylation mimic variant and the two variants 

lacking either the first 14 or the last 24 amino acids) were studied by FRET experiments. 

Moreover, chaperon activity was studied by measuring the inhibition of DTT-induced 

insulin unfolding. Such investigation provides a means of determining the extent to which 

each domain influences the chaperon activity and how chaperon activity is influenced by 

protein size, subunit exchange and temperature. Lastly a model for Hsp27 chaperon 

activity is proposed. 

Some of this work has been published prior to the completion of this dissertation 

(Lelj-Garolla & Mauk, 2005; Lelj-Garolla & Mauk, 2006) 
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Figure 1.9 Hsp27 variants. The sequence domains of Hsp27 are represented as follows: 
Black, conserved a-crystallin domain; dark gray, WDPF-domain; white, conserved 
N-terminal region; IXI box, conserved IXI sequence at the C-terminus; zigzag line, 
flexible C-terminal tail; circles, phosphorylatable seryl residues; white circles, seryl 
residues; black circles, Ser to Asp substitutions; triangles pointing up, Cys137; triangle 
pointing down, Cys to Ser mutation; light gray box, His6 tag followed by a thrombin 
cleavage site. Figures above the scheme denote sequence numbers. The names used for 
the Hsp27 constructs in the text are indicated on the left. 
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Materials and Methods 

2.1 Molecular biology of Hsp27 

2.1.2 Protein expression 

The human heat shock protein 27 was produced in Escherichia coli with the 

plasmid pET30. The coding sequence of the gene was amplified from the plasmid 

pCI-NeoHSP27human generously provided by Prof. J. Landry, Centre de Recherche en 

Cancerologie de lTJniversite Laval, Quebec. The original plasmid was modified because it 

contained two EcoRI cleavage sites at both the 3' and 5' end of the gene, and the EcoRI 

site at the 5'end was located 24 bp upstream of the first methionine. The primers that were 

used to amply the gene (NdeI-H27:5'-GC ATT A C G CAT ATG A C C G A G CGC CGC 

GTC CCC T T C - 3 ' and EcoRI-H27: 5 ' - A T C G A A TTC TTA CTT GGC GGC A G T CTC 

A T C - 3 ' ) added an Ndel cleavage site (underlined) at the 5 ' - end of the coding sequence 

that included the A T G of the first coding Met (italics) and an EcoRI cleavage site right 

after the stop codon at the 3'-end of the Hsp27 gene (underlined). The PCR product was 

cloned into a pET30 vector from Novagen. The resulting vector was labeled 

pET30-HSP27, and it is shown in Figure 2.1. The cDNA sequence is provided in Figure 

2.2. 
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EcoRI. 192 - G'AATT_C 

Figure 2.1 Functional map of the 5.89 Kbp plasmid pET30-Hsp27. Se lec ted restriction 
si tes and genes encoded in the p lasmid are indicated in the figure. 
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BspEI BpuEI 
1 ATCCGGATAT AGTTCCTCCT TTCAGCAAAA AACCCCTCAA GACCCGTTTA 

51 GAGGCCCCAA GGGGTTATGC TAGTTATTGC TCAGCGGTGG CAGCAGCCAA 

101 CTCAGCTTCC TTTCGGGCTT TGTTAGCAGC CGGATCTCAG TGGTGGTGGT 

EagI S a i l SacI EcoRI 
Xhol NotI H i n d l l l EcoICRI 

151 GGTGGTGCTC GAGTGCGGCC GCAAGCTTGT CGACGGAGCT CGAATTCTTA 
* Frame 6 

PspOMI 
PspOMI Apal 
Apal BseYI 

201 CTTGGCGGCA GTCTCATCGG ATTTTGCAGC TTCTGGGCCC CCAAGCTGGG 
K A A T E D S K A A E P G G L Q Frame 6 

Nhel 
Bmrl Bmtl 

251 CCCGCGACTC GAAGGTGACT GGGATGGTGA TCTCGTTGGA CTGCGTGGCT 
A R S E F T V P I T I E N S Q T A Frame 6 

BseRI 
301 AGCTTGGGCA TGGGGGCCTC CACGGTCAGT GTGCCCTCAG GGGACAGGGA 

L K P M P A E V T L T G E P S L S Frame 6 

T a q l l 
351 GGAGGAAACT TGGGTGGGGT CCACACCGGG GGGCAGCGTG TATTTCCGCG 

S S V Q T P D V G P P L T Y K R Frame 6 

BseRI 
BsrBI BssSI 

401 TGAAGCACCG GGAGATGTAG CCATGCTCGT CCTGCCGCTC CTCGTGCTTG 
T F C R S I Y G H E D Q R E E H K Frame 6 

451 CCGGTGATCT CCACCACGCC ATCCTTGGTC TTGACCGTCA GCTCGTCCGG 
G T I E V V G D K T K V T L E D P Frame 6 

BtsI 
501 GGCGAAGTGG TTGACATCCA GGGACACGCG CCAGCGGTCC GCAGTGTGCC 

A F H N V D L S V R W R D A T H Frame 6 

NgoMIV 
Bsal Nael BssHII 

551 GGATCTCCGA GACCCCGCTG CTGAGTTGCC GGCTGAGCGC GCGGCTGTAG 
R I E S V G S S L Q R S L A R S Y Frame 6 

BtsI 
601 GCGGGCGCGG CCACTGCGGG GCTCTCGATG GCGGCGGGGG GCAGGGGGCG 

A P A A V A P S E I A A P P L P R Frame 6 

MscI PvuII BtsI BseRI 
651 CACGTAGCCT GGCCAGCTGC TGCCGCCTAA CCACTGCGAC CACTCCTCCG 

V Y G P W S S G G L W Q S W E E Frame 6 
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Kpnl 
StuI Earl Acc65I 

701 GCAGCCGGGG CAGCCCGAAG GCCTGGTCGA AGAGGCGGCT ATGCGGGTAC 
P L R P L G F A Q D F L R S H P Y F r a m e 6 

BseYI 
PvuII PspOMI 

BseYI Apal 
751 CAGTCGCGGA AGGGGTCCCA GCTGGGGCCC CGCAGGAGCG AGAAGGGGAC 

W D R F P D W S P G R L L S F P V F r a m e 6 

Taqll Ndel 
801 GCGGCGCTCG GTCATATGTA TATCTCCTTC TTAAAGTTAA ACAAAATTAT 

R R E T M F r a m e 6 

Xbal BsrBI 
851 TTCTAGAGGG GAATTGTTAT CCGCTCACAA TTCCCCTATA GTGAGTCGTA 

Figure 2.2 Sequence of the Hsp27 cDNA. Al l the restriction e n z y m e s that recognize at 
least 6 bps are reported. 
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2.1.2 Site-directed mutagenesis 

The pET30-HSP27 vector was used as template to obtain all Hsp27 point variants 

and the following deletion variants: Hsp27 Al -14 , Hsp27 A1-24 and Hsp27 A182-205. 

The polymerase chain reaction (PCR) was performed with the following program: 

95 °C/5 min; 30 cycles at 95 °C/45 sec, 55 °C/45 sec, 72 °C/1 min; 72 °C/10 min. The 

reaction was carried out in the presence of 1 M betaine (note: not betaine-HCl) due to the 

high GC content of the Hsp27 gene (~ 68%). The PCR conditions for a standard reaction 

are reported in Table 2.1: 

Table 2.1 Conditions for polymerase chain reactions for amplification of the Hsp27 
gene. 

Reagent Concentration of stock Volume (pi) Final Concentration 

Betaine (in H 2 0) 1.4 M 71 1 M 

Buffer lOx 10 lx 

Template 50-150 ng/pL 1.5 0.75-2.25 ng/uL 

Forward Primer 100 ng/uL 5 5 ng/uX 

Reverse Primer 100 ng/uL 5 5 ng/uL 

dNTPs 5-10 mM 5 0.2-0.5 mM 

MgSCU 100 mM 1.5 1.5 mM 

VENT polymerase 200 U 1 1-3 U 

To mimic phosphorylation in vitro, a triple variant was constructed with the three 

seryl residues that are phosphorylated in vivo changed to aspartyl residues (Rogalla et al, 

1999). The triple mutation construct pET30-HSP27S15D/S78D/S82D was created by a 

two-step site-directed mutagenesis protocol. First, two primers were used to change Ser7 8 

and Ser 8 2 to aspartyl residues (5 ' -CGC G C G CTC G A C C G G C A A CTC G A C A G C 
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GGG G - 3 ' and 5 ' -C CCC GCT GTC G A G TTG C C G GTC G A G CGC GCG-3 ' ) , and 

then the resulting gene (Hsp27-S78D/S82D) was used as a template to obtain the fully 

modified gene Hsp27-S15D/S78D/S82D, (5 ' -GG GGC CCC G A C TGG G A C C C - 3 ' and 

5 ' -G G A A GGG GTC C C A GTC GGG GCC CGC A G G - 3 ' ) . This product was then 

cloned between the Ndel and EcoRI sites of the pET30 vector. The resulting 

pET30-HSP27S15D/S78D/S82D vector was used as a template to replace the only 

cysteine (C 1 3 7 ) with a seryl residue (pET30-HSP27-S15D/S78D/S82D/C137S) (5 ' -GGC 

T A C A T C TCC C G G A G C TTC A C G C G G - 3 ' and 5 ' - C C G CGT G A A GCT C C G G G A 

GAT GTA GCC-3 ' ) . The same primers were used to modify the wild-type protein to 

Hsp27-C137S. In addition to point variants, a number of deletion variants were also 

synthesized. The primers used to prepare these constructs are indicated in Table 2.2: 

Table 2.2 Primers used for amplification and mutagenesis of Hsp27 deletion 
variants. 

Variant Cloning sites: Forward Primer Reverse Primer 

5'-GC ATT A C G 
Hsp27 A l - 1 4 Ndel and EcoRI CAT ATG A G C EcoRJ-H27 Hsp27 A l - 1 4 

TGG G A C CCC 
TTC CGC G A C 

TGG-3' 
5'-GC ATT A C G 

Hsp27 A l - 2 4 Ndel and EcoRI CAT ATG CAT EcoRI-H27 Hsp27 A l - 2 4 
A G C CGC CTC 
TTC G A C C A G 
GCC TTC G-3' 

5'-CG G G A TCC 
Hsp27 Al82-205 Ndel and BamHI Ndel-H27 TTA GAT GGT Hsp27 Al82-205 

GAT CTC GTT 
G G A CTG CGT 

GGC-3 ' 
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The Al -24 S78/S82 variant was constructed with the same primers as the A l - 2 4 

Hsp27 variants but with the pET30-S15D/S78D/S82D vector as template. The histidine 

tagged forms of wild-type Hsp27 and the triple variant were also prepared. The plasmid 

bearing the genes for these proteins was created by cloning the genes for the wild-type 

Hsp27 and the S15D/S78D/S82D variant into a pET28 plasmid from Novagen containing a 

histidine tag followed by a thrombin cleavage site at the N-terminus of the protein. 

A l l the synthetic oligonucleotides were obtained from QIAGEN, and plasmid 

sequences were verified by D N A sequencing at the NAPS unit (UBC). Plasmids were 

transformed into DH5a cells (Invitrogen) and plated on L B plates containing kanamycin 

(KM) (50 ug/mL). Colonies were screened for inclusion of the plasmids with standard T7 

phage primers (#69348-3 and #69337-3, Novagen). Selected colonies were grown, and 

the plasmids were purified (QIAGEN purification kit) and transformed into E. coli cells 

strain B L 2 i ( D E 3 ) - R I L (Stratagene) for protein expression. 

2.1.3 Protein purification 

A single colony was selected from each plate and grown in Luria-Bertani (LB) 

medium (1 mL, 37 °C/250 rpm) supplemented with kanamycin (KM) (1 uL, 50 mg/mL). 

An innoculum of 100 uL was added to L B medium (50 mL) supplemented with K M 

(50 uL, 50 mg/mL) for overnight growth (37 °C/250 rpm). L B media (1 L) with K M 

(1 mL, 50 mg/mL) was inoculated with the overnight culture (1 mL) and grown at 

37 °C/250 rpm. Protein expression was induced with IPTG (Isopropyl 

p-D-l-thiogalactopyranoside) (1 mL, 50 mg/mL) when the OD600 was >1.0. Cell growth 

was allowed to proceed under the same conditions overnight at which point bacteria were 
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pelleted at 8,000 rpm and lysed with a French Press in 20 mM Tris-HCl pH 8.4 and 

100 mM NaCl. The resulting homogenate was clarified by centrifugation 

(1 h/13,000 rpm/4°C). 

The wild-type protein and all the variants without the histidine-tag were purified as 

described elsewhere (Behlke et al, 1991). In brief, the supernatant fluid was saturated to 

35% ammonium sulfate and stirred on ice for 2 h. The precipitate was pelleted by 

centrifugation (1 h/13,000 rpm/4 °C), re-dissolved in 20 mM Tris-HCl (pH 8.4) and 

filtered (0.2 pm filters, Pall) prior to loading onto a HiPrep desalting column (2.6 x 10 cm, 

Amersham-Biosciences) equilibrated with 20 mM Tris-HCl pH 8.4, 100 mM NaCl. The 

desalted protein was loaded onto a column (1.6x10 cm) of Sepharose-Q resin 

(Amersham-Biosciences), eluted with an NaCl gradient (0 to 50% B in 12.5 Column 

Volume (CV), 1 CV-20 .5 mL, A= 20 mM Tris-HCl pH 8.4, 100 mM NaCl and 

B= 20 mM Tris-HCl pH 8.4, 1 M NaCl), and the fractions containing the protein were 

pooled, concentrated by centrifugal ultrafiltration (Centricon 10K, Amicon) and the buffer 

exchanged to 20 mM Tris-HCl pH 8.4, 100 mM NaCl by dialysis overnight. The protein 

was then loaded onto a Mono-Q column (1.0 x 10 cm, Amersham-Biosciences) and 

eluted with the same NaCl gradient. Fractions containing the protein were pooled and 

concentrated. The resulting protein was eluted (400 mL injections) over a manually packed 

gel filtration column with Superdex 200 resin (0.5 x 40 cm, Amersham-Biosciences). 

The His6-tag-Hsp27 variants were purified on a HiTrap N i - N T A column 

(Amersham-Biosciences) by increasing the imidazole concentration from zero to 500 mM. 

After elution, the protein was pooled, concentrated and dialyzed extensively against 4 L 

buffer (20 mM Tris-HCl pH 8.4, 100 mM NaCl). The His 6-tag could not be removed with 
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thrombin after repeated attempts. Therefore, both the His6-tag and the thrombin cleavage 

site were left flanking the N-terminus of the protein. For all the variants, fractions were 

analyzed by SDS-PAGE followed by Coomassie blue staining, concentrated and stored at 

-80 °C in multiple samples after flash freezing in small volumes of liquid nitrogen. The 

purification yield varied with the variants expressed, purification of wild-type Hsp27 

produced up to ~ 50 mg of pure protein per liter of culture. 

2.2 Analytical Ultracentrifugation (AUC) 

2.2.1 Sedimentation Velocity. 

Experiments were conducted with a Beckman Optima X L I analytical 

ultracentrifuge equipped with both absorbance and interference optics. Unless otherwise 

stated, the experiments were run at 20 °C in 20 mM Tris-HCl (pH 8.4), 100 mM NaCl 

with 400-450 pL of sample. The samples were diluted to the final concentration and 

dialyzed overnight against 1.5 L of buffer just prior to analysis. Before starting any run, 

samples were thermally equilibrated in the centrifuge for at least 1 h after the instrument 

reached 20 °C under vacuum. Sedimentation velocity experiments were performed with 

the 4-hole (AnTi60) and 8-hole (AnTi50) rotors and with 12 mm aluminum-filled epon 

double sector centerpieces. Sapphire windows were used with interference optics while 

quartz windows were used with absorbance optics. Radial absorbance data were acquired 

at 280 nm or 230 nm, depending on protein concentration, and radial increments of 

0.003 cm with no averaging in continuous scan mode. For both interference and 

absorbance, no time interval was set between scans. Rotor speed was either 35,000 rpm for 

the high molecular weight species (wild-type Hsp27, C137S Hsp27, A l 82-205 Hsp27, 
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His6-tag wild-type and His6-tag S15D/S78D/S82D) or, 60,000 or 50,000 for the low 

molecular weight species (S15D/S78D/S82D Hsp27, S15D/S78D/S82D/C137S Hsp27, 

A l - 1 4 Hsp27, A l -24 Hsp27). 

When experiments were performed at temperatures other than 20 °C, care was 

taken to equilibrate the rotor at the desired temperature outside the centrifuge. Notably, as 

the experimental temperature approached the upper limit of temperature that is accessible 

with the Optima X L - I (40 °C), oil vapor from the vacuum pump collected on the optical 

elements during data collection. For this reason, the optics were cleaned after each 

experiment performed under such conditions. 

2.2.2 Data analysis of sedimentation velocity experiments 

Most data were analyzed as a c(s) distribution of the Lamm equation solutions 

calculated with the program SEDFIT (Schuck et al, 2002) and regularization parameters 

of p=0.95 and 200 sedimentation coefficient increments in the appropriate range for each 

sample, both the meniscus and the frictional ratios were floated. The density of the solution 

and the partial specific volume were calculated with the program SEDNTERP (Laue et al, 

1992). The monomer molecular weights and the extinction coefficients were calculated 

from the amino acid sequence with the program ProtParam that is available at the Expasy 

web site. A l l the values used together with the protein concentrations are reported in Table 

2.3. The isotherm fits were performed with the appropriate fitting function in the 

SEDPHAT program (Schuck, 2003). 

A l l the average sedimentation coefficients (Sav) reported in this work are corrected 

to the viscosity and density of water at 20 °C. When values of 5 a v are reported, the program 

SEDFIT was used to obtain a plot of c(s) vs. sedimentation coefficient, and the peaks in the 
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c(s) plots were integrated to obtain the Sav values and the total signal. The curves were then 

normalized by dividing the curves by the total signal obtained in the c(s) distribution. The 

program SEDNTERP was then used to obtain the values corrected to the density and 

Table 2.3 Physical parameters for all Hsp27 derivatives studied. 

Variants of Hsp27 M.W. (Da) e28o (L/gxcm) V (mL/g) 

Wild-type 22651.3 1.790 0.7275 

S15D/S78D/S82D 22866.5 1.773 0.7267 

S15D/S78D/S82D/C137S 22719.3 1.784 0.7268 

A l - 1 4 21141.5 1.918 0.7264 

A l - 2 4 19791.1 1.409 0.7279 

A l 82-205 20107.5 2.01 0.7285 

His6-wild-type 24814.6 1.634 0.7242 

His 6-S15D/S78D/S82D 24898.6 1.628 ° - 7 2 3 4 

Molecular weight and molar absorptivities were derived with the program ProtParam 
provided by the ExPasy web site (Gill & von Hippel, 1989). Partial specific volume was 
calculated with the program SEDNTERP (Laue etal., 1992). 
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viscosity at 20 °C. This analysis permits the direct comparison of Sav values obtained at 

various temperatures with each other. For wild-type Hsp27, the ranges used at each 

temperature were as follows: 10 °C (1-30 S), 20 °C (1-30 S), 30 °C (1-50 S), and 40 °C 

(1-50 S). The Sav for samples with low concentration of the triple variant were obtained by 

integrating the c(s) curves up to 5.5 S. Further analysis was performed with the program 

SEDPHAT which corrects for standard conditions. The c(s) curves where obtained with 

the hybrid local continuous distribution model with Tikhonov regularization p = 0.95 and 

allowing the frictional coefficient to float. At least 300 points were used for each curve in 

the appropriate range of sedimentation coefficients. In the case of all the other variants, 

appropriate ranges were used depending on the positions of the peaks. Additional details 

are reported in the Results section. 

2.2.3 Sedimentation Equilibrium. 

Sedimentation equilibrium experiments were performed on wild-type Hsp27 and 

Hsp27 S15S/S78D/82D at several concentrations specified in the results section. A l l the 

experiments were performed with Beckman Optima X L - I analytical ultracentrifuge at 

20 °C with samples prepared in 20 mM Tris-HCl (pH 8.4), 100 mM NaCl. Samples were 

loaded into a 6-channel carbon-filled epon centerpiece and spun in the 4-hole (AnTi60) 

rotor. Data were collected at 280 nm or with interference optics depending on protein 

concentrations. Wild-type Hsp27 was run at 9,000 rpm for 42 h, and scans were collected 

every hour. Experiments with S15S/S78D/S82D Hsp27 were run at 8,000 rpm, 12,000 and 

20,000 rpm. When the absorbance optics were used, radial scans were set at 0.001 cm 

increments and each data set is an average of 10 scans. Achievement of equilibrium was 
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verified with the program WinMatch (Jeffrey & Yphantis), and analysis was performed 

with the program WinNonlin (Johnson et al, 1981). 

2.3 Circular Dichroism (CD) 

2.3.1 Wild-type Hsp27 

Circular dichroism spectra of wild-type Hsp27 (10 u.M, 10 mM phosphate buffer, 

pH 7.4) were collected with a quartz cuvette (0.1cm path length) and a Jasco-810 

spectropolarimeter equipped with a Peltier device for temperature control. Temperature 

was maintained at 20 °C and each spectrum is an average of 3 scans. 

2.3.2 Thermal denaturation of wild-type and variants 

Thermal denaturation was measured at 222 nm and a protein concentration of 

10 p M (10 mM phosphate buffer, pH 6.7 or 7.7) with a Jasco 810 spectropolarimeter by 

increasing the temperature of the sample from 25 to 90 °C with a gradient of l°C/min. CD 

spectra were recorded at 25 °C before and after unfolding. Temperature was regulated with 

a Peltier device under computer control. 

2.4 Activity assay 

2.4.1 Insulin unfolding 

Unfolding of insulin was measured at various temperatures, protein concentrations 

and pH to identify conditions under which unfolding was detectable within 20 to 30 

minutes. Insulin solutions (90 uM) were prepared at various values of pH and incubated at 

the final temperature at least 10 minutes before addition of DTT (1 M , 60 pL). 
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Aggregation was monitored by measuring light scattering at right angles to the incident 

light with a Varian Cary Eclipse spectrofluorometer equipped with a Peltier device for 

temperature control. Both the emission and excitation wavelengths were set at 465 nm (the 

band pass 2.5 nm). Kinetics traces are reported as the average of two measurements. 

2.4.2 Unfolding in the presence of Hsp27 variants 

Chaperon activity was measured by monitoring the DTT-induced aggregation of 

insulin in the absence and presence of Hsp27 and variants. For the experiments performed 

in the absence of Hsp27, aggregation was initiated by unfolding insulin with the addition 

of DTT solution (1 M , 60 uL) to a solution of insulin (90 uM, 590 pi). The same 

experiments were repeated in a solution containing varying concentrations of wild-type or 

variant Hsp27 in sodium phosphate buffer (20 mM, pH 6.7) that had been incubated for 10 

min at the desired temperature. The final pH was adjusted just before incubation at the 

desired temperature. Hsp27 chaperon activity was measured at two ratios of insulin:Hsp27 

(0.05 and 0.2 (mol/mol)) and at least two temperatures (20 and 40 °C). When appropriate, 

the percentage activity was calculated as 100[(Iins - Iins+HsP)/Iins] where I is the intensity of 

light scattering observed after 20 min. 

2.5 Forster resonance energy transfer (FRET) 

2.5.1 Protein labeling 

Wild-type Hsp27 and selected variants were labeled at the unique cysteinyl residue 

present in the monomeric protein at position 137 with either 4-aceto-4'-

((iodoacetyl)amino) stilbene-2,2'-disulfonic acid (AIAS, ^ e x

= 329 nm, A . e m = 408 nm) or 
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lucifer yellow iodoacetamide (LYI, Xex= 426 nm, Xem= 531 nm) (Figure 2.3). Labeling was 

performed with a protocol previously described (Bova et ai, 1997; Bova et al., 2000). In 

brief, recombinant protein was diluted to 1 mg/mL with buffer (100 mM NaCl, 20 mM 

MOPS, pH 7.9). Solid AIAS was added to a final concentration of 3.2 mM in a final 

volume of 1 mL, and the reaction was allowed to proceed overnight at room temperature in 

the dark. Unreacted AIAS was separated chromatographically from the fluorescently-

labeled Hsp27 with a Hi-Trap desalting column (5 mL, equilibrated with 100 mM NaCl, 

2 mM DTT, 50 mM sodium phosphate (pH 7.5), Amersham-Biosciences) developed with 

an A K T A chromatography system. Hsp27 was also covalently labeled with L Y I at a final 

concentration of 8.4 mM under the same conditions. AIAS and L Y I were both from 

Invitrogen. The extinction coefficients used to determine the labeling efficiency were 

39,000 M-'cm" 1 for AIAS and 11,000 M" 'cm _ 1 for L Y I . 

2.5.2 FRET experiments 

Fluorescence resonance energy transfer was used to determine the rate of subunit 

exchange of wild-type Hsp27 and variants as a function of temperature. The exchange 

reaction was initiated by mixing equimolar (5 uM final) AIAS-labeled and LYI-labeled 

protein in a quartz cuvette (1 cm path length) in a total volume of 160 uL (50 mM sodium 

phosphate (pH 7.5), 100 mM NaCl, 2 mM DTT). The excitation wavelength was 335 nm, 

and quenching was followed by measuring fluorescence emission (412 nm) with a Cary 

Eclipse spectrofluorometer. Protein was incubated in a water bath at the desired 

temperature for at least 15 min prior to each experiment, and the cuvette was maintained at 

constant temperature with a Peltier device during data collection. The rate of subunit 

47 



Materials and Methods 

exchange was calculated from the equation F(t) = y0 + Ae'x"mrd, where F(t) is the 

fluorescence intensity at 412 nm and tmrt is mean reaction time (Espenson, 1981). The rate 

constant k, which is equal to \ltmrt, was determined by nonlinear regression analysis of the 

data using the first order exponential decay fit from the software Origin (ver. 7.0). The 

activation energy (E a) for subunit exchange was determined from Arrhenius plots (1/T 

( K T 1 ) vs. ln(A:)). The data points where fitted by a linear least squares fit to y =A + Bx 

where A = AS/R and B = -AH/R (R = gas constant), and the activation energy was 

calculated from the relationship Ea =AH + RT. 

Figure 2.3 Structures of AIAS and LYI. A , Sodium 4-aceto-4'-((iodoacetyl)amino) 
stilbene-2,2'-disulfonate (AIAS); B, potassium salt of lucifer yellow iodoacetamide. 
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3. RESULTS 

3.1 Self-association 

To define the mechanism by which Hsp27 functions, it is essential to understand 

first the most fundamental aspects of the behavior of the protein in solution, the manner in 

which this behavior is dictated by solution conditions (pH, temperature, ionic strength) and 

the contributions of key structural elements of the protein to this behavior. For a 

self-associating protein, such as Hsp27, the most fundamental issue is the distribution of 

oligomers that occurs in solution, the manner in which this distribution is influenced by the 

factors defined above, and the structural determinants of this distribution. 

The results presented below provide this information for human Hsp27 through the 

use of analytical ultracentrifugation and then consider the relationship between the 

oligomerization of the protein and its structural modifications on the chaperon activity of 

the protein. 

3.1.1 Oligomerization of wild-type Hsp27 in standard conditions 

The first step towards the characterization of Hsp27 oligomerization was to 

determine the self-association of the protein in standard conditions, defined here as 20 mM 

Tris-HCl pH 8.4, 100 mM NaCl at 20 °C. Sedimentation velocity analysis of the behavior 

of Hsp27 is followed by the analysis of sedimentation equilibrium experiments to establish 

that oligomerization in standard condition is highly dynamic and that most of the protein is 

present in a 12/16-mer state in equilibrium with smaller oligomers. 

49 



Results 

Velocity data obtained with wild-type Hsp27 protein samples of 0.03 to 

1.96 mg/mL were analyzed by modeling the sedimentation boundaries as a superposition 

of finite elements of the Lamm equation for non-interacting species with the program 

SEDFIT (Schuck & Rossmanith, 2000). The resulting distribution functions of 

sedimentation coefficients c(s) are shown in Figure 3.1 A. The c(s) distribution of the 

wild-type protein exhibits several peaks, consistent with polydisperse speciation. 

For all protein concentrations, 70-95% of the sample exhibits a sedimentation 

coefficient in the range 4.6-30 S, 2-30% sediments with S of 2-4.6, and just 2-3% has 

S >30 S, indicating that under these conditions, wild-type Hsp27 has a discrete upper limit 

in size. 

The breadth of the peaks observed in the c(s) distribution is greater than expected 

for discrete, non-interacting components, and the apparent sedimentation coefficients for 

each peak vary directly with protein concentration. This result indicates that the boundaries 

observed are "reaction boundaries" in which the sedimenting species interconvert on a 

timescale that is at least as great as that of sedimentation. As a consequence, the observed 

peaks do not correspond to a particular oligomeric assembly but instead reflect some 

weight-average of the sedimenting species. However, by increasing the protein 

concentration sufficiently, the peak of the c(s) distribution approaches the peak of the 

largest oligomer. In the current case, the major peak shifted toward an upper value of -13 

S without increasing to higher S values as protein concentration was increased from 0.5 to 

1.96 mg/mL. This behavior indicates that at these concentrations, true sedimenting species 

are observed and that a reaction boundary is seen only at the lowest concentration.. 
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M o l e c u l a r w e i g h t (kDa) 

Figure 3.1. Sedimentation velocity analysis of wild-type Hsp27 (Tris-HCl buffer (20 
mM (pH 8.4), 100 mM NaCl, 20 °C)). A, c(s) distribution: red line, 0.03 mg/mL; blue line, 
0.09 mg/mL; olive green line, 0.2 mg/mL; orange line, 0.5 mg/mL; black line, 0.89 mg/mL; 
cyan line, 1.96 mg/mL. B, c(M) distribution for [Hsp27] of 1.96 mg/mL assuming f/f0=1.29. 
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The sedimentation coefficients calculated for spherical species with the molecular 

weights of a 12-mer (15.10 S), 14-mer (16.73 S) and for 16-mer (18.29 S) are as 

indicated. As the sedimentation coefficient of a protein must be smaller than that of a 

sphere of equal molecular weight, all models considered here could be correct. S m a x /S is 

equal to fo/f, so S = Smax/(f/fo) where S m a x is the sedimentation coefficient of a sphere with 

molecular weight equal to the species being analyzed. The frictional coefficient obtained 

with SEDFIT is f/fo= 1-29, so the expected sedimentation coefficient would be 11.7 S (or 

15.1/1.29) for a 12-mer, 13.0 S (or 16.73/1.29) for a 14-mer and 14.3 S (18.29/1.29) for a 

16-mer. The last two values are very close to both the experimental value obtained from 

the c(s) distribution at high concentrations (S=13.2), and the value derived from the 

SEDPHAT fits for the largest species in the assembly (S=13.9) (read below for further 

analysis). 

As a result, the c(s) distribution of the 1.96 mg/mL sample can be transformed into 

a c(M) distribution with confidence. The frictional ratio used for this transformation 

(f/fo=\.29) was obtained from the fit to the data provided by SEDFIT. The value of this 

parameter is allowed to float during data analysis with SEDFIT because independent 

information concerning the average degree of boundary spreading and sedimentation can 

be extracted from the experimental data (Schuck et al, 2002). Theflfo value provides an 

estimate of the extent to which the shape of a protein differs from a compact, unhydrated 

sphere of the same mass and density (Cantor & Schimmel, 1980). A globular, hydrated 

protein would have a frictional coefficient of 1.2-1.4, a moderately elongated protein (e.g., 

fibronectin coiled up in low salt) would have a frictional coefficient of 1.6-1.9 while very 

elongated proteins (e.g., fibrinogen) would have a frictional coefficient of 2-3. Together 
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with the S-value, the ff allows estimation of the molecular weight of the sedimenting 

species (Lebowitz et al, 2002). 

As previously mentioned, the presence of multiple species in solution complicates 

the interpretation of the frictional ratio obtained with SEDFIT for a c(s) distribution. 

However, the use of a single average frictional coefficient in the interpretation of the 

sedimentation data of an oligomerization process has been quite successful, for example, in 

the study of ligand-linked association of tubulin (Frigon & Timasheff, 1975). For proteins 

that interact on the time-scale of sedimentation, an additional contribution to boundary 

spread is the interconversion of species by dissociation and re-association of the oligomers 

(a chemical process). With the exception of repulsive interactions at protein concentrations 

exceeding those used in the present study, such a chemical process leads to excess 

boundary spreading, which can result in artificially high apparent diffusion and 

consequently low frictional ratios at concentrations in the range of of the interaction 

(Schuck, 2003). It was shown recently in the "constant bath" theory for heterogeneous 

interactions that the sedimentation/diffusion process of reacting systems may be described 

to a good approximation as that of sedimentation and diffusion of non-reacting systems 

with the apparent sedimentation and diffusion coefficients following a binding isotherm 

(Dam & Schuck, 2005; Dam et al, 2005). This result suggests that at conditions close to 

saturation of the largest oligomer, the apparent weight-average f/fo value from c(s) should 

be close to the true f/fo value of the largest oligomers. Any error in this approximation 

would lead to an underestimation of the molecular weight and underestimation of the shape 

asymmetry. 
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Therefore, i f multiple species are present, the frictional ratio derived with SEDFIT 

for a c(s) distribution is an approximation of the true f/fo because it is calculated as an 

average of the frictional ratios of all the species present. In the sample at 1.96 mg/mL, 

>90% of the total protein sediments as the 13 S peak; therefore, the fitted f/fo is a good 

approximation of the true frictional ratio of the 13 S sedimenting species. The resulting 

c(M) distribution is shown in Figure 3.IB and indicates that the larger oligomers have an 

average molecular weight of-320-330 kDa, which is consistent with a ~14-mer. 

As mentioned above, the c(s) distribution of wild-type Hsp27 also exhibits peaks 

with other S values. Between 2 S to 4 S there is a peak that does not shift with increasing 

protein concentration but that decreases in relative amount with increasing protein 

concentration. Thus, wild-type Hsp27 forms large oligomers, but a small fraction of the 

protein always takes the form of smaller oligomers that are probably monomers or an 

equilibrium mixture of monomers and dimers, which are in equilibrium with the larger 

oligomers. The final peak observed in the c(s) distribution (4 S-6 S) is presumably an 

intermediate in the association reaction. 

The data obtained from this analysis are not sufficiently detailed to define a model 

for association of wild-type Hsp27, but the weight average sedimentation coefficients Sav 

can nonetheless be fitted to various models with the isotherm fitting routine of the 

SEDPHAT program which provides a rigorous means of deriving association constants for 

systems of this type (Schuck, 2003). The present data for wild-type Hsp27 fit well as a 

monomer <-> tetramer <-> n-mer with n = 12, 14 or 16. Discrimination between these three 

models is not possible, but the smallest square root of variance was obtained for n= 16. 

Notably, inclusion of the tetrameric intermediate in the model was required for 
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convergence. The fits of the data to these models with and without the tetrameric 

intermediate are shown in Figure 3.2A-D. 

Figure 3.2. Isotherm fitting of the Sav of wild-type Hsp27. The isotherm fitting option in 
the program SEDPHAT was used to fit the Sav of the Hsp27 wild-type. Fitting as A, 1 <-> 4 
<-> 12; B, 1 <-> 4 <-> 14; or C, fitting as 1 <-> 4 <-> 16. D, Fitting as 1 <-> 12 without including 
an intermediate species. 
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Although the simplest model that fits the data is monomer <-> tetramer <-» 12-mer, 

the other two models are equally in agreement with the experimental data. The association 

constants obtained from the Sedphat fits are 0.2 x 1 0 8 M - 3 for the monomer <-» tetramer 

equilibrium from all the fits and 0 . 7 x l 0 6 M " 2 and 0.7 x 10 6MT 3 for the 

tetramer 12-mer and tetramer <-» 16-mer equilibrium respectively. This result can be 

seen in the c(s) distributions in that most of the protein occurs in the 13 S species at the 

highest concentration used (86.5 uM) while at the lowest concentration (1.3 uM) the Sav is 

8.02, indicating that most of the protein is present in the tetramer <-» 12/ 16-mer 

equilibrium. The association constants are large, but the kinetics of self-association are 

fast on this time scale, and some smaller oligomers are present under all circumstances. 

Sedimentation equilibrium experiments were run to confirm the velocity experiment 

results. In equilibrium, the sedimentation profile is directly proportional to the protein size 

and does not depend on hydrodynamic factors such as protein shape; hence, the results are 

complementary to velocity experiments and can be more precise for the determination of 

association constants. On the other hand, data analysis of equilibrium runs is highly 

dependent on the model to which the data are fit. 

Sedimentation equilibrium experiments (9,000 rpm) were performed with wild-type 

Hsp27 at six protein concentrations (0.3-1.5 mg/mL). The apparent molecular weight 

obtained by a global fit is 390 kDa, and the data are fit well in terms of a 

monomer <-» 18-mer equilibrium (floating N gave N = 17.7) with square root of variance 

of 1.6 x 10 (Figure 3.3A-C). The best fit (square root of variance = 9.9 x 10 ) for the 

three lowest concentrations (0.3, 0.45, 0.6 mg/mL) was obtained with the model for the 

monomer <-> 14-mer equilibrium (allowing N to vary produces N= 14.3) (Figure 3.4A-C). 
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The apparent molecular weight obtained from the global fit at all protein 

concentrations is slightly greater than that derived from the sedimentation velocity 

experiments. This result might reflect the presence of some aggregates with sedimentation 

coefficient >13 S and the inability of this technique to discriminate between species in a 

complex mixture. Interestingly, at the lowest Hsp27 concentration, the sedimentation 

equilibrium results agree exactly with the results obtained from the sedimentation velocity 

experiments. 

3.1.2 Ionic strength, pH and ion-specific dependence of 

self-association 

The self-association of wild-type Hsp27 (~1 mg/mL) was studied as a function of 

ionic strength at pH 8.4, and the data were analyzed with the program SEDFIT. The 

variation of the weight average sedimentation coefficients (Sav) as a function of [NaGl] 

obtained from this analysis (Figure 3.5A) demonstrates that the state of oligomerization 

does not change significantly upon increasing the ionic strength from 0.05 to 1 M sodium 

chloride. 

To evaluate the possible role of titratable functional groups in Hsp27 

oligomerization, sedimentation velocity experiments were performed from pH 6.5 to 8.4. 

The results obtained with the wild-type protein (0.6 mg/mL) (Figure 3.5B) establish that 

the self-association of this protein (as reflected by Sav) is independent of pH between pH 7 

and 8.4. On further lowering the pH to 6.5, the wild-type protein exhibited an increase in 

Sav. 
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Figure 3.3. Sedimentat ion equi l ibr ium analysis of wi ld- type Hsp27 (Tris-HCl buffer 
(20 mM (pH 8.4), 100 mM NaCl, 20 °C)). Global fitting analysis assuming a monomer <-> 
18mer model for [Hsp27] of A, 0.3 mg/mL (open square) and 0.75 mg/mL (open circle); B, 
0.45 mg/mL (open square) and 1.0 mg/mL (open circle) and C, 0.6 mg/mL (open square) 
and 1.5 mg/mL (open circle). For clarity, only every third point is shown. Closed circles 
and squares represent deviation. The square root of variance is 1.6 x 10~2 
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Figure 3.4. Sedimentation equilibrium analysis of wild-type Hsp27 at low 
concentration (Tris-HCI buffer (20 mM (pH 8.4), 100 mM NaCl, 20 °C)). Global fitting 
analysis assuming a monomer <-> 14mer model for [Hsp27] of A, 0.3 mg/mL; B, 0.45 
mg/mL and C, 0.6 mg/mL. For clarity, only every second point is plotted. Closed circles 
indicate the deviation; the square root of variance is 9.9 x 10~3. 
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Figure 3.5. Sedimentation velocity analysis of wild-type Hsp27 as a function of pH 
and ionic strength. A, dependence of S a v on [NaCl] for wild-type Hsp27 (0.6 mg/mL); B, 
dependence of Sav on pH for wild-type Hsp27 (1 mg/mL). 

Figure 3.6. Sedimentation velocity analysis of wild-type Hsp27 in the presence of 
KCI and/or ATP. Grey columns, S a v for wild-type Hsp27 KCI 10 mM and/or ATP 10 mM, 
black columns, protein concentration in mg/mL. 
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This behavior is presumably related to the fact that Hsp27 is not soluble at its pi (predicted 

to be -6 .0 (Gasteiger et al, 2005)). a-Crystallin has been shown to bind unfolding 

polypeptide to form stable complexes. In the presence of ATP, K + and M g 2 + , the 

complexes become unstable and release of the unfolded polypeptide is observed (Wang & 

Spector, 2001). In this study, the presence of potassium (10 mM) and ATP (10 mM) do not 

alter the self-association of wild-type Hsp27 (27 uM) (Figure 3.6). Similar results were 

obtained in the presence of 2.2 mM Mg (data not shown). 

3.1.3 Thermally induced self-association of wild-type Hsp27 

Sedimentation velocity analyses of wild-type Hsp27 at 10, 30 and 40 °C and protein 

concentrations ranging from 0.04 to 1.79 mg/mL were compared with the corresponding 

results previously described and obtained at 20 °C. The c(s) data obtained as a function of 

temperature (10, 20, 30 and 40 °C) are shown in Figure 3.7. As well, the weight average 

sedimentation coefficients as a function of protein concentration and the Sav vs. temperature 

for a given concentration (-0.9 mg/mL) are shown in Figure 3.8A-B). 

As observed previously at 20 °C, the width of the peaks observed in the c(s) 

distribution at the various temperatures studied in this work are greater than expected for 

discrete, non-interacting components. However, as previously mentioned, by increasing 

the protein concentration sufficiently, the peak of the c(s) distribution approaches the peak 

of the largest oligomer. Therefore, the increase in Sav with increased protein concentration 

at all temperatures studied (10 to 40 °C) is consistent with our previous observations at 

20 °C and indicates that at all temperatures, Hsp27 behaves as a self-associating system. 
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Figure 3.7. Sedimentation velocity analysis of wild-type Hsp27 as function of 
temperature and concentration (20 mM Tris-HCI, pH 8.4, 100 mM NaCl). From to 
panel: c(s) distribution at 10 °C: black line, 0.06 mg/mL; gray line, 0.1 mg/mL; blue line, 
0.18 mg/mL; red line, 0.69 mg/mL; olive line, 1.09 mg/mL. c(s) distribution at 20 °C: black 
line, 0.03 mg/mL; light gray line, 0.09 mg/mL; blue line, 0.2 mg/mL; red line, 0.5 mg/mL; 
olive line, 0.89 mg/mL; c(s) distribution at 30 °C: black line, 0.04 mg/mL; light gray line, 
0.1 mg/mL; blue line, 0.16 mg/mL; red line, 0.86 mg/mL; olive line, 1.79 mg/mL. c(s) 
distribution at 40 °C: black line, 0.05 mg/mL; gray line, 0.08 mg/mL; blue line, 
0.17 mg/mL; red line, 0.56 mg/mL; olive line, 0.95 mg/mL. 
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Moreover, the fact that the Sav seems to reach a plateau indicates that the largest oligomers 

formed at each temperature were approached. Surprisingly, however, self-association of 

Hsp27 exhibits an unusual dependence on temperature such that on increasing the 

temperature from 10 to 40 °C, even larger oligomers form (Figure 3.8A). The c(s) plots 

(Figure 3.7) show that at all temperatures some small oligomers are present in solution 

especially at the lowest concentration analyzed. 
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Figure 3.8. Average sedimentation coefficient of wild-type Hsp27 as a function of 
concentration and temperature. A, concentration dependent Sav distribution; closed 
squares, 10 °C; open squares, 20 °C; closed circles, 30 °C; open circles, 40 °C. B, 
dependence of Sav on temperature of the samples at 10 °C (1.09 mg/mL or 0.69 mg/mL), 
20 °C (0.95 mg/mL) 30 °C (0.95 mg/mL), and 40 °C (0.89 mg/mL). 
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Consequently, the conclusion that Hsp27 dissociates into monomers and dimers 

independent of the temperature at which the experiments are run while the upper limit of 

oligomer size varies directly with temperature was drawn. 

While the three-dimensional structure of Hsp27 is not known, the few available 

crystal structures of small heat shock proteins and all results derived from electron 

microscopy indicate that sHsps are nearly spherical proteins. This characteristic is reflected 

by the frictional coefficient (1.2 to 1.4) obtained from analysis of the current data with 

SEDFIT and molecular weights consistent with the known masses of sHsps. At the highest 

protein concentrations used in this study, the obtained frictional coefficients ratios (f/fo) of 

1.30 (10 °C), 1.37 (30 °C) and 1.22 (40 °C). Assuming these values as the frictional 

coefficient for the largest Hsp27 oligomers observed at each temperature, we can deduce 

that self-association results in fairly compact quaternary structures and can estimate the 

size of the oligomers formed at each temperature. At 10 °C, a broad peak spans from small 

S values up to 10 S, indicating that the largest sedimenting species is probably no larger 

than an 8-10-mer. At 30 °C, the main peak has an S value that spans 13-15 S, indicating 

that the main sedimenting species has the size of a 16-mer to 20-mer. At 40 °C, the main 

component sediments with S of 18-22 S, indicating that the main sedimenting species is in 

the range of a 22-mer to a 30-mer. 

Repetition of velocity experiments with wild-type Hsp27 in phosphate buffer 

(20 mM pH 7.4, 100 mM NaCl, 40 °C) resulted in identical behavior, so this result does 

not arise from the thermodynamic properties of the buffer (data not shown). The 

reversibility of this temperature dependent self-association was demonstrated by the 

observation that c(s) plots obtained from samples that were heated for 2 h at 42 °C prior to 
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sedimentation velocity analysis at 20 ° C exhibited the same degree of self-association as 

observed for protein maintained at 20 ° C (Figure 3.9). This latter result indicates that 

oligomerization of Hsp27 at elevated temperature is attributable to the formation of 

well-defined, higher order oligomers rather than to non-specific aggregation. 

S (Svedbergs) 

Figure 3.9. Reversibility of the temperature dependent self-association of wild-type 
Hsp27. Sedimentation velocity analysis of wild-type Hsp27 (Tris-HCl buffer (20 mM 
(pH8.4), 100 mM NaCl, 20 °C)). c(s) distribution: black line, 0.9 mg/mL sample kept at 
20 °C; grey line, 0.9 mg/mL sample incubated at 42 °C and run in the centrifuge at 20 °C. 
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Moreover, incubation at 40 °C for longer periods of time (up to 8 h prior to start the 

sedimentation velocity experiments) did not change the upper limit of size of oligomers 

formed (data not shown). As indicated above, limitations in instrument design prevented 

use of higher temperatures in these experiments. 

3.1.4 Effect of phosphorylation on Hsp27 oligomerization 

Replacement of three key serine residues (position 15, 78, 82) with aspartic acid 

mimics the effect of Hsp27 phosphorylation in vitro (Rogalla et al, 1999). The 

corresponding Hsp27 S15D/S78D/S82D variant (Figure 1.9), was purified to determine 

what effect the introduction of these charged residues has on protein oligomerization. 

Velocity experiments with the S15D/S78D/S82D Hsp27 variant were carried out at 

concentrations ranging from 0.03 to 2 mg/mL. The resulting c(s) distributions obtained for 

these samples establish that the principal form of this variant sediments at ~ 2.7 S, but 

smaller forms sedimenting at greater S values are also evident (Figure 3.10). At the lowest 

concentration (0.03 mg/mL), 95% of the protein sediments at 2.6 S (monomer or monomer 

<-> dimer), and only 5% of the protein sediments with Sm = 8.7 (total 5 a v = 2.83). Increasing 

the concentration of the variant to 2.0 mg/mL increases 5 a v to 3.94 as expected for a 

self-associating protein. A similar pattern was observed for the S15D/S78D/S82D/C137S 

Hsp27 variant, indicating that the sole cysteinyl residue of Hsp27, Cys ' 3 7 , does not 

influence the self-association of Hsp27 significantly through disulfide bond formation 

(Figure 3.11). 
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Figure 3.10. Sedimentation velocity analysis of S15D/S78D/S82D Hsp27 (Tris-HCl 
buffer (20 mM (pH 8.4), 100 mM NaCl, 20 °C)). c(s) distribution of S15D/S78D/S82D 
Hsp27: red line, 0.03 mg/mL; blue line, 0.14 mg/mL; olive green line, 0.31 mg/mL; orange 
line, 0.6 mg/mL; black line, 1.0 mg/mL; cyan line, 2.0 mg/mL. The inset expands the 
region of 2.3 to 3.1 S for clarity 
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S (Svedbergs) 

Figure 3.11. Sedimentation velocity analysis of S15D/S78D/S82D/C137S Hsp27 
(Tris-HCI buffer (20 mM (pH 8.4), 100 mM NaCl, 20 °C)). c(s) distribution: light grey, 0.28 
mg/mL; grey line, 0.34 mg/mL; light grey squares, 0.37 mg/mL; grey triangles, 0.6 mg/mL; 
black line, 1.2 mg/mL; grey open circles, 2.4 mg/mL. The inset expands the region of 2.3 
to 3.5 S for clarity 
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As for the wild-type protein, sedimentation equilibrium experiments were 

performed with the triple variant to corroborate the results of the velocity experiments. 

Indeed, sedimentation equilibrium analyses of the S15D/S78D/S82D variant confirmed 

that this protein is a self-associating system. The apparent molecular weight of this variant 

varies directly with protein concentration (Table 3.1), reflecting both the reversibility of 

the association and its polydispersity. The best fit to these data was obtained for a 

monomer <-> 12-mer model (square root of variance = 1.46 x 10~2). Nevertheless, 

acceptable uncertainties were also obtained for monomer <-» octamer and 

monomer <->• 16-mer models. As for the wild-type protein, this variant is capable of 

forming large oligomers, but the equilibrium is shifted toward smaller species, primarily 

monomers and/or dimers. 

Sedimentation velocity experiments were performed with the triple variant as a 

function of ionic strength, pH and at temperature to determine i f any of these factors can 

influence the oligomerization of this protein. 

Table 3.1. Apparent molecular weight of the S15D/S78D/S82D Hsp27 variant as a 
function of protein concentration and rotor speed. 

[Hsp27 S15D/S78D/S82D] 8,000 rpm 12,000 rpm 20,000 rpm 

0.12 mg/mL 85.0 kDa 32.2 kDa 24.4 kDa 

0.3 mg/mL 94.6 kDa 57.9 kDa 30.2 kDa 

0.6 mg/mL 97.7 kDa 81.5 kDa 40.5 kDa 

Values are calculated from the fit of each species separately in the program. Experiments 
were performed in Tris-HCl buffer (20 mM (pH 8:4), 100 mM NaCl, 20 °C), and data were 
analyzed with the program WinNonlin.(Johnson etal., 1981) 

69 



Results 

The S15D/S78D/S82D Hsp27 variant (0.3 mg/mL) exhibited unchanging self-association 

from pH 6.0 to 8.0. Moreover, the largest oligomers are observed in the presence of 0.2 M 

NaCl (Figure 3.12A-B), and, as for the wild-type protein, Sav was essentially independent 

of ionic strength. 

The S15D/S78D/S82D Hsp27 variant was also studied at 40 °C to determine if an 

increase in temperature shifts the equilibrium towards the formation of larger oligomers as 

observed for the wild-type protein. As indicated in the c(s) plots (Figure 3.13A) and by the 

corresponding Sav values (Figure 3.13B), the self-association behavior of this variant at 

low concentration does not change when the temperature is raised from 20 to 40 °C 

To identify the oligomeric species of the triple variant present in solution at 40 °C, 

the discrete species model in SEDPHAT (Schuck, 2003) was used to provide a global 

analysis of the data at all three concentrations. The best fit was obtained by fixing the 

molecular weight and fitting the sedimentation coefficients for a mixture of monomers and 

dimers. The sedimentation coefficients obtained were 2.14 S for the monomer and 3.01 S 

for the dimer (Figure 3.13A, inset). The square roots of variance for the three 

concentrations were 13, 12 and 11 millifringes for high, medium and low concentrations, 

and the deviations were scattered randomly. 

Interestingly, at much greater protein concentration (3.3 mg/mL), the c(s) plot 

indicated the presence of small amounts of larger oligomers that sediment with S similar to 

that observed for the wild-type protein, indicating that self-association of the triple variant 
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Figure 3.12 Sedimentation velocity analysis of the S15D/S78D/S82D Hsp27 variant 
as a function of pH and ionic strength, (a) Dependence of Sav on [NaCl] (0.6 mg/mL), 
and (b) Dependence of Sav on pH (0.3 mg/mL). 
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Figure 3.13. Sedimentation velocity analysis of the S15D/S78D/S82D Hsp27 variant 
at 40 °C in Tris-HCI buffer (20 mM, pH 8.4, 100 mM NaCl, 40 °C). A. c(s) distribution of 
S15D/S78D/S82D Hsp27: black triangles, 0.20 mg/mL; dark grey squares, 0.40 mg/mL; 
light grey circles, 0.77 mg/mL. Inset: SEDPHAT analysis for a monomer/dimer mixture. B. 
Dependence of SaV2o,w on concentration of the triple variant protein. 
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is also dependent on temperature. In fact, at this protein concentration, 55% of the variant 

sediments with 2-10 S (5flV= 3), 5% with 10-20 S (5^=9.6) and 40% with 20-40 S 

(Sav

= 20). From this analysis, it is clear that the size of the larger oligomers formed by the 

triple variant at elevated temperature is similar to that observed for the wild-type protein 

under the same conditions, but the variant forms little of these large species. 

3.1.5 Role of the N- and C- termini in Hsp27 oligomerization. 

To evaluate the role of the highly conserved N-terminal WDPF domain in Hsp27 

oligomerization, the A l - 1 4 Hsp27 variant (which lacks the first 14 residues but retains the 

WDPF domain) and the A1-24 Hsp27 variant (which lacks the first 24 amino acids 

including the WPDF domain) (Figure 1.9) were studied by sedimentation velocity analysis. 

Both the A l - 1 4 Hsp27 variant (0.02 to 1.5 mg/mL) and the A1-24 Hsp27 variant (0.02 to 

1.2 mg/mL) exhibit diminished oligomeric size and more discrete speciation in the c(s) 

distribution (Figure 3.14A-B) than observed for the wild-type protein (Figure 3.8) 

Notably, the Sav for the A l - 1 4 Hsp27 variant is greater than that for the A1-24 

Hsp27 variant, and both are less than 5 a v for the wild-type protein (Figure 3.15). This 

observation establishes that while the WDPF domain contributes to formation of larger 

oligomeric species, the entire N-terminal sequence is required to form oligomers of the 

size exhibited by wild-type Hsp27. The position of each of the peaks in the c(s) 

distribution of the variants changes slightly, but none of the peaks is eliminated at higher 

protein concentration, and Sav of the A1-24 Hsp27 variant does not change significantly 

with increasing protein concentration. 
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Figure 3.14. Sedimentation velocity analysis of Hsp27 N-terminal deletion variants 
(Tris-HCI buffer (20 mM (pH 8.4), 100 mM NaCl, 20 °C)). (A) c(s) distribution of the A1-14 
Hsp27 variant: red line, 0.02 mg/mL; blue line, 0.07 mg/mL; olive green line, 0.14 mg/mL; 
orange line, 0.55 mg/mL; black, 1.08 mg/mL; cyan line, 1.5 mg/mL. (B) c(s) distribution of 
A1-24 Hsp27: red line, 0.02 mg/mL; blue line, 0.14 mg/mL; olive green line, 0.42 mg/mL; 
orange line, 0.77 mg/mL; black line, 1.23 mg/mL. The insets expand the region of 4-12 S 
for clarify. 
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Figure 3.15 Sav vs. Hsp27 concentration for wild-type Hsp27 vs. AN-deletion 
variants. W i ld - t ype Hsp27 (square), A 1 - 1 4 Hsp27 (circle), and A 1 - 2 4 H s p 2 7 (triangle). 
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Interestingly, the variant A1-24 S78D/S82D Hsp27, which not only lacks the first 

24 residues but also contains two of the three Ser—>Asp substitutions behaves more like the 

A1-24 Hsp27 variant than the S15D/S78D/S82D Hsp27 variant. A concentration 

dependent shift in oligomerization is observed (Figure 3.16) for this variant in which the 

largest species sediments with an S value only slightly smaller than that observed for the 

A1-24 Hsp27 variant. 

S (Svedbergs) 

Figure 3.16. Sedimentation velocity analysis of A1-24 S78D/S82D Hsp27 in Tris-HCl 
buffer (20 mM, pH 8.4, 100 mM NaCl, 20 °C). c(s) distribution: open circles, 0.05 mg/mL; 
broken grey line, 0.20 mg/mL; light grey line, 0.4 mg/mL; black line, 0.83 mg/mL; open 
squares, 1.6 mg/mL. 
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Although, small heat shock proteins have a conserved a-crystallin domain near the 

C-terminus, the actual C-terminal tail is highly variable in length and amino acid 

sequence; it is very flexible, and its role in self-association it is not well understood. A 

variant of Hsp27 that lacks the last 24 amino acids (A 182-205 Hsp27) (Figure 1.9) was 

prepared to evaluate the role of this region on protein self-association. 

Under standard conditions (20 mM Tris-HCl pH 8.4, 100 mM NaCl at 20 °C), the 

Al82-205 Hsp27 variant exhibits the c(s) concentration-dependent (0.02 to 0.75 mg/mL) 

distributions shown in Figure 3.17. The sedimentation behavior of this variant differs from 

that of the wild-type protein in that the species sedimenting at 13 S is not present, and a 

new, highly asymmetrical component sediments at higher S-values. In addition, the 

relative amount of protein sedimenting as the component with low S is greater than that 

observed for wild-type Hsp27. The Al82-205 Hsp27 variant retains the highly conserved 

IXI sequence, which has been shown to form important hydrophobic intermolecular 

interactions in Hsp 16.9 (van Montfort et al, 2001), so this variant does retain some 

residues in this region that are believed to be important in self—association. Nevertheless, 

deletion of the 24 C-terminal residues of Hsp27 compromises oligomerization. On one 

hand, the total percentage of larger oligomers formed is reduced. On the other hand, the 

larger oligomers that do form are larger than those formed by the wild-type protein, 

indicating that the ability of this variant to control the upper limit of the larger oligomers 

has been compromised. 
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Figure 3.17 Sedimentation velocity analysis of Hsp27 C-terminal deletion variant 
(20 mM Tris-HCl buffer (pH 8.4), 100 mM NaCl, 20 °C). cfs) distribution analysis of the 
A182-205 Hsp27 variant: red line, 0.02 mg/mL; blue line, 0.09 mg/mL; olive green, 
0.2 mg/mL; orange line 0.38 mg/mL; black line, 0.49 mg/mL; cyan line, 0.75 mg/mL. The 
grey line is the c(s) for wild-type Hsp27 at 1.96 mg/mL. The inset expands the regions of 
2-5 S and 15-50 S for clarity. 
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3.1.6 Role of the N- and C- termini in temperature dependent 

self-association 

The self-association behavior of the N-terminal deletion variant as observed by 

c(s) plots for sedimentation velocity data collected at 40 °C (Figure 3.18), is virtually 

unchanged from the behavior observed at 20 °C. The only difference observed is that a 

larger fraction (~ 40%) of the protein forms large aggregates with sedimentation 

coefficient between 30 and 150 S at elevated temperature. 

Similar analysis of the C-terminal deletion variant Al82-205 Hsp27 at 40 °C 

(Figure 19, gray line) reveals a major component around 30-32 S that corresponds to a 

20-22 S species at 20 °C, and a less abundant smaller species (3.5 S). The c(s) plot of the 

A182-205 variant at 40 °C also differs slightly from the corresponding plot obtained at 

20 °C in that the major peak is more symmetric, but the sedimentation coefficient of the 

primary sedimenting species at 20 and 40 °C is the same. Thus, self-association of the 

C-terminal deletion variant is independent of temperature as observed for the N-terminal 

deletion variant. However, while the N-terminal deletion variant exhibits small oligomers 

at 20 and 40 °C, the C-terminal deletion variant exhibits large oligomers at both 

temperatures. These results indicate that the C-terminus has a significant role in the 

thermally induced self-association of wild-type Hsp27. As discussed later, this result 

provides compelling evidence for a significant role for this C-terminal domain in the 

increased size of oligomers observed for the wild-type protein at elevated temperature. 
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S (Svedbergs) 

Figure 3.18 Sedimentation velocity analysis of the Hsp27 A1-24 N-terminal deletion 
variant at 40 °C (Tris-HCI buffer (20 mM (pH 8.4), 100 mM NaCl, 40 °C)). c(s) 
distribution: black line, 0.4 mg/mL; dark grey circles, 0.65 mg/mL; light grey line, 
1.58 mg/mL. 
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S (Svedbergs) 

Figure 3.19 Sedimentation velocity analysis of A182-205 Hsp27 vs. wild-type 
Hsp27 at 40 °C. Gray line, c(s) distribution of A182-24 Hsp27 (0.20 mg/mL); black line, 
c(s) distribution of A182-24 Hsp27 (0.23 mg/mL). Analysis done with the program 
SEDFIT. 
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3.1.7 Oligomerization of His6-tag Hsp27 variants 

In view of the ease with which His-tagged proteins can be expressed and purified, 

and the fact that His6-sHsp have been used in various experiments to represent the 

behavior of the wild-type protein (Guo & Cooper, 2000), two His6-tagged proteins were 

characterized by sedimentation velocity analysis to determine if this longer Hsp27 behaves 

like the wild-type protein. The two variants of Hsp27 possessing N-terminal His6-tag 

sequences (His6-Hsp27 and His6-S15D/S78D/S82D Hsp27) were purified, and, as 

indicated above (p 39), were found to resist efforts to use thrombin for removal of the 

His6-tag. The c(s) distribution curves obtained at various concentrations of His6-Hsp27 

demonstrate that the N-terminal His6-tag promotes much larger oligomeric forms than 

exhibited by the wild-type protein (Figure 3.20). Notably, a large component sedimenting 

between 25 and 75 S that is observed at protein concentrations as low as 0.08 mg/mL 

corresponds to a molecular weight of 0.5-5 MDa. A similar result is obtained for the 

His6-S15D/S78D/S82D Hsp27 variant. In this case, a component sediments between 20 

and 60 S at a protein concentration of 0.02 mg/mL (Figure 3.20). These results argue 

strongly against the use of any His-tagged form of Hsp27 as a substitute for the wild-type 

or any variant form of the protein in studies for which the state of oligomerization is a 

concern. 
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S (Svedbergs) 

Figure 3.20 Sedimentation velocity analysis of His 6-tag Hsp27. c(s) distribution of 
His6-wild-type Hsp27 (closed circles, 0.08 mg/mL; black line, 1.96 mg/mL) and His6-tag 
S15D/S78D/S82D Hsp27 variant (open circles, 0.02 mg/mL). The inset expands the 
region of 25 to 90 S for clarity. 
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3.2 Thermal stability 

3.2.1 Wild-type Hsp27 

Thermostability of the wild-type protein was measured between 20 and 95 °C at 

pH 6.7 and 7.7 (Figure 3.21) by monitoring the changes in ellipticity at 219 nm as 

temperature was increased at a constant rate (1 °C/min). The resulting trace exhibits an 

unusual shape indicating that ellipticity decreases linearly with increasing temperature until 

a sharper decrease in ellipticity is observed between 63 and 70 °C. Presumably this 

behavior is related to the tendency of the protein to form larger oligomers as the 

temperature increases prior to unfolding. Assuming that the unfolding transition is 

responsible for the abrupt decrease in ellipticity between 60 and 75 °C, the Tm for the 

wild-type Hsp is ~ 67 °C at both values of pH. The circular dichroism spectra of 

wild-type Hsp27 (pH 6.7, 20 mM NaP buffer) at 25 °C before and after unfolding and at 

95 °C is also reported in Figure 3.23 

3.2.2 Other variants 

Thermostability was evaluated in a similar manner for several other Hsp27 variants 

as shown in Figure 3.23A-D. The traces obtained for the S15D/S78D/S82D triple variant 

show a pattern similar to that obtained for wild-type Hsp27 but less pronounced. 

Moreover, there seems to be no effect caused by one unit pH increase. This result is in 

agreement with the fact that the triple variant forms large oligomers, but the amount of 

oligomers is reduced compared to the wild-type protein. The variant lacking the 24 
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C-terminal residues is extremely stable at high temperature as shown in panel B of Figure 

3.23 where no transition was observed. At higher pH (7.7) this variant could not be 

unfolded completely, and no precipitate was observed even at 99 °C. 

The unfolding profiles of the species lacking the N-terminus differ from those 

observed for all the other variants. At low pH, both A l - 1 4 Hsp27 and the A l -24 Hsp27 

show a classic unfolding profile with ellipticity increasing up to complete unfolding, and 

both proteins precipitated at high temperatures (Figure 3.23C-D). This is in agreement 

with the fact that the N-terminal domain is involved in protein self-association and that 

the formation of larger oligomers increases the overall solubility and stability of the 

protein. 

T • 1 • 1 1 1 1 1 1 r 

15 30 45 60 75 90 

Temperature ( ° C ) 

Figure 3.21 Thermal denaturation of wild-type Hsp27 monitored by far UV CD. 
Hsp27 10 pM; black line, 20 mM Na Phosphate buffer pH 6.7. Grey line, 20 mM Na 
Phosphate pH 7.7 
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Figure 3.22 Circular dichroism spectra of wild-type Hsp27. Hsp27 10 uM, 20 mM Na 
Phosphate buffer pH 6.7. Black line, 25 °C; dark grey line, 95 °C; light grey line, 25 °C 
after unfolding to 95 °C. 
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Figure 3.23 Thermal denaturation of Hsp27 variants. Black line, Hsp27 10 pM in 
20 mM NaP buffer pH 6.7. Grey line, Na phosphate pH 7.7. A , S15D/S78D/S82D Hsp27; 
B, Al82-205Hsp27; C, A/I-14 Hsp27; D, A1-24 Hsp27 
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3.3 Chaperon activity 

3.3.1 Insulin unfolding and effect of pH 

To evaluate the chaperon activity of Hsp27, the ability of the wild-type and variant 

proteins to decrease DTT-induced aggregation of insulin was evaluated. Native insulin 

denatures irreversibly upon addition of a thiol reagent as the result of disulfide scrambling. 

Eventually the protein breaks down to form oxidized A - and B-chains (Jiang & Chang, 

2005), and it precipitates. Precipitation of the denatured protein can be followed by 

measuring light scattering at 90° in a fluorometer as described in the Materials and 

Methods section (p. 45). 

The DTT-induced unfolding profile for insulin alone as a function of pH was 

studied initially (Figure 3.24). As seen from these results denaturation is minimal at 

pH 7.3, but the rate of denaturation increases dramatically as the pH is lowered to 6.3 

3.3.2 Inhibition of insulin unfolding by wild-type Hsp27 

To evaluate the chaperon activity of Hsp27, the influence of varying concentrations 

of Hsp on the kinetics of DTT-induced denaturation of insulin was monitored at 20 °C. As 

expected, Hsp27 exhibited activity that is dependent on protein concentration (Figure 

3.25). At ratios (mol/mol) of 1:0.048 and 1:0.24 (Ins:Hsp27), insulin unfolding was 

completely inhibited by wild-type Hsp27. 
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Figure 3.24 pH-dependent insulin unfolding at 40 °C. DTT-induced aggregation 
profile of insulin (0.24 mg/mL) in 20 mM phosphate buffer, 100 mM NaCl, 40 °C. Black 
line, pH 6 . 3 ; dark grey line, pH 6 . 7 ; grey line, pH 6 . 9 ; light grey line pH 7 . 3 . 
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Time (min) 

Figure 3.25 Chaperon activity of wild-type Hsp27 at 20 °C. DTT-induced aggregation 
profile of insulin (0.24 mg/mL) in 20 mM Phosphate buffer pH 6.3, 100 mM NaCl, 20 °C. 
Solid squares, insulin alone; open squares, wild-type Hsp27/insulin (mol/mol) of 0.012:1; 
solid circles, 0.024:1; open circles, 0.036:1; solid triangles, 0.048:1; open triangles,0.24:1. 
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3.3.3 Temperature dependent chaperon activity 

To evaluate the influence of temperature and oligomer size on the chaperon activity 

of Hsp27, the ability of the wild-type protein to decrease DTT-induced aggregation of 

insulin was evaluated as a function of temperature. Experiments similar to the one 

performed at 20 °C were carried out at an insulin:Hsp27 ratio of 1:0.012 (mol/mol) from 

20 to 48 °C. The results are reported in Figure 3.26 as percentage of inhibition versus 

temperature. Notably, the most acute sensitivity to increasing temperature was observed at 

temperatures that are relevant to the physiological heat-shock response (34-43 °C). 

30 40 
Temperature (°C) 

Figure 3.26 Temperature dependent chaperon activity of wild-type Hsp27. Hsp27 

activity was calculated as 'ins IIns+Hsp ) xlOO. Where I is the intensity of light scattering 
1 Ins 

observed after 20 min with (//ns+HsP) or without Hsp (lins). 20 mM Phosphate buffer, 100 mM 
NaCl, insulin:Hsp27 ratio of 1:0.012 (mol/mol). 
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3.3.4 The effect of Hsp27 variants on insulin unfolding 

The S15D/S78D/S82D Hsp27 triple variant was also able to inhibit insulin 

aggregation in a temperature dependent manner, but the extent of inhibition (Figure 

3.27A-B) was much less than that observed with the wild-type protein. At 40 °C and an 

insulin:Hsp27 ratio of 1:0.012 (mol/mol), the wild-type protein inhibits aggregation by 

64% while the triple variant exhibited just 15% inhibition. At the same insulin:Hsp27 ratio 

but at 20 °C, the triple variant did not inhibit aggregation. These findings are in accord 

with the observation that larger oligomers have chaperon activity, that the triple variant 

forms only small amounts of larger oligomers even at high temperature and that the size of 

this larger oligomer is temperature dependent for both proteins. 

The lack of the first 14 residues of the N-terminus almost completely abolishes 

chaperon activity (Figure 3.28A-B). Any effect observed was essentially independent of 

the concentration of this variant. Moreover, no increase of activity of the A l -14 Hsp27 

variant was observed on increasing temperature from 20 to 40 °C. Similarly, no chaperon 

activity was detected for the A l -24 variant (data not shown). 

The variant that lacks the 24 C-terminal residues (A 182-205 Hsp27) failed to 

inhibit DTT-induced insulin precipitation at 20 °C (Figure 3.29A). In fact, the rate of 

turbidity formation increased with addition of this variant, presumably owing to 

aggregation of and scattering of light by complexes of Hsp27-insulin that are larger than 

the wild-type Hsp27-insulin complexes. On the other hand, evidence of chaperon activity 

was observed for this variant at 40 °C (Figure 3.29B) 
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Figure 3.27 Chaperon activity of the S15/S78D/S82D triple variant and wild-type 
Hsp27. A, 20 °C; B, 40 °C. Open squares, insulin alone; black line, Hsp27 
wild-type/insulin (mol/mol) of 0.012:1; grey line, Hsp27 S15D/S78D/S82D/insulin 
(mol/mol) of 0.012:1; black circles, Hsp27 wild-type/insulin (mol/mol) of 0.048:1; grey 
circles, Hsp27 S15D/S78D/S82D/insulin (mol/mol) of 0.048:1. 
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Figure 3.28 Chaperon activity of A1-14 Hsp27. DTT-induced aggregation profile of 
insulin (40 pM) in 20 mM phosphate buffer, 100 mM NaCl pH 6.7. Open squares, insulin 
alone; black line, Hsp27/insulin (mol/mol) of 0.02:1; grey line, 0.1:1. A, 20 °C; B, 40 °C. 
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Figure 3.29 Chaperon activity of A182-205 Hsp27. DTT-induced aggregation profile of 
insulin (40 pM) in 20 mM phosphate buffer, 100 mM NaCl pH 6.73. Open squares, insulin 
alone; black line, Hsp27/insulin (mol/mol) of 0.02:1; grey line, 0.1:1. A, 20 °C; B, 40 °C. 
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3.4 Subunit exchange 

At physiological temperature, mammalian sHsps have a dynamic structure best 

characterized by a rapid exchange of subunits between oligomers (Bova et al, 1997; Bova 

et al, 2000). Although little is known about the mechanism or kinetics of this process, 

increasing evidence suggests that it is essential for chaperon activity (Fu et al, 2003; Jiao 

et al, 2005; Usui et al, 2004a). To determine if the ability to dissociate and re-associate in 

solution is linked to chaperon activity, the subunit exchange kinetics of wild-type Hsp27 

were compared to those of the triple variant S15D/S78D/S82D and the two deletion 

variants A l -14 Hsp27 and Al82-205 Hsp27. 

Fluorescence resonance energy transfer (FRET) experiments were used for 

measurements of these rates. 

3.4.1 Protein labeling 

Hsp27 and the variants previously described were labeled with 4-acetamido-4'-

((iodoacetyl)amino) stilbene-2,2'-disulfonic acid, disodium salt (AIAS) to serve as a FRET 

donor. Other samples of these same proteins were modified with lucifer yellow 

iodoacetamide, dipotassium salt (LYI) to serve as FRET acceptor. The maximum 

absorbance of L Y I occurs at a wavelength (426 nm) close to the wavelength of maximum 

emission of AIAS (408 nm). These two probes have been characterized previously and 

used to monitor the subunit exchange of a-crystalline and other small heat shock proteins 

including Hsp27 (Bova et al, 1997; Bova et al, 2002; Bova et al, 2000). Hsp27 contains a 

single cysteine residue (Cys 1 3 7), and this residue is used to attach these sulfhydryl-specific 
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fluorophores. The spectroscopic properties of the modified proteins are shown in Figure 

3.30. In both preparations the molar ratio of Hsp27 and the fluorophore is 1:1. 

0.06 

I i i i i i i i i i i i i • i 
240 280 320 360 400 440 480 520 

Wavelength (nm) 

Figure 3.30 Electronic absorption spectra of AIAS-Iabeled and LYI-labeled 
wild-type Hsp27. A, Wild-type Hsp27 labeled with AIAS; B, wild-type Hsp27 labeled 
with LYI. Inset expands the region between 320 and 555 nm for clarity. 
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3.4.2 Wild-type Hsp27 

The AIAS-modified Hsp27 has a characteristic fluorescence emission spectrum 

with a maximum at 412 nm. The modified protein is stable, and the emission intensity does 

not change in solution over a two hour period (Figure 3.31). 

When samples of the two differently modified forms of wild-type Hsp27 are 

combined, subunit exchange occurs, and the two fluorophores achieve sufficient proximity 

to each other that energy transfer from AIAS to L Y I is observed. In fact, the emission 

spectrum of an equimolar mixture of AIAS-Hsp27 and LYI-Hsp27 decreases in intensity 

at 412 nm (kem= AIAS) as a function of time, and a corresponding increase is observed at 

520 nm (kem= LYI) (Figure 3.32). This rate of change in emission intensity (412 nm) was 

used to monitor the rate of subunit exchange, and the resulting kinetics traces were fitted 

(Origin 7.0) with the simplest model that fit the data well. Results obtained for the 

wild-type protein Hsp27 (30 °C) are shown in Figure 3.33. The mean reaction time (tmrt) 

and the first order rate constant for subunit exchange k which is defined as I'ltmrt, were 

measured to be 6.1 ±0.5 min and k = 2.7x10~6 sec - 1. Results obtained for wild-type 

Hsp27 at other temperatures are summarized in Figure 3.34. 

Wild-type Hsp27 exhibits an increased rate of subunit exchange k with increasing 

temperature as observed previously for other small Hsps and a-crystalline (Bova et al, 

1997; Bova et al, 2002). Analysis of the temperature-dependence of the rate constant for 

subunit exchange by means of an Arrhenius plot (Figure 3.35) provided a reaction 

activation energy of 22.5 kcal/mol at 40 °C and a AH° of 21 ± 2 kcal • mol - 1 . 
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Figure 3.31 Fluorescence emission spectra of AIAS modified wild-type Hsp27 
(MOPS buffer 20 mM (pH 7.9), 100 mM NaCl). The sample was incubated at 40 °C for at 
least 20 min prior to measuring the fluorescence spectrum. The sample was excited at 
Aex 335 nm, while fluorescence emission was detected between 350 and 600 nm. Black 
line, time zero; light grey line, time 120 min. 

Figure 3.32 Emission spectra of an equimolar mixture of AIAS and LYI modified 
wild-type Hsp27 (MOPS buffer 20 mM (pH 7.9), 100 mM NaCl, 40 °C). Black line, 15 
sec; dark grey dashed line, time 135 sec; grey line 315 sec; light grey line, time 615 sec. 
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Figure 3.33 Kinetics of subunit exchange of human Hsp27 as measured by 
fluorescence quenching at 30 °C (412 nm). Equimolar amounts of AIAS modified 
wild-type Hsp27 and LYI modified wild-type Hsp27 where mixed, and fluorescence was 
detected at regular intervals at 30 °C (50 mM sodium phosphate (pH 7.5),100 mM NaCl, 
2 mM DTT). The nonlinear regression fit of the data to a first order exponential decay is 
shown (grey line). 

Figure 3.34 Kinetics of subunit exchange of human Hsp27 at various temperatures. 
Experimental conditions are the same as for Figure 3.32. 10 °C (black circles), 20 °C (light 
grey triangles), 30 °C (open triangles), 37 °C (grey circles) or 40 °C (black squares). 
Nonlinear regression fit of the data to a first (10, 20, 30, 37 °C) or bi-exponential (40 °C) 
decay are shown. 
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3.4.3 Subunit exchange of Hsp27 variants 

Subunit exchange was evalutated for the triple variant that mimics phosphorylation 

in vitro (Figure 1.9). This variant exhibits a very slow exchange rate compared to the 

wild-type protein. Moreover, the exchange rate seems to be independent of temperature 

with virtually no subunit exchange observed at either 20 or 40 °C (Figure 3.36). 

The rate of subunit exchange for the N-terminal deletion variant 1-14 Hsp27 

exhibited more complex behavior than did the wild-type protein in that a first order 

exponential decay did not always give the best fit to the data. For this reason, first order 

and bi-exponential nonlinear regression fits are shown in Figure 3.37A-B, and the 

resulting parameters are summarized in Table 3.2. At low temperature (20 and 30 °C), a 

first order exponential fits the data reasonably well, but at elevated temperature (37 and 

40 °C), a fast exchange occurs in the first few minutes after mixing, and the data are best 

described as a bi-exponential decay. Generally, this variant exhibits slower subunit 

exchange rate than the wild-type protein, and the exchange rate increases with increased 

temperature (Figure 3.37). This truncated variant was unable to inhibit insulin unfolding, 

but as shown in these results, it does manifest temperature induced subunit exchange. 

Therefore, the lack of chaperon activity does not result from the inability to exchange 

subunits but presumably results from the absence of critical residues at the N-terminus of 

the protein. 
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Figure 3.35 Arrhenius plot for wild-type Hsp27. Values of k (=1/tmrt) where obtained by 
fitting the quenching data shown in Figure 3.34. When a double exponential was the best 
fit for the data, the value of tmrt1 was used to generate k. Linear fit to the Arrhenius plot 
(grey line) 
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Figure 3.36 Kinetics of subunit exchange of S15D/S78D/S82D Hsp27 as measured 
by fluorescence quenching at 20 and 40 °C (412 nm). Equimolar amounts of AIAS 
modified and LYI modified S15D/S78D/S82D Hsp27 where mixed and fluorescence was 
detected at regular intervals at 20 °C (Light grey triangles) or 40 °C (black squares) 
(50 mM sodium phosphate (pH 7.5), 100 mM NaCl, 2 mM DTT). 
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Figure 3.37 Kinetics of subunit exchange of A1-14 Hsp27 as measured by 
fluorescence quenching at various temperature (412 nm). Equimolar amounts of AIAS 
modified and LYI modified A1-14 Hsp27 were mixed, and fluorescence was detected at 
regular intervals at 20 °C (light grey triangles), 30 °C (open triangles), 37 °C (grey circles) 
or 40 °C (black squares) (50 mM sodium phosphate (pH 7.5), 100 mM NaCl, 2 mM DTT). 
Nonlinear regression fit of the data to a first (A) or bi-exponential (B) decay. 
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Table 3.2 Summary of values for first and bi-exponential decay fit for FRET 
experiments of wild-type and A1-14 Hsp27. 

Wild-type 

T(°C) y = y0 
+ Aex""" 

(min) R 2 

20 22 ± 3 0.983 

30 5.8 ±0.9 0.985 

37 3.3 ±0.5 0.964 

40 1.2 ± 0.1 0.984 

A l --14 

T (°C) y = y0 + Ae~x""" y = y0 + A{e( x"",nl) +A2e{~x"ml) 

tmrt (min) R*2 tmrU (min) tmrt2 (min) RA 2 

20 26 ± 5 0.941 15 ± 7 N/A 0.957 

30 18 ± 2 0.981 13 ± 5 N/A 0.986 

37 31 ± 6 0.945 3.7 ± 1.4 72±25_ 0.982 

40 26 ± 3 0.919 1.4 ±0.8 37 ± 4 0.958 
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Analysis of the temperature-dependence of the rate constant for subunit exchange 

was obtained with the values of tmrt (20 °C) or tm«i (30, 37 and 40 °C) (Figure 3.37) and 

provided a reaction activation energy of 26 kcal/mol at 40 °C and a AH° of 

25 ± 6 kcal • mol - 1 (Figure 3.38). Because data obtained at 20 °C could be fit with only a 

first order exponential decay, the activation energy and AH° were also calculated from the 

data obtained at 30, 37 and 40 °C by fitting only the values of k obtained from tmrti (Figure 

3.39). In this case a reaction activation energy of 41 kcal/mol at 40 °C and a A H 0 of 

40 ± 7 kcal • mol - 1 were obtained. 

The A182-205 Hsp27 variant lacking the C-terminal tail (Figure 1.9) also undergoes 

subunit exchange, but over the range 20 to 40 °C the subunit exchange rate for this protein 

is not influenced by temperature (Figure 3.40). The fit obtained at 20 °C and 37 °C for 

single exponential decay is also shown in this figure, and the tmni obtained from the data is 

5.4 ±0.9 min (k= 3 .1x l0 " 6 sec"1) and 6.0 ±0.6 min (k = 2 . 8x l0 " 6 sec"1) respectively. 

Moreover, the total quenching was not as extensive as observed for the wild-type protein. 

While the explanation of this is not apparent, it is possible that some of the protein 

undergoes subunit exchange or that the geometry of subunit exchange of the wild-type 

protein and the A182-205 variant differs. 
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Figure 3.38 Arrhenius plot for A1-14 Hsp27 from data obtained between 20-40 °C. 
Values of k (=Mtmrt) where obtained by fitting the quenching data shown in Figure 3.34. 
When a double exponential was the best fit for the data, the value of tmrti was used to 
obtain the values of k. Linear fit to the Arrhenius equation (grey line) 

Figure 3.39 Arrhenius plot for A1-14 Hsp27 from data obtained between 30-40 °C. 
Values of k where obtained by fitting the quenching data shown in Figure 3.37. The values 
of tmrtu obtained by fitting the data to a double exponential decay, were used to determine 
k and construct the plot. Linear fit to the Arrhenius equation (grey line) 
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Figure 3.40 Fluorescence quenching for A182-205 Hsp27 at various temperatures 
(412 nm). Equimolar amounts of AIAS modified A182-205 Hsp27 and L Y I modified 
A182-205 Hsp27 were mixed and fluorescence was detected at regular intervals at 20 °C 
(light grey triangle), 25 °C (open squares) 30 °C (open triangle), 37 °C (grey circles) or 
40 °C (black squares). Single exponential decay fits are shown for the data obtained at 
20 °C (black line) and at 37 °C (light grey line). 
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4. DISCUSSION 

4.1 Overview 

The work reported in this dissertation describes the behavior of the small human 

Hsp27 in solution with particular focus on self-association and chaperon activity. The 

study began with the use of analytical ultracentrifugation to define Hsp27 oligomerization 

in solution as a function of concentration, temperature, pH and ionic strength. 

Sedimentation velocity experiments, activity and subunit exchange assays were then used 

in combination with site-directed mutagenesis to characterize the self-association and 

chaperon activity of variants of Hsp27 as a mean of identifying the involvement of several 

regions of the protein in these processes. 

Hsp27 is an attractive representative of the small heat shock proteins in general 

insofar as it has been shown to be involved in a number of cellular processes (Garrido & 

Solary, 2003; Gusev et al, 2002) and to possess chaperon activity (Jakob et al, 1993). 

Moreover, the functional properties of Hsp27 appear to be related to the self-association of 

the protein (Garrido, 2002). As a result, understanding the manner in which Hsp27 

assembles to form multimeric forms is essential to understanding how this protein 

functions. 

The use of analytical ultracentrifugation affords greater sensitivity and resolving 

capability than is possible with gel permeation chromatography that has been the primary 

means by which Hsp27 oligomerization has been studied previously. To study chaperon 

activity, inhibition of DTT-induced unfolding of insulin rather than thermal unfolding was 

employed because it allows measurement of activity as a function of temperature. To 

complement these results, the rate of subunit exchange was measured by fluorescence 
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resonance energy transfer experiments to evaluate the role of conserved and variable 

domains in self-association and activity. 

In combination, these results permit development of a model for Hsp27 assembly 

and function that is proposed here. 

4.2 Wild-type Hsp27 

4.2.1 Self-association in standard conditions 

Initially the self-association of the wild-type small Hsp27 was defined under 

standard conditions: 20 °C, 20 mM Tris (pH 8.4), 100 mM NaCl. Under these conditions, 

wild-type Hsp27 self-associates to form oligomers as large as 12-16-mers (~ 320 kDa) 

with preferential formation of what is probably a tetrameric intermediate. Nevertheless, 

some monomeric and/or dimeric Hsp27 is present in solution at all times. This behavior 

could explain the ability of Hsp27 to be translocated from the cytoplasm to the nucleus 

through a membrane with a much smaller porosity than 300 kDa (Beaulieu et al, 1989). At 

all concentrations studied, only a small percentage of wild-type Hsp27 was aggregated 

( » 320 kDa). The association constants derived from this work are on the order of nM for 

formation of the tetrameric intermediate (monomer <-> tetramer) and uM for formation of 

the larger oligomers (tetramer <-> 12/16-mer). The current findings differ from previous 

reports. For example, Behlke et al. reported that Hsp27 exhibits a mean molecular weight 

of 730 kDa (Behlke et al, 1991) while gel filtration experiments reported by Rogalla et al. 

indicated preferential formation of a 24-mer (MW 550 kDa) (Rogalla et al, 1999). 

Interestingly, electron microscopy showed that Hsp27 is highly asymmetrical (Haley et al, 
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2000). At least in part, these discrepancies could be attributed to differences in the 

experimental conditions used in each case (e.g., temperature, pH). However, insofar as gel 

filtration requires the use of a calibration curve, and self-associating systems may not 

behave similarly to the standard, monomeric proteins used for calibration of the column, 

analytical ultracentrifugation is a more rigorous means of obtaining quantitative 

information concerning self-association. 

The frictional coefficient (f/fo), which provides an indication of the shape of the 

protein in solution, is 1.29 for the large oligomers of wild-type Hsp27 at 1.96 mg/mL at 

20 °C. This value suggests an overall shape of the Hsp27 oligomer that is only slightly 

elongated. The two crystal structures of sHsps that have been published both describe a 

spherical protein assembly (Kim et al., 1998; van Montfort et al, 2001). The 

hydrodynamic data provided in the current study are consistent with such an assembly for 

Hsp27 as well. 

4.2.2 Effect of pH, ionic strength and temperature on self-association 

Variation of ionic strength from 0.05 to 1 M and variation of pH between 7.0 and 

8.4 had no detectable effect on self-association of wild-type Hsp27. Only when the pH 

was lowered to 6.5 was an appreciable increase in the sedimentation coefficient observed, 

a behavior that can be attributed to the insolubility of Hsp27 at its pi. These observations 

argue that oligomerization of wild-type Hsp27 involves neither titratable groups that titrate 

in this range nor significant general electrostatic stabilization. 

The finding that, at 20 °C, wild-type Hsp27 self-associates to form assemblies of 

no more than 12 to 16 monomers indicates that oligomeric Hsp27 is smaller than 
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previously believed. The inability of the current data to define a precise upper limit to the 

size of oligomer formed by the wild-type protein was interpreted as evidence that this 

protein does, in fact, form oligomers of varying upper limit within the range of 12 to 

16-mers under the conditions used. On the other hand, the self-association of wild-type 

Hsp27 exhibits a significant dependence on temperature between 10 and 40 °C that results 

in formation of larger oligomers with increasing temperature. At 40 °C, the main 

component of Hsp27 sediments at 18-20 S while at 10 °C the largest species sediments at 

10-11 S. The observation that incubation of Hsp27 at 42 °C prior to sedimentation analysis 

at 20 °C produced results identical to those obtained for a sample never exposed to 

elevated temperature demonstrates that thermally-induced oligomerization of this protein 

is fully reversible. 

Thermal stabilization of protein-protein interaction is a relatively rare 

phenomenon. Previous studies of other small heat shock proteins have reported 

dissociation of larger oligomers to form smaller assemblies at elevated temperature 

(Haslbeck et al, 1999; Lentze et al, 2004; Stromer et al, 2004a; Usui et al, 2004a). On 

the other hand, a few examples of large heat shock proteins that form larger oligomers with 

increased temperature have been reported. For example, chicken Hsp90 has been reported 

to be dimeric below 50 °C and to form larger oligomers at higher temperatures (Chadli et 

al, 1999; Thorne & McQuade, 2004). The endoplasmic glycoprotein chaperon gp96, 

which is homologous to Hsp90 from yeast (Mazzarella & Green, 1987), also forms larger 

oligomers and exhibits greater peptide binding affinity at temperatures greater than 50 °C 

(Thorne & McQuade, 2004). To our knowledge, Hsp27 is the only true small heat shock 

protein and the only ATP-independent heat shock protein currently known to form 
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oligomers of increased size as temperature is increased. Other protein-protein complexes 

that have been reported to exhibit increased stability at elevated temperature include the 

self-association of RecA (Brenner et al, 1990), an anti-cytochrome c-cytochrome c 

complex (Raman et al, 1995b) and cytochrome c-cytochrome c peroxidase complex 

formation (Wang & Pielak, 1999). 

This ability of the protein to form assemblies of widely varying size may be 

advantageous in optimizing the various functionalities of Hsp27. For example, the variable 

extent of Hsp27 oligomerization is presumably an important factor in the ability of Hsp27 

to prevent precipitation of unfolding proteins of widely varying size (Stromer et al, 2003). 

In any case, the improved understanding of the effects of specific modifications to Hsp27 

on the ability of the protein to self-associate provided in this thesis should facilitate the 

design of experiments to test this and other mechanistic hypotheses concerning the role of 

oligomerization in defining the functional properties of Hsp27. 

4.2.3 Activity studies and subunit exchange of wild-type Hsp27 

Notably, the thermal dependence of Hsp27 oligomerization is reflected in a 

pronounced thermal dependence of Hsp27 chaperon activity (Figure 4.1). Specifically, the 

chaperon activity of Hsp27 increases slightly between 20 °C (9% inhibition of insulin 

aggregation) and 30 °C (13.5% inhibition) with much greater increases observed between 

34 °C (19% inhibition) and 43 °C (64% inhibition). At higher temperature, little further 

increase in activity results (67% inhibition at 48 °C) (Insulin:Hsp27 1:0.012 (mol/mol)) 

(Figure 3.26). While increased chaperon activity of a-crystallin and Hsp22 have 

previously been reported to increase upon increasing temperature from 20 to 50 °C 
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(Chowdary et al, 2004; Raman et al, 1995a; Raman & Rao, 1994), the direct correlation 

of thermally activated chaperon activity with increased oligomer size has not been reported 

av 20,W 

Figure 4.1 Average sedimentation coefficient vs. percentage inhibition activity. The 
Sav, reported in the x-axis is the value obtained at high protein concentration in the 
sedimentation velocity experiments at 20, 30 and 40 °C. The activity reported in the y-axis 
was obtained at the same temperatures by using 1:0.012 ratio (mol/mol) of insulin to 
Hsp27 wild-type. 

previously. In view of the fact that Hsp27 expression is thermally-induced in vivo in the 

temperature range in which the greatest effects on both oligomerization and chaperon 

activity were observed, we conclude that these temperature-dependent properties of Hsp27 

constitute a previously unrecognized physiological characteristic of this protein. 
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As previously observed, the rate of subunit exchange increases with increased 

temperature (Bova et al, 1997; Bova et al, 2000). It is therefore plausible to speculate that 

subunit exchange is also important for chaperon activity. For the sake of completeness, 

note that the Arrehnius plot derived from the temperature-dependent FRET data (Figure 

3.34) produces an activation energy for subunit exchange of 22 kcal/mol. 

4.3 Mimicking phosphorylation 

The S15D/S78D/S82D triple variant of Hsp27 has been reported to be capable of 

forming only tetramers and to exhibit less chaperon activity than the wild-type protein 

(Rogalla et al, 1999), yet this variant has also been reported to inhibit apoptosis in vivo, a 

characteristic that is believed to require assembly of the protein into large oligomers 

(Bruey et al, 2000b). Consequently, the behavior of the S15D/S78D/S82D and 

S15D/S78D/S82D/C137S variants was evaluated to assess the influence of these residues 

on the self-association of the protein. For both variants, 80% or more of each protein is 

monomeric and/or dimeric over the concentrations studied here. Nevertheless, larger 

oligomers were also detected in each case. For the triple variant, sedimentation equilibrium 

experiments established that oligomers as large as 12-mers could form. The formation of 

larger oligomers, albeit in lower abundance, presumably explains the ability of this variant 

to inhibit apoptosis in vivo. 

The influence of pH and ionic strength on self-association of the 

S15D/S78D/S82D triple variant was evaluated as well. The results establish that 

oligomerization of this protein is also independent of pH and ionic strength over the 

concentration range examined. Thus, while no general electrostatic contribution to 

self-association seems to be involved in oligomerization of Hsp27, specific electrostatic 
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effects at the residues substituted in the triple variant can effectively impede 

self-association. 

As observed for wild-type Hsp27, the behavior of this variant at 40 °C provides 

mechanistic insight into the role of phosphorylation in regulating Hsp27 behavior under 

simulated heat shock conditions. At 40 °C and low protein concentration, this variant 

forms a mixture of monomers and dimers. At higher protein concentration, a small fraction 

of the protein forms oligomers that are comparable in size to the largest oligomers 

observed for the wild-type protein at 40 °C. This behavior is identical to that reported at 

20 °C, so it appears that the inhibition of Hsp27 self-association that results from these 

electrostatic modifications and from the related electrostatic effects of Hsp27 

phosphorylation can inhibit the thermally-induced self-association of the protein. 

Nevertheless, if the phosphorylated variant is present at high local concentration, it is still 

capable of forming larger oligomers that retain chaperon activity. This observation is 

consistent with the previous report by Garrido and colleagues that this variant exhibits 

some of the features of the wild-type protein in protecting against cell death in vivo (Bruey 

etal, 2000b). 

Interestingly, subunit exchange by this variant was not observed at the 

concentration studied at either 20 or 40 °C, while chaperon activity was only reduced 

compared to the wild-type protein. These observations suggest behavior a combined effect 

for chaperon activity such that neither subunit exchange nor oligomer size is sufficient to 

produce chaperon activity comparable to the wild-type protein. 
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4.4 The N-terminal domain 

The N-terminal domain of Hsp27 and its WDPF domains have been implicated 

previously in Hsp27 self-association although details of this involvement are somewhat 

controversial. For example, in the crystal structure of the thermophilic Hspl6.9, the 

N-terminal region of the protein is buried in the center of the dodecameric oligomer that is 

stabilized by pairwise intertwining of the six ordered N-terminal arms (van Montfort et al., 

2001). Similarly, the Tsp36 chaperon from flatworm forms dimers that are held together by 

interactions of N-terminal helices (Stamler et al, 2005). N-terminal deletion variants 

lacking either the first 20 residues (Bova et al, 2000) or the first 33 residues (Guo & 

Cooper, 2000) retain the ability to oligomerize. On the other hand, deletion of residues 

5-23 from Chinese hamster Ffsp27 was reported to limit self-association to dimerization 

(Lambert et al, 1999). N-terminal deletion variants of Hspl6.2 were found to be capable 

of forming only dimers or tetramers (Leroux et al, 1997), but this protein possesses no 

WDPF domain. The present results resolve at least some of these discrepancies. At 20 °C, 

the A l - 1 4 Hsp27 variant exhibits diminished ability to oligomerize relative to the 

wild-type protein, and the A1-24 Hsp27 variant exhibits even less extensive 

oligomerization. However, the extent of self-association exhibited by these variants is 

greater than that observed for the S15D/S78D/S82D triple variant. Evidently, more of the 

N-terminal region is involved in self-association of Hsp27 than the WDPF domain alone. 

In fact, the variant A l -24 S78D/S82D exhibits oligomerization intermediate between that 

observed for the triple variant and that observed for A l -24 Hsp27, indicating that the loss 

of oligomers observed in the triple variant can be partially reversed by eliminating the first 
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24 residues. Although the loss of these residues influences oligomerization, it does so to a 

lesser extent than does a negatively charged residue at position 15. 

Analyses of the two variants A l - 1 4 Hsp27 and A l - 2 4 Hsp27 at 40 °C establish 

that lack of this region of the protein also abolishes the temperature dependence of 

self-association. Thus, the 24 N-terminal residues of Hsp27 are required for assembly of 

larger oligomers and for thermally induced self-association. 

Further analysis of the A l - 1 4 Hsp27 variants provided greater insight into the role 

of this region in chaperon activity. Removing the first 14 residues completely abolished 

both chaperon activity and thermally induced oligomerization. On the other hand, the rate 

of subunit exchange increased with increasing temperature. Thus, although lack of the 

N-terminus reduces the size of the oligomers formed, these smaller oligomers retain the 

ability to dissociate and re-associate through the a-crystallin domain, the C-terminal tail, 

and whatever remains of the N-terminal regions. The lack of these key N-terminal 

residues abolishes chaperon activity to a level even lower than that observed for the triple 

variant, indicating that the ability to dissociate into smaller oligomers and exchange 

subunits is necessary but not sufficient for chaperon activity. This observation is evidence 

that this region of the protein is necessary to inhibit unfolding of protein substrates, either 

by directly binding to unfolding polypeptides or by forming stable and soluble oligomers 

after binding to the unfolding insulin. 

The region following the first 24 amino acids of Hsp27 is highly conserved in 

several small Hsps, and it is predicted to form a helix with amphipathic character with 

residues Leu 2 8 , Phe 2 9, A l a 3 2 and Phe 3 3 on the hydrophobic face (Pasta et al, 2003). This 

conserved region is also present in Tsp36, in which residues V a l 3 1 , Leu 3 2 , Asp 3 3 , Asn 3 4 , 
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V a l 3 5 , Phe 3 6 are part of an N-terminal helix that interacts with a neighboring subunit. It is 

interesting to compare the results obtained with the variants of Hsp27 previously described 

with those reported for an a-crystallin deletion mutant that lacks residues 21-28 

comprising the conserved sequence S/GRLFDQF/AFG (corresponding to residues 27-35 

of Hsp27). The A21-28 aA-crystallin variant forms oligomers of diminished size, with 

increased bis-AIAS binding activity, and with lower stability to urea-induced 

denaturation, indicating that this sequence is an important determinant of quaternary 

structure. Moreover, this shortened a-crystallin exhibits a faster exchange rate and 

enhanced chaperon activity relative to wild-type a-crystallin (Pasta et al, 2003). These 

results argue for a direct correlation between protein destabilization and chaperon activity. 

In general, all variants lacking part of the N-terminus, A21-28 a-crystallin as well 

as A l - 1 4 and A l - 2 4 Hsp27, exhibit diminished oligomeric assembly, indicating that any 

alteration to the N-terminal tail reduces the size of the oligomers formed. On the other 

hand, Hsp27 lacking the first 14 residues but with the intact G R L F D Q A F G sequence, lacks 

chaperon activity, indicating that the size of the oligomers formed or the exchange rate in 

itself it is not sufficient to determine the ability of these proteins to function as chaperons 

(Table 4.1). 

The deleted portion of the A21-28 a-crystallin is analogous to the Hspl6.9 7 - S R L F - l l 

sequence, which contacts the A r g 1 0 9 and Phe 1 1 0 in the a-crystallin domain and contributes 

to inter- and intra-molecular contacts (van Montfort et al, 2001). The current results 

support the idea that although oligomer dissociation is important for chaperon activity, the 

conserved SRLFDQFFG sequence lacks a direct role such as substrate binding as proposed 
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for the WDPF sequence (Theriault et al, 2004) because a lack of this sequence increases 

rather than decreases chaperon activity. On the other hand, this role can be attributed to the 

first 24 residues of Hsp27. Moreover, the current results indicate that both the WDPF 

domain and the region at the N-terminus of the conserved WDPF domain are involved in 

chaperon activity and that deletion of the first 24 amino acids reduces oligomerization less 

than does simply introducing negative charges at position 15 by mutating Ser1 5 to aspartic 

acid. 

Table 4.1 Physical properties of Hsp27 and a-crystallin N-terminal deletion variants 
compared to the wild-type proteins. A1-14 and A1-24 Hsp27 and A21-28 from 
a-crystallin (1) (Pasta et al., 2003). 

Hsp27 or a-crystallin variant 

Oligomer 

size 

vs. 

wild-type 

Chaperon 

Activity 

vs. 

wild-type 

Subunit 

exchange 

vs. 

wild-type 

Oligomer 

size 

vs. 

wild-type 

Chaperon 

Activity 

vs. 

wild-type 

Subunit 

exchange 

vs. 

wild-type 

Smaller Inactive Similar 

Smaller Inactive N / A 

1 16 25 38 87 167 179182 205 
A29-35 N - Q i O O - B ^ ^ ^ M i M - C ^ r ^ C 

(I) 

Smaller Increased Faster 
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Discussion 

The role of the C-terminal region of Hsp27 in self-association is less apparent than 

that of the N-terminus. The analytical ultracentrifugation data collected at 20 °C show that 

the 13 S peak, which is present in the sedimentation profile of the wild type protein, is not 

observed for the C-terminal deletion variant, but a new asymmetrical peak is present at 

higher S-value, and the percentage of small oligomers increases. Thus a flexible 

C-terminal region (Carver et al, 1992; Carver et al, 1995) is important for solubility, and 

in this case solubility is achieved by restricting the upper limit of oligomerization. On the 

other hand, the increase in percentage of small oligomers might indicate that this flexible 

extension is also involved in the oligomerization process. In both 

crystallographically-characterized sHsp (Hspl6.5 and Hspl6.9), subunits form critically 

important interactions with adjacent subunits in the assembly through the C-terminal 

sequences. Subunits in both of these proteins have shorter C-terminal extensions than does 

Hsp27, and these extensions are not flexible in the crystal structure (Kim et al, 1998; van 

Montfort et al, 2001). If the C-terminus of Hsp27 forms interactions similar to those 

formed by Hspl6.5 and Hspl6.9 subunits, then it should not be flexible, and it should not 

be observable by N M R spectroscopy. It is possible that the C-terminus forms interactions 

similar to those observed for Hspl6.5 and 16.9 and the tail is only flexible during 

intermediate states (i.e. dimer or tetramer), or on the other hand, it remains flexible when 

the Hsp27 is assembled and it interacts in a different manner than the one observed for the 

crystallized sHsps. It is also possible that, if this sequence remains flexible in the 
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oligomeric structure, it might restrict the upper limit of association by obstructing access to 

other monomers. 

Sedimentation analysis of the Al82-205 variant at 40 °C revealed a major peak 

(20-22 S) and a less prominent peak (3.5 S). This result is nearly identical to that obtained 

for this variant at 20 °C except that the peak at 20-22 S is more asymmetric and tails 

toward higher S values at lower temperature. Notably, the c(s) plots of this deletion variant 

and of the wild-type protein are virtually identical at 40 °C. Thus, the difference in 

self-association observed between this variant and the wild-type protein at 20 °C is 

abolished at 40 °C. This observation is consistent with the conclusion that for the 

wild-type protein, the C-terminal sequence inhibits formation of larger oligomers at 20 °C 

and that this inhibition is overcome simply by increasing temperature. In other words, at 

20 °C the Al82-205 Hsp27 variant is effectively locked in a larger oligomeric state that 

the wild-type protein can only form at 40 °C. 

Deletion of the last 24 residues also severely affects chaperon activity. At 20 °C 

and in the presence of unfolding insulin, the A182-205 Hsp27 variant increases the amount 

of light scattered (increases precipitation) relative to unfolded insulin alone (Figure 3.29 

p.91). It is not entirely clear why scattering increases because this variant alone does not 

precipitate in the presence of DTT. Perhaps Hsp27 lacking the C-terminal sequence binds 

to unfolding insulin but the Hsp27-insulin complex is not soluble. Alternatively, the 

A182-205 Hsp27 variant bound to insulin forms larger precipitates compared to insulin 

alone so light scattering increases. At 40 °C, the AC variant reduces scattering relative to a 

sample of insulin and DTT alone although the amount of scattering remains greater than 
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that observed in the presence of the wild-type protein at the same temperature. It seems 

that the chaperon activity of the AC variant is greater at 40 °C than at 20 °C. These results 

are in agreement with the analytical ultracentrifugation experiments in which A182-205 

Hsp27 behaved more like the wild-type protein at 40 °C than at 20 °C. It is important to 

note that upon binding to the substrate, the C-terminal tail of murine Hsp25 remains 

flexible and observable by N M R spectroscopy (Lindner et al, 2000). 

FRET experiments indicate that although some energy transfer is observed upon 

mixing the A I A S - and L Y I - modified C-terminal deletion variant, the effect is limited 

and is not induced by increased temperature. The absence of the C-terminal tail also 

increases the thermostability of Hsp27. Thus, oligomer size, subunit exchange and 

chaperon activity are highly influenced by the C-terminal tail, which could undergo 

conformational changes to accommodate different oligomers sizes. 

The monomeric folds of the two small heat shock proteins that have been 

crystallized are similar to each other, but Hsp 16.5 forms 24-mers, and the wheat protein is 

a dodecamer (Kim et al, 1998; van Montfort et al, 2001). The structural origin of this 

difference remains unknown, but there is increasing evidence that the C-terminal tail plays 

a critical role in stabilization of the assembly. The conserved IXI motif of both proteins 

forms similar interactions with the a-crystallin domain, but while the thermophilic Hsp 

forms these interactions with the C-terminus present in only one orientation, the 

C-terminal extension of the wheat protein exhibits two distinct conformations in which a 

hinge between the (39 and pMO strands allows the angle between the a-crystallin domain 

and the C-terminal tail to vary by 30 °C. A similar feature is observed in the viral VP1 

120 



Discussion 

protein from polyomavirus (Liddington et al, 1991). VP1 is a pentameric protein that 

forms larger oligomers, the size and shape of which are mainly controlled by the 

C-terminal tail. Five tails, one from each monomer in the pentamer, interact with a subunit 

on an adjacent pentamer through conserved interactions. Similarly, domain swapping, 

which contributes to structural diversity in the lens py-crystallin family, is controlled by 

the C-terminal extensions (Bax et al, 1990; Schlunegger et al, 1997). Similar hinge 

mechanisms may contribute to the size and polydispersity observed for most sHsps (van 

Montfort et al, 2001). Tsp36 lacks an extended C-terminal tail, and the IXI/V motif, 

which binds the hydrophobic groove at the P4-P8 interface, is present at the N-terminus 

(He3, Pro5). This situation indicates that the interaction of the IXI motif with the P4-P8 

groove in the a-crystallin domain is important for assembly of higher order oligomers and 

that the C - and N-termini of small heat shock proteins are somehow flexible and 

interchangeable. 

Cryo-EM studies of aB-crystallin show the presence of a large central cavity 

within the protein assembly, and the protein shell is observed at low resolution owing to 

weak density (Haley et al, 1998). In that study a variable quaternary structure was 

observed in which each image represents a different conformation of the assembly rather 

than a different view of the same symmetrical assembly. The authors concluded that most 

of the variability is observed in the outer shell and results from the flexible and exposed 

C-terminal tail. 
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4.6 The use of histidine tag for small heat shock proteins 

While the N-terminal His6-tagged Hsp27 has no biological role, the ease with 

which this form of the protein can be purified makes it an appealing alternative to the true 

wild-type protein for use in vitro. As a result, it is important to determine whether this 

form of the protein is functionally equivalent to the wild-type protein or if the His6 tag 

perturbs the behavior of Hsp27 significantly. The present analysis demonstrates clearly 

that introduction of the His6 sequence at the N-terminus of either the wild-type protein or 

the S15D/S78D/S82D variant induces a far greater extent of oligomerization than observed 

for any other form of the protein. This observation presumably explains the extensive 

self-association reported for a 33 residue N-terminal deletion variant, which was 

expressed and studied with an N-terminal poly-His tag (Guo & Cooper, 2000). 

4.7 Conclusions 

An essential feature of the experimental approach used in this work has been the 

use of the c(s) analysis provided by the programs SEDFIT and SEDPHAT. The numerical 

analyses provided by these programs do not require initial guesses or information 

concerning the system under analysis other than the standard physical parameters (e.g., 

temperature, buffer viscosity and density, and the protein amino acid sequence). Overall, 

the current results establish that human Hsp27 demonstrates considerable variability in the 

extent to which it can oligomerize in response to various solution conditions. Under all 

conditions studied, the wild-type protein and all variants are polydisperse and exhibit 

variable distribution between larger and smaller oligomeric forms. 
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Each domain of Hsp27 must be considered in regard to its role in self-association 

of Hsp27 in the absence of substrate but also in terms of its contribution to the chaperon 

activity of Hsp27. While these two properties of Hsp27 are related, they are not equivalent. 

The N - and C-termini as well as the sites of phosphorylation influence both properties. 

The following discussion proposes a model for Hsp27 self-association based on the 

current data as well as the three available small Hsp crystal structures: Hspl6.5, Hspl6.9 

and Tsp36. The mechanism of Hsp27 chaperon activity is discussed subsequently. 

4.7.1 Model for Hsp27 self-association 

Introducing aspartic acid residues at position 15, 78 and 82 completely disrupts 

oligomerization, reducing Hsp27 to a mixture of monomers and.covalently bound dimers 

with just a trace of large oligomers. While both Hsp 16.5 and Hsp 16.9 lack a cysteinyl 

residue, Hsp27 as well as Tsp36 have a single cysteine located in the P5-P7 loop. 

Although the structure of Tsp36 that has been solved is dimeric, and the dimers are not 

formed through this cysteinyl residue, Tsp36 tetramerizes under oxidizing conditions. 

Moreover, the position of the only cysteine residue is ideal for formation of a covalently 

bound tetramer (Figure 4.2 and Figure 1.7 p. 13). 

With charged amino acid residues at positions 15, 78, 82, the self-association equilibrium 

is clearly shifted toward the formation of smaller oligomers. At the same time, the ability 

to form covalently bound dimers is maintained, indicating that the interface for 

dimerization through disulfide bridge formation must be different from that influenced by 

the aspartic acid or phosphorylation in vivo. The presence of this cysteine and the ability to 

form covalently bound dimers despite phosphorylation may be important in regulating the 
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cellular glutathione level, a role that has been attributed to Hsp27 (Mehlen et al, 1996). 

Moreover, for some biological functions of Hsp27, e.g. binding to cytochrome c, Cys 1 3 7 is 

essential (Bruey et al, 2000a). Another indication that the cysteinyl residue is not essential 

for oligomerization and chaperon activity derives from the observation that the C137S 

variant of Hsp27 forms large oligomers in a manner similar to the wild-type protein (data 

not shown) and that chaperon activity is measured in a large excess of DTT. Thus 

oxidizing conditions are not necessary for either properties of this protein. 

Figure 4.2 Model of Tsp36 tetramer. The dimer-dimer interaction was created by 
modeling a pair of disulphide bonds and assuming a 2-fold axis between dimers. The 
position of the cysteinyl residues is indicated with an arrow. (Modified from (Stamler et at, 
2005)) 

The structures of Hspl6.9 and Hspl6.5 both indicate that the N-terminus is 

involved in oligomerization and is directed towards the centre of the large oligomeric 

assembly. Moreover, Tsp36 forms tightly bound dimers through a-helices at its 
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N-terminus (Stamler et al, 2005). Current and previously-reported experiments establish 

that this region of the protein is crucial for oligomerization. 

Hsp27 and a-crystallin form oligomers of varying size, the range of which is diminished 

by selectively removing regions of the N-terminal sequence. This fact leads to the 

conclusion that the N-terminus acts as an amphiphilic protrusion of helices separated by 

prolyl residues (Figure 4.3) that helps control the size of Hsp27 oligomers. As this arm is 

reduced in length, the a-crystallin domains become closer to the core of the assembly, and 

fewer oligomeric states are accessible. Thus, the size of Hsp27 oligomers varies in the 

order wild-type > A l - 1 4 variant > A l - 2 4 variant and the A21-28 variant of a-crystallin 

is smaller than that of the corresponding wild-type protein. Nevertheless, although the 

oligomers formed by the A l -24 variant of Hsp27 are smaller than those formed by the 

wild-type protein, they are considerably larger than those formed by the S15D/S78D/S82D 

Hsp27 triple variant, consistent with retention of some interactions maintained by the 

a-crystallin domain. Moreover, removal of the 24 N-terminal residues in the 

A1-24/S78D/S82D Hsp27 variant restores the ability to form some larger oligomers. 

Evidently, the change in charge at residue 15 resulting from replacement of Ser with Asp 

has a greater effect on oligomerization than does removal of residues 1-24. Thus, in the 

absence of the S15D substitution in the A1-24/S78D/S82D variant, the remainder of the 

N-terminal sequence is sufficient to promote some oligomerization. The Asp residues at 

positions 78 and 82 promote dissociation at a different subunit interface. This model is 

consistent with the FRET experiments in which subunit exchange is observed for the 
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A l - 1 4 Hsp27 variant, thereby demonstrating that the oligomers that are formed by this 

variant retain the ability to dissociate and re-associate in a highly dynamic manner. 

Figure 4.3 Model of Hsp27 based on the Tsp36 crystal structure (Stamler et al., 2005) 
The model includes the residues 6-170 of wild-type Hsp27. The N-terminal region is 
labeled and indicated with a black line. 
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The role of the C-terminal 24 residues in oligomerization is more controversial. 

The flexible C-terminal tail that follows the conserved IXI region of Hsp27 is longer than 

the C-terminus of both Hspl6.5 and Hspl6.9. The IXI motif of Hsp 16.9, for example, is 

followed by only 8 residues. Moreover, replacement of Pro 1 8 2 with Leu, which is located at 

the hinge between the IXI motif and the last 24 residues, is the only known mutation 

outside of the a-crystallin domain that leads to a human disease (Evgrafov et al, 2004). 

The IXI/V motif is highly conserved amongst small heat shock proteins from 

protozoans to metazoans. Even Tsp36 which completely lacks a C-terminal tail has a PXI 

motif at its N-terminus that interacts with the C-terminal edge of the a-crystallin domain 

in the pM-p8 hydrophobic groove in a manner similar to that observed in the structures of 

Hspl6.5 and Hsp 16.9 (Kim et al, 1998; Stamler et al, 2005; van Montfort et al, 2001) 

(Figure 4.4). It is tempting to speculate that the IXI motif of Hsp27 binds in a similar 

fashion, but two questions remain: what is the role of the following . 24 residues 

(Pro 1 8 2 -Lys 2 0 5 ) and to which subunit does each IXI motif bind? The first obvious role that 

can be attributed to the C-terminal tail is to increase solubility by coating the large 

assembly with a hydrophilic tail in a similar manner as hydrophilic heads would do in 

micellae. Cryo-EM as well as N M R experiments can confirm the flexibility of the 

C-terminal tail and its exposure to the solvent when the protein forms large assemblies. 

The results presented so far suggest that this flexible tail does more than just render 

Hsp27 soluble. Lack of the C-terminus increases the thermal stability of the protein, 

indicating that a second role for this region is to initiate protein unfolding as a result of its 

mobility. In general, thermal instability of small heat shock proteins has been linked to 
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chaperon activity. The A21-28 a-crystallin variant, for example, has increased instability 

and increased chaperon activity relative to the wild-type protein (Pasta et al, 2003). 

Figure 4.4 Interaction of the IXI motif with the C-terminal edge of the a-crystallin 
domain (p4-p8). A. Hsp16.9, a-crystallin of one molecule and IXI motif of a neighboring 
subunit (stick & ball representation). B. Tsp36 a-crystallin 1 with the N-terminal PXI of the 
dimeric partner (stick & ball representation). (Modified from (Stamler et al., 2005)) 

Similarly, another a-crystallin variant with increased hydrophobicity at its 

C-terminus is less soluble, has diminished chaperon activity and a less flexibility tail as 

seen by N M R spectroscopy (Smulders et al, 1996). It is possible that after heat shock the 

increased thermal energy induces greater conformational variation in the C-terminal tail 

that leads to dissociation of the large oligomers. 
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Finally, although the IXI motif binds to the [34-|38 groove of an a-crystallin 

domain, exactly to which domain within an oligomeric assembly will depend on a number 

of factors including the length of the N-terminal tail and the conformation of the 

C-terminal flexible region. In fact, the absence of the last 24 residues successfully locks 

the protein into a large assembly state compared to the wild-type protein. Moreover, the 

A182-205 Hsp27 variant, while it exchanges domains in a FRET experiment, exhibits a 

temperature independent rate of exchange. Interestingly in that conserved region, Hsp27 

has more than one IXI/V motif, the amino acid sequence at the C-terminus is I 1 7 9 TIPV, it 

is possible that which IXI motif binds to another subunit depends on how large the 

oligomer is. 

The mechanism of Hsp27 self-association is clearly complex. Nevertheless, the 

ability to form a vast number of oligomers in a thermally-regulated manner must depend 

on simple interactions. The model resulting from this work proposes that in addition to 

binding through the a-crystallin domain, N-terminal helices can form multiple 

interactions with similar regions of neighboring monomers, and the C-terminal tail can 

undergo temperature-dependent conformational changes that determine to which subunit 

the IXI motif will bind to. 

Finally, the role of the a-crystallin domain is probably to mediate the basic 

subunit-subunit interactions, and it is possible that these interactions occur in more than 

one way as it is observed for the Hspl6.5, Hspl6.9 and Tsp36 proteins. 
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4.7.2 M o d e l fo r H s p 2 7 c h a p e r o n ac t iv i ty 

Hsp27 exhibits remarkable versatility in its ability to form oligomers of varying 

size, to bind a wide range of unfolding substrates, and to recognize specific, folded 

proteins. The present work is an effort to correlate the oligomeric state of the protein with 

its chaperon activity and to define the contributions made by specific domains or residues 

to both of these aspects of Hsp27 function. 

Wild-type Hsp27 fully inhibits insulin unfolding at a ratio much smaller than 1:1 

(insulin:Hsp27 subunit), and one Hsp27 oligomer can bind more than one molecule of 

insulin at a time. The crystal structures of Hspl6.9, Hspl6.5, and Tsp36 all indicate that 

upon formation of the large oligomer, an extensive hydrophobic surface of each monomer 

is buried in the final assembly. Repeated dissociation and re-association presumably 

expose similar hydrophobic patches on the surface of Hsp27 that result in recognition and 

interaction with unfolding peptides. Such interactions are expected to be relatively 

non-specific and to result in the involvement of several surface areas of Hsp27 in binding 

of insulin or other proteins of a variety of sizes. 

If Hsp27 must dissociate prior to binding unfolding proteins, then an increased 

tendency to dissociate should increase chaperon activity. Such behavior was observed in 

the current studies insofar as increased temperature was found to result in an increased rate 

of Hsp27 subunit exchange (FRET experiments), an increase in Hsp27 oligomeric size 

(AUC experiments), and an increase in chaperon activity (activity measurements). The 

present results (Fig. 3.40; N M R unpublished) indicate that increased temperature also 

induces a conformational change and greater mobility in the C-terminal region of the 

protein that promotes faster subunit exchange and the formation of larger (possibly more 
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stable) oligomers. In the presence of unfolding proteins, greater accessibility of 

hydrophobic surfaces of Hsp27 afforded by elevated temperature should promote 

Hsp27-unfolding protein interaction. 

While subunit exchange may be necessary for chaperon activity, it is not sufficient. 

The A l - 1 4 Hsp27 variant exhibits no chaperon activity despite FRET behavior consistent 

with subunit exchange. This result can be attributed to a role for the 14 amino-terminal 

residues in binding to unfolding proteins and in the formation of larger oligomers. This 

conclusion is consistent with cryo-EM studies of Hsp25 and Hsp26 that indicate these 

proteins bind substrate to form complexes at least as large as those form by each protein in 

the absence of substrate (Stromer et al, 2003). 

The lack of a flexible C-terminal tail in the A182-205 variant inhibits chaperon 

activity only at low temperature (20 °C) while activity persists at heat shock temperature 

(40 °C). This observation is in agreement with the results of analytical ultracentrifugation 

studies in which behavior similar to that of the wild-type protein is observed at 40 °C but 

not at 20 °C. It is not entirely clear why this would occur, but it can be attributed to a lower 

solubility^of this variant at 20 °C. 

Interestingly, light scattering of unfolding insulin at 20 °C is greater in the presence 

of the A182-205 variant than in its absence, probably as a result of the formation of 

insoluble A182-205/insulin complexes that scatter light more than does unfolding insulin 

alone. 

Surprisingly, the S15D/S78D/S82D triple variant retained a reasonable amount of 

chaperon activity despite an apparent lack of subunit exchange and minimal formation of 

larger oligomers. These observations would be expected if this variant forms larger 
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complexes upon binding the unfolding insulin and if the abundant, small oligomers formed 

by this variant occur in the "active," dissociated state. This interpretation could explain 

why the first cellular response to heat shock in vivo is phosphorylation of Hsp27. 

Phosphorylation of this protein would promote its dissociation and thereby increase access 

of unfolding proteins to the otherwise inaccessible hydrophobic surfaces through which 

Hsp27 is proposed to interact with such proteins. In this way, time is provided to permit 

synthesis of unphosphorylated Hsp27 and larger chaperones (e.g., Hsp70) for a prolonged 

rescue response. 

4.8 Future directions 

The work described in this dissertation is an attempt to define the biophysical 

properties of the small Hsp27 and the role that conserved and non-conserved domains play 

in self-association and chaperon activity. Although small heat.shock proteins are highly 

conserved in all organisms and great effort has been made to understand their function and 

behavior in solution, more work remains. It is also clear that despite many similar features 

each sHsp must be considered individually. 

At least four directions for future studies of Hsp27 can be identified: a) further 

studies of the solution properties of Hsp27, b) further studies of Hsp27 chaperon activity 

and interaction with unfolding peptides, c) characterization of complexes formed by Hsp27 

and specific native proteins and d) studies of the roles of Hsp27 in malignancies and its 

potential as a therapeutic target. Each possibility is considered below. 

The hypothesis that the length of the N-terminal sequence regulates the size of the 

oligomers could be evaluated, by studies of variants of Hsp27 with longer rather than 

shorter N-terminal sequences in terms of oligomerization behavior and chaperon activity. 
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On the other hand, point mutation at the C-terminal tail, specifically in the IXI motif 

region, can be constructed to determine i f this region acts as a hinge to regulate the sizes of 

the oligomers. Moreover, other deletion variants of Hsp27 with different length of 

C-terminus (A 168-205 and A195-205 Hsp27), or deletion at both the N - and C-termini 

(A 1-24+A165-205 Hsp27) have been already cloned in p E T - 3 0 vectors (B. L . - G . 

unpublished). These variants should be evaluated by analytical ultracentrifugation. 

The proposal that phosphorylation of Hsp27 results in rapid exposure of 

hydrophobic surfaces to permit synthesis of more wild-type Hsp27 as a second wave of 

defense against cellular stress is appealing. Such a possibility makes it of interest to 

determine i f a mixture of wild-type Hsp27 and the Hsp27 triple variant undergoes subunit 

exchange. Both analytical ultracentrifugation and F R E T experiments would be suitable for 

this study. 

It is clear that the polydispersity and structural dynamics of Hsp27 contribute to the 

difficulty in preparing crystals suitable for diffraction analysis. Although an attempt has 

been made to collect c r y o - E M data, little useful information has been acquired other than 

the knowledge of the polydispersity of the sample (Haley et al, 2000). The current results 

indicate that Hsp27 is extremely sensitive to temperature changes. Insight concerning this 

temperature dependence provided by the present study, might permit the design of new 

c r y o - E M experiments in which, oligomerization of Hsp27 is tightly controlled with 

temperature prior to sample freezing. 

Far more work is required to understand Hsp27 chaperon activity at a molecular 

level. One approach might be to purify the complexes formed by unfolding insulin and 

L Y I - and AIAS-modi f i ed Hsp27 to evaluate the influence of peptide binding on subunit 
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exchange. The size and stoichiometry of the resulting purified complexes can be analyzed 

through the use of analytical ultracentrifugation. Moreover, if subunit exchange is 

observed between wild-type Hsp27 and the S15D/S78D/S82D variant, FRET experiments 

can be undertaken to evaluate interaction of phosphorylated variants bound to unfolding 

peptides and to wild-type Hsp27 free of substrate. Spectra of labeled Hsp27, either AIAS-

or LYI-modified protein, mixed with free Hsp27 need to be recorded to control for light 

scattering. Sedimentation velocity experiments and chaperon activity.measurements of the 

modified variants should be done to ensure that labeling has not changed the quaternary 

structure and activity of Hsp27. Moreover, it would be interesting to see if a peptide 

comprise of amino acids 1-24 of Hsp27 can inhibit self-association by competing for 

binding to the protein N-terminus. 

Formation of an Hsp27-cytochrome c complex was not observed under any of the 

conditions tested although such complex has been reported in the literature (Bruey et a l , 

2000a). This discrepancy could be explained by the requirement of an additional protein 

that would permit formation of a ternary complex. This possibility could be assessed by the 

use of mass spectrometry to determine the proteins present in an immunoprecipitate of 

Hsp27 bound to cytochrome c and/or cytochrome c bound to Hsp27 in an effort to identify 

other possible partners in the interaction. At the same time, Hsp27 has been reported to 

form specific complexes with actin and Daxx. Initial work succeeded in the preparation of 

a Hsp27-actin complex, and crystallization trails were initiated through a collaboration 

with Dr. Burtnick. Although these screens have yet to produce any crystals, it might be 

useful to study this complex in solution. The variants of Hsp27 already available could be 
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used to determine which domain of Hsp27 actin binds, while analytical ultracentrifugation 

could be used to determine the stoichiometry and association constant for the interaction. 

Hsp27 synthesis is induced by cellular stress, and Hsp27 has been reported to 

reduce the chance of a successful chemotherapy when over-expressed in tumor cells 

(Rocchi et al, 2005; Rocchi et al, 2004). For this reason, inhibition of Hsp27 expression 

through the use of nucleotide-based therapies has been attempted (Kamada et al, 2007). 

Alternatively, identification of small molecules that bind to Hsp27 and either inhibit 

dissociation of the oligomer or inhibit phosphorylation could lead to therapeutic inhibitors 

that reduce the chaperon activity of Hsp27 that can be used as adjuvant in chemotherapies. 

The chaperon assay presented in this work can be translated easily into a high throughput 

assay for inhibitor screening. If such a compound is found, it would open a new field of 

work concerning the mechanism(s) by which small molecules inhibit Hsp27 chaperon 

activity. Again, use of the variants reported in this dissertation in screens of this type could 

provide useful mechanistic insights. Finally, several point mutants of Hsp27 that induce 

pathological conditions have been reported (Benndorf & Welsh, 2004; Evgrafov et al, 

2004); the molecular mechanism(s) responsible for this pathological activity of these 

Hsp27 variants could be evaluated by methods employed in the current studies. 
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