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ABSTRACT 

 
sHSPs maintain partially denaturing substrates in a soluble sHSP-substrate 

complex. The heterogeneous interaction between sHSPs and substrate within the complex 

has prevented a detailed study of the mechanism of sHSP substrate protection. Here, 

purified sHSPs and heat sensitive substrates were used to investigate the mechanism of 

sHSP chaperone action. Results presented provide new insights into how sHSPs 

recognize substrates, the architecture of the sHSP-substrate complex and factors 

contributing to chaperone efficiency.  

Direct evidence defining the role of the sHSP N-terminal arm and a-crystallin 

domain in sHSP-substrate interactions is limited. A photoactivatable probe was site- 

specifically incorporated into PsHsp18.1, and cross-linking to substrate in sHSP-substrate 

complexes was quantified. The structurally flexible N-terminal arm of PsHsp18.1 makes 

strong contacts with both substrates tested, however differences in interaction were seen 

in the conserved a-crystallin domain. Regions on the sHSP showing the strongest cross-

links to substrates are buried within the dodecamer, supporting the model that the sHSP 

oligomer undergoes rearrangement or dissociation prior to substrate interactions.  

The arrangement of sHSPs and substrates whithin the complex is poorly defined. 

Limited proteolysis and chemical modification was combined with mass spectrometry to 

probe  the sHSP-substrate complex using multiple sHSPs and substrates. This analysis 

reveals that a similar partially-denatured form of substrate is protected in the complex 

irrespective of sHSP identity.  Further, sHSP in the complex is protected from proteolysis 
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for a longer time compared to free sHSP. These data suggest that sHSPs and substrate are 

distributed both internally and on the periphery of the sHSP-substrate complex.  

Exact properties of the sHSP N-terminal arm contributing to protection are poorly 

defined. A molecular dynamics (MD) study was designed to test the hypothesis that the 

N-terminal arm could assume multiple conformations that can readily interact with 

denaturing substrates. Preliminary data suggest that at increased temperatures amino 

acids in the N-terminal arm form specific clusters which could act as substrate interaction 

sites. MD simulations, mutagenesis and altering the kinetics of substrate aggregation 

suggest that the conformational space occupied by the N-terminal arm at increased 

temperatures, along with flexibility and rate of substrate aggregation contribute to 

differences in chaperone efficiency.  
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CHAPTER ONE: INTRODUCTION 

 
Protein aggregation resulting from stress and disease poses a major threat to all 

cells. A cellular protein quality control network consisting of chaperones and proteases 

regulates damage caused by protein aggregates (Liberek et al., 2008). Apart from 

assisting folding of newly synthesized polypeptides chaperones also function in 

maintaining the proper conformation of proteins in a changing cellular environment. 

Although native proteins are conformationally at a global energy minimum, they are 

rarely static. Rather, proteins are continuously accessing multiple conformations that are 

required for their biological activity. Therefore, even native proteins are susceptible to 

aggregation during these conformational transitions, which along with environmental 

variations in temperature or redox status, cause proteins to expose buried hydrophobic 

surfaces (Englander et al., 2007). In the crowded cellular environment these hydrophobic 

surfaces can readily interact causing protein aggregation and threatening cell viability.  

Key chaperones in the protein quality control network include ATP-dependent 

Hsp70 (DnaK), Hsp60 (GroEL), Hsp90 (Htp G), Hsp104 (ClpB), and the ATP-

independent small heat shock proteins (sHSPs). Hsp70, Hsp90 and Hsp60 family 

members are involved in protein folding (Young et al., 2004). Hsp104 proteins are 

documented to act as protein disaggregases, dissociating large insoluble aggregates for 

subsequent refolding in cooperation with Hsp70 (Mogk et al., 2008). In contrast to the 

ATP-dependent chaperones, the ATP-independent sHSPs function as “holdases” during 

cell stress, by binding and holding partially-denatured proteins in a folding-competent 
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state (van Montfort et al., 2001a; Haslbeck et al., 2005a). In this capacity sHSPs buffer 

the cell against stress by preventing irreversible protein aggregation and providing a 

reservoir of substrates for ATP-dependent chaperones to act on when stress is mitigated. 

sHSPs and the related a-crystallins are found in almost every organism with the 

exception of some pathogenic bacteria (de Jong et al., 1998; Kappe et al., 2002). Most 

higher order organisms have multiple genes encoding sHSPs, with 19 in the model plant 

Arabidopsis thaliana (Siddique et al., 2008) and 10 genes in humans (Franck et al., 

2004). In addition to increased levels of expression during high temperature stress, sHSPs 

are induced by other stresses such as oxidative stress, heavy metals, ischemic injury and 

they are constitutive components of certain tissues in many different organisms (de Jong 

et al., 1998). Apart from their role as molecular chaperones specific sHSPs are reported 

to have additional functions that include maintaining cytoskeletal integrity by binding to 

structural proteins such as desmin and cytoplasmic actin (Singh et al., 2007), helping 

stabilize lipid membranes (Balogi et al., 2008), and protecting against 

ischemia/reperfusion–induced and programmed cell death (Hollander et al., 2004; Liu et 

al., 2004). Expression and/or mutation of specific sHSPs are linked to cancer (Lanneau et 

al., 2007), neurodegenerative diseases (Mao et al., 2001a; Rekas et al., 2004), myopathies 

(Chavez Zobel et al., 2003), and cataract (Mackay et al., 2003). Furthermore, sHSPs have 

been suggested to have therapeutic potential for amyotrophic lateral sclerosis (Sharp et 

al., 2008) and multiple sclerosis (Holmoy and Vartdal, 2007), and to positively affect 

longevity in model organisms (Olsen et al., 2006). Defining the mechanism of sHSP 

chaperone action, therefore, has wide-ranging implications for understanding cellular 
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stress and disease processes. Experiments presented in this dissertation were designed to 

address basic questions concerning how sHSPs recognize and bind denaturing substrates. 

 

sHSP structure 

 sHSPs and the structurally related vertebrate eye lens � -crystallins are defined by 

a signature motif, core � -crystallin domain (ACD) of ~90 amino acids (Fig 1.1A, red). 

The structurally conserved  � -crystallin domain is flanked by a short C-terminal 

extension with an additional C-terminal tail in some sHSPs (Fig. 1.1, blue), and an N-

terminal arm of variable length and divergent sequence (Fig. 1.1A, green) (van Montfort 

et al., 2001a; Haslbeck et al., 2005a; Sun and MacRae, 2005). While the monomeric 

molecular mass of sHSPs ranges from ~12-42 kDa, a notable feature of this chaperone 

protein family is that most are organized into large oligomeric structures. In their native 

state, the majority of sHSP oligomers range from 12 to >32 subunits.  

X-ray crystal structures are available for two oligomeric sHSPs. The 24-subunit 

MjHsp16.5 from the archaeon, Methanococcus jannaschii, shows a hollow, ball-like 

structure (Kim et al., 1998), while the 12-subunit Hsp16.9 from wheat, TaHsp16.9, is 

donut-shaped consisting of  two hexameric double disks held together by an intricate 

network of intersubunit contacts. The TaHsp16.9 assembly is 95 Å wide and 55 Å high 

with a 25 Å wide hole in the center (Fig. 1.1C) (van Montfort et al., 2001b). The  
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Figure 1.1. sHSP structural features.  

sHSP domains are highlighted in the three available atomic structures. A) Ribbon 

diagrams of monomers of TaHsp16.9 (PDB:1GME) (van Montfort et al., 2001b) and 

MjHsp16.5 (PDB:1SHS) (Kim et al., 1998) and Tsp36 (PDB:2BOL). N and C-terminal 

regions are labeled. B) Domain organization of sHSPs is shown colored according to the 

monomer. Green: N-terminal arm; red:ACD; blue: C-terminal extension. Tsp36 contains 

two ACDs with a short repeat sequence prior to each ACD (pink) and linker region 

between ACD1 and 2 (cyan) (Stamler et al., 2005).  C) sHSP oligomers. Left: TaHsp16.9 

dodecamer; Middle: MjHsp16.5 24-mer and Right: Tsp36 dimer. Each subunit in each 

oligomer is represented with a unique color.  
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ACD comprises a � -sheet sandwich with an immunoglobulin-like fold and topology 

identical to the Hsp90 co-chaperone p23. Although, the sequence identity between 

MjHsp16.5 and TaHsp16.9 is only 23%, structurally the ACD is very similar with a root 

mean square deviation of 1.5 Å when the 90 residues of the ACD are superimposed (van 

Montfort et al., 2001b). 

TaHsp16.9 and MjHsp16.5 oligomeric structures are formed from dimeric 

building blocks (van Montfort et al., 2001b; Kim et al., 1998) with an identical dimer 

interface shared by both proteins. The dimer is assembled via strand exchange between 

a-crystallin domains, specifically between b2 of one monomer and a peripheral b-strand, 

b6, in the extended loop between b5 and b7 of the other monomer (Fig 1.2). Although the 

dimer interface consists solely of contacts made within the structurally conserved ACD, 

both N-and C-termini play a crucial role in assembling the sHSP oligomer.  

None of the 24 N-terminal arms was resolved in the MjHsp16.5 atomic structure 

and only six of the 12 N-terminal arms were resolved in the TaHsp16.9 atomic structure, 

indicating a high degree of flexibility in this region. The six resolved N-terminal arms of 

TaHsp16.9 are involved in oligomeric contacts. They are assembled into “knot-like” 

structures formed by the a2 helix of a dimer from the top disk contacting an a2 helix 

from the bottom disk to stabilize the oligomer (Fig 1.2) (van Montfort et al, 2001b). In 

contrast, truncation of the MjHsp 16.5 N-terminal arm showed that this region is not 

necessary for oligomer formation (Koteiche et al., 2002). Cryo-EM reconstructions of the 

MjHsp16.5 oligomer  
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Figure 1.2. Ribbon model of the TaHsp16.9 dimer and oligomer.  

Left: The TaHsp16.9 dimer is shown with one monomer colored in cyan and the N-

terminal arm of the other colored in green, ACD in red and C-terminal extension in blue. 

The dimer interface formed by strand exchange between a-crystallin domains is circled, 

and the b6 (red) and b2 (cyan) strands involved are marked. Middle and Left: The 

TaHsp16.9 oligomer is shown with the N-terminal arm colored in either cyan or green, 

ACD in red and C-terminal extension in blue for each subunit. The dodecamer consists of  

two hexameric double-disks held together by a network of intersubunit contacts. The 

assembly is 95 Å wide and 55 Å high with a 25 Å wide hole in the center. The middle 

view is looking down the crystallographic three-fold axis and the right view is the 

oligomer rotated 90O. Three of the six N-terminal arms are colored in cyan highlighting 

the “knot-like” structure stabilizing the oligomer (black circles). A conserved IXI motif 

in the C-terminal extension contributes to oligomerization by “patching” a hydrophobic 

groove created by b4 and b8 strand edges of the a-crystallin domain (black ovals) (van 

Montfort et al., 2001b).   
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reveal density in the center of the hollow, “ball-like” structure (Haley et al., 2000), and  

more recently cryo electron microscopy (cryo-EM) was combined with site-directed spin 

labeling to indicate that the internal density found in the cryo-EM structures is from the 

24 N-terminal arms (Koteiche et al., 2005). Apparently, structural differences exist 

between the N-terminal arm of MjHsp16.5 and TaHsp16.9. In contrast, both structures 

are stabilized by the C-terminal IXI motif (Pasta et al., 2004), which patches a 

hydrophobic groove created by the b4 and b8 strand edges of the ACD (Fig. 1.2) (van 

Montfort et al., 2001b; Kim et al., 1998).   

A third crystal structure of a metazoan sHSP, Tsp36, defies the rule of forming 

large oligomers. Tsp36 assembles into tetramers under oxidizing conditions and dimers 

under reduced conditions (Fig. 1.1)(Stamler et al., 2005; Kappe et al., 2004). Apart from 

not forming higher-order oligomeric structures, Tsp36 is unique in that the protein has 

two ACDs, a characteristic common to other parasitic flatworms, and lacks a C-terminal 

extension (Stamler et al., 2005). Recently, a cytosolic sHSP from Arabidopsis thaliana, 

AtHsp18.5, was characterized to be a dimer in vitro (Basha et al, unpublished). In the 

absence of in vivo structural information it is difficult to determine the biologically-

relevant form of AtHsp18.5. However, Tsp36 and AtHsp18.5 indicate that exceptions to 

the large oligomeric sHSP structures exist. 

Compared to the oligomeric sHSPs discussed above, Tsp36 has a unique dimer 

interface consisting of N-terminal arms (Stamler et al., 2005). A segment of the N-

terminal arm associates with the edges of ACD1, reminiscent of the role of hydrophobic 

“patching” by the C-terminal extension of the two oligomeric structures.  A notable 
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feature of the Tsp36 atomic structure is that both N-terminal arms are well resolved, most 

likely because they are stabilized by the dimer interface. 

 In contrast to the two defined oligomers of TaHsp16.9 and MjHsp16.5, cryo-EM 

of yeast Hsp26 reveals a 24-subunit oligomer of two distinct forms resulting from 

flexible hinge regions between domains (White et al., 2006). Electron microscopy (EM) 

images of � -crystallin indicate that it forms polydisperse oligomeric assemblies of 25-50 

subunits per complex (Haley et al., 1998). Further, a combination of nanoelectrospray 

MS and EM image analysis of Mycobacterium tuberculosis Hsp16.3 shows multiple 

dodecameric assemblies consisting of dimeric building blocks (Kennaway et al., 2005).  

Although a high resolution structure of � -crystallin is not available, EPR spin 

labeling (Koteiche and Mchaourab, 1999) and modeling studies with Rosetta using 

distance restraints from spin labeling (Alexander et al., 2008) confirm that the core ACD 

of mammalian sHSPs and aA-crystallin forms a b-sandwich similar to the ACD seen in 

the high resolution structures. However the number and length of b strands in the a-

crystallin domain of the mammalian proteins is not completely clear from these data  

(Jehle et al., 2008).   

a-crystallin is predicted to have a novel dimer interface which differs from those 

seen in either of the three crystal structures. The dimer interface seen in the two crystal  
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Figure 1.3. Sequence alignment of diverse sHSPs indicating potential substrate 

binding sites.  

Sequences are Triticum aestivum (wheat) TaHsp16.9 (S21560 with one amino acid 

correction T7S), Pisum sativum (pea) PsHsp18.1 (P19243 with one amino acid correction 

P37L), Homo sapiens (human) aA-crystallin (Hsa-A, P02489), Homo sapiens aB-

crystallin (Hsa-B, P02511), Arabidopsis thaliana AtHsp21 (P31170), Mycobacterium 

tuberculosis MtHsp16.3 (P31170), Methanococcus jannaschii MjHsp16.5 (Q57733). 

Sequences were aligned using ClustalW. Secondary structure based on TaHsp16.9 (SEC. 

16.9, PDB:1GME) (van Montfort et al., 2001a) are indicated above the alignment and 

those of MjHsp16.5 (SEC. 16.5, PDB:1SHS) (Kim et al., 1998) are below the alignment. 

Arrows delimit the a-crystallin domain. Boxed in red in the TaHsp16.9 sequence is one 

edge of the � -sandwich, which is “patched” by the IXI motif in the C-terminal extension 

(boxed in blue)(van Montfort et al., 2001a). Boxed in green are the interaction sites 

formed when the N-terminal arm folds back to contact its own ACD. Potential substrate 

binding regions identified with bis-ANS are underlined in pink within the corresponding 

protein sequence and are as follows: PsHsp18.1 residues 1-11 and 75-93 (Lee et al., 

1997); aB-crystallin residues 73-82 and 93-103 (Sharma et al., 1998b); aA-crystallin 

residues 50-54 and 79-99 (Sharma et al., 1998b); MtHsp16.3 residues 2-32 and 55-84 (Fu 

and Chang, 2006). 1,5-AZNS binding region in aB-crystallin is underlined in cyan 

(Sharma et al., 1998b). ADH and mellitin (2.8 kDa hydrophobic polypeptide) binding 

sites identified by chemical cross-linking are underlined in blue (Sharma et al., 1997; 
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Sharma et al., 2000). AtHsp21 lysines found in peptides cross-linked to CS are indicated 

with asterisks (Ahrman et al., 2007).  
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structures is not conserved in mammalian a-crystallins, because the extended loop 

containing the b6 strand is missing in these proteins (Fig. 1.3). EPR spin labeling studies 

of the of full length aA-crystallins (Berengian et al., 1999) and an NMR study combining 

data from a solid and solution state analysis of truncated aB-crystallins reveal that in the 

absence of a loop structure a novel dimerization interface is formed by b6 + 7 strand 

(Jehle et al., 2008). However, further analysis is required to establish the orientation of 

the a-crystallin domains in the context of a b6 + 7 strand dimer interface. 

 

sHSP chaperone function  

sHSP activation 

sHSPs have an unusually high capacity to bind unfolding proteins and facilitate 

subsequent substrate refolding by ATP-dependent chaperone systems (Lee et al., 1997; 

Mogk et al., 2003). Similar to ATP-dependent chaperones, sHSPs also have a high and 

low affinity substrate binding state. However, unlike the ATP-dependent chaperones, 

whose substrate affinity is regulated by nucleotide binding, sHSPs undergo stress-

dependent structural changes resulting in the high affinity substrate binding form 

(Haslbeck et al., 2005a). These structural changes expose normally sequestered 

hydrophobic residues/surfaces, which can then interact with hydrophobic surfaces of 

denaturing proteins.  
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The phenomenon of heat-induced structural changes was documented quite early 

on for the a-crystallins (Spector and Zorn, 1967), even before it was determined that 

these proteins can function in protecting against heat-induced aggregation and 

insolubilization (Horwitz, 1992). Once heat activated, certain sHSPs have been shown to 

remain active for short periods of time. Saccharomyces cerevisiae Hsp26 (Franzmann et 

al., 2008), Mycobacterium tuberculosis Hsp16.3 (Mao et al., 2001b) and the E. coli sHsp 

IbpB (Jiao et al., 2008) remain active upto a few minutes at room temperature depending 

on the sHSP. This indicates that although the temperature-induced structural changes are 

reversible, they can persist in the absence of direct stress. In vivo this may prolong 

substrate binding, allowing sHSPs to function longer to maintain the cellular environment 

free of aggregates.  

Subunit exchange (SX) is another well-documented aspect of sHSP dynamics, 

and it is predicted to contribute to efficient chaperone function (van den Oetelaar et al., 

1990; Bova et al., 2002; Sobott et al., 2002). SX occurs between sHSP oligomers and 

between closely related sHSPs to form heterooligomeric complexes (Friedrich et al., 

2004). Surface plasmon analysis (SPR) using aB-crystallin show that the rate of subunit 

association and dissociation increases with increased temperature indicating that complex 

assembly is highly dynamic at elevated temperatures (Liu et al., 2006). Further, Forster 

Resonance Energy Transfer (FRET) with mammalian sHSPs, aA-and aB-crystallin or 

aA-crystallin and human HSP27 have shown that the oligomers fully exchange within a 

few hrs at 37 oC and that the rate of exchange is increased by 4-fold at 42 oC (Bova et al., 

1997; Bova et al., 2000). 
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Recent FRET studies with yeast Hsp26 indicate that SX may not be a prerequisite 

for substrate binding, since the kinetics of SX are considerably slower than that of 

chaperone activation. This suggests that at least in some sHSPs the activation step for 

efficient substrate binding is independent of SX (Franzmann et al., 2008). Perhaps the 

role of SX is to facilitate binding of multiple substrate proteins during stress. Many 

organisms have multiple sHSPs in the same cellular compartment, and SX may expand 

the capacity of sHSPs to bind a variety of proteins. However, there is no direct evidence 

to support this idea.  

 

Mechanism of chaperone function  

Compared to the well-defined mechanism of chaperone function of the ATP-

dependent Hsp60 (GroEL), Hsp70 and Hsp90 chaperone systems, the mechanism of 

sHSP function is poorly defined. Structural, biochemical and biophysical studies have 

identified three potential mechanisms of sHSP chaperone activity, all involving some 

aspect of structural rearrangement of the sHSP.  

 In one model, the large oligomeric form of the sHSP undergoes significant 

structural rearrangement under substrate denaturing conditions, but the oligomer remains 

intact. During rearrangement, hydrophobic surfaces are exposed and bind partially-

denaturing substrate on the periphery of the oligomeric sHSP (Ehrnsperger et al., 1999; 

Kim et al., 2003; Franzmann et al., 2005). Recently, a study investigating the mechanism 

of activation of the yeast sHSP, Hsp26, utilizing Forster Resonance Energy Transfer 
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(FRET) and tryptophan fluorescence determined that the Hsp26 protects substrates via 

rearrangement of a unique region of 59 amino acids located between the N-terminal and 

a-crystallin domains (Franzmann et al., 2008). Clustal W sequence alignment of Hsp26 

and TaHsp16.9 show that this region roughly corresponds to the first 40 amino acids in 

the N-terminal arm of TaHsp16.9 (Fig 1.3). In Hsp26 this domain appears to have the 

capacity to sense temperature changes and to rearrange to bind substrate, allowing the 

oligomeric form of the protein to function as the active substrate binding form.  

Other sHSPs appear to behave differently. Oligomeric sHSPs from several 

different organisms, including TaHsp16.9, dissociate into stable dimers (van Montfort et 

al., 2001b) or suboligomeric species (Shashidharamurthy et al., 2005) in a temperature 

and concentration dependent manner. In vitro these sHSPs are in dynamic equilibrium 

between the low affinity oligomeric state and a high affinity suboligomeric form that is 

proposed to be the favored substrate-binding conformation (Wintrode et al., 2003; Sobott 

et al., 2002; van Montfort et al., 2002b). Increase in temperature shifts the equilibrium 

away from the oligomer toward the smaller species, exposing previously buried 

hydrophobic surfaces, which can bind the hydrophobic surfaces of substrates to form the 

soluble sHSP-substrate complex. In the presence of ATP-dependent Hsp70 chaperones 

the substrates may be released from the complex and refolded (Fig 1.4)(Lee et al., 2000; 

Mogk et al., 2003). 

 In a third variation, which is not necessarily exclusive with the model above, the 

dimers or suboligomeric species of sHSPs are activated during cell stress and actually co-

precipitate with denaturing proteins in the cell (Basha et al., 2004a; Haslbeck et al., 
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2005b). In contrast to fully preventing substrate insolubilization, this mode of action is 

thought to occur in vivo under stress conditions when the denaturing substrates  

Figure 1.4. A proposed model for sHSP chaperone activity.  

Under non-stress conditions sHSPs are in dynamic equilibrium between the inactive 

oligomeric and the active dimeric form. The equilibrium is shifted towards the dimer 

under stress conditions (i.e. heat) when sHSPs can readily interact with heat-denaturing 

substrates (1� 2) and stress-sensitive substrates are denatured (3� 4). Exposed 

hydrophobic surfaces in the partially-denaturing substrates bind each other, causing 

protein aggregation in the absence of sHSPs (4� 6). In the presence of activated sHSPs 

the exposed hydrophobic surfaces of sHSPs interact with the hydrophobic surfaces of 

substrates, forming large, soluble, heterogeneous, sHSP-substrate complexes, which are 

stable (5). Bound substrate can subsequently be refolded via the ATP-dependent 

chaperone system (7) or degraded, presumably freeing the sHSPs (8).    
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Overwhelm the substrate binding capacity of sHSPs. These insoluble sHSP-substrate 

complexes can be readily disaggregated in the presence of the ATP-dependent chaperone 

Hsp100/ClpB and subsequently refolded by the Hsp70 system (Mogk et al 2003; 

Cashikar et al., 2005; Haslbeck et al., 2005). The presence of sHSPs in these aggregates 

enhances the rate of substrate reactivation. Regardless of the mechanism of sHSP 

chaperone activation it is widely agreed that hydrophobic surfaces exposed during sHSP 

activation function as substrate-binding surfaces. 

In total sHSP oligomer dynamics result in the ATP-independent mechanism for 

sensing perturbations in the cellular environment. This unique mode of action provides an 

advantage to sHSPs in maintaining their role as first responders during cell stress. 

Experiments presented in Chapter 2 provide new evidence to support the idea that the 

sHSP chaperone mechanism is indeed driven by exposed hydrophobic surfaces that are 

sequestered in the oligomeric form.   

 

sHSP-substrate interactions 

Much of the model for sHSP chaperone function has been deciphered using model 

substrates. Although model substrates have provided valuable insights into the function 

of sHSPs, identifying native substrates protected by sHSPs will further define the role of 

these chaperones in the crowded cellular environment. Two published reports, as well as 

ongoing studies, have identified potential sHSP substrates protected in vivo (Basha et al., 

2004; Haslbeck et al., 2004; Basha et al. unpublished). The isolated substrate proteins 
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belong to a broad set of biochemical pathways involved in diverse cellular functions. In 

the case of Hsp42 and Hsp26, the two cytosolic sHSPs in Saccharomyces cerevisiae, it 

was determined that both proteins suppressed aggregation of about one third of the 

cytosolic proteins, and 90% of the substrates identified were protected by both sHSPs 

(Haslbeck et al., 2004). A similar result was seen with the single sHSP, synHsp16.6 

found in the cyanobacterium, Synechocystis sp PCC6803 (Basha et al., 2004). The large 

numbers of substrates protected by sHSPS predict a general protective function of sHSPs 

in maintaining overall proteome stability.  

Currently our lab is working on purifying recombinant proteins that were 

identified to interact with sHSPs in vivo during heat stress. These putative substrates were  

identified in experiments using a Strep II affinity-labeled cytosolic sHSP from 

Arabidopsis thaliana (Basha et al., unpublished; Brettschneider et al., unpublished). Until 

these substrates are properly evaluated we continue to rely on the information generated 

using heat-sensitive model substrates. 

  

sHSP-substrate complexes 

As highlighted in Fig 1.4, the substrate-bound sHSPs assemble into large soluble 

complexes, preventing further aggregation of the denatured proteins (van Montfort et al., 

2001a; Haslbeck et al., 2005a). sHSP-substrate complexes are stable, maintaining the 

substrate in a folding competent state for extended periods of time. Biologically this is of 

utmost importance since it is essential to maintain the partially denaturing substrates in a 
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folding-competent state until the stress has passed and ATP-dependent chaperones can 

refold them. Further, sHSP-substrate complexes are large as evidenced by SEC (Lee et 

al., 1997), nanospray ESI (Benesch et al., unpublished) and EM (Basha et al., 2004b). 

One study has reported identifying EM images of sHSP-substrate complexes having both 

defined sizes and shapes, dependent on the substrate (Stromer et al., 2003). However, 

evidence suggests that complex shape and size also vary according to the specific sHSP 

(Cheng et al., 2008), substrate denaturing conditions (this work, Chapter 4) and the ratios 

of sHSP to substrate (Basha et al., 2006; Lee et al. 1997). Both the size and heterogeneity 

of complexes increases with decreasing sHSP to substrate ratios. The arrangement of 

sHSPs and substrate within the complex is largely unresolved due to the heterogeneity of 

the complex, which has also confounded identification of sHSP-substrate interaction 

sites.  

 

Substrate interaction sites   

As stated earlier it is generally accepted that hydrophobic surfaces of sHSPs 

exposed during increased stress interact with the hydrophobic surfaces of partially 

denaturing proteins. Considering the TaHsp16.9 structural data, stress-induced 

dissociation of the protein into the dimeric form exposes the N-terminal arm, the 

hydrophobic groove in the a-crystallin domain (created by b4 and b8 strand edges), and 

the C-terminal extension (Fig. 1.2 and 1.3). These regions have been proposed as 

potential substrate-binding sites (van Montfort et al., 2001b).  
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Sequence variability and structural disorder, along with experimental evidence, make the 

N-terminal arm a good candidate for substrate binding. Altered chaperone activity in N-

terminal chimeras, as well as point and deletion mutants, implicate the N-terminal arm in  

substrate protection (Basha et al., 2006; Haslbeck et al., 2004; Giese et al., 2005; Ghosh 

et al., 2006). However, these data do not distinguish between disrupting interaction of the 

N-terminal arm with substrate, versus perturbation of some other sHSP property, such as 

oligomer integrity, which then indirectly impacts chaperone activity. Other data suggest 

there are additional substrate binding sites on the a-crystallin domain, particularly in 

certain regions involved in oligomer contacts (van Montfort et al., 2001; Lee et al., 1997; 

Sharma et al., 1998; Ahrman et al., 2007). The C-terminal region, like the N-terminal 

arm, is involved in stabilizing the oligomer (van Montfort et al., 2001; Kim et al., 1998) 

and is noted to be highly flexible (Jiao et a., 2005) (Cheng et al., 2008). Data presented in 

Chapters 2 and 3 suggest that the C-terminal extension also participates in substrate 

binding.  

Table 1.1 and Fig. 1.3 provide a summary of studies sHSP-substrate interactions. 

Table 1.1 is arranged based on experimental technique and chronologically ordered 

within each section. Techniques that have been used vary from recently published 

hydrogen/deuterium exchange (HX) experiments (Cheng et al., 2008) to early work using 

hydrophobic probe incorporation to identify likely substrate binding surfaces (Lee et al., 

1997). Data were obtained with sHSPs from vertebrate and plant sources, including 

native bovine a-crystallin, recombinant human a-crystallins and chloroplast and 

cytosolic plant sHSPs. Substrates used in these assays range from the heat-sensitive 
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model substrates, potential native substrates and a structurally destabilized enzyme 

specially designed to study the kinetics and energetics associated with sHSP-substrate 

interactions. Potential substrate binding regions identified by labeling studies with the 

hydrophobic probes bis-ANS and 1,5-AZNS are indicated in Table 1.1 (Lee et al., 1997; 

Sharma et al., 1998b; Sharma et al., 1998b; Fu and Chang, 2006; Sharma et al., 1998b) 

and shown in pink and cyan respectively (Fig. 1.3). The N-terminal arm and b3-b5 were 

identified in several different studies. Further, these studies also showed that sHSP bound 

to the hydrophobic probe lost its chaperone function, and conversely sHSP bound to 

substrate did not interact with bis-ANS, suggesting that the substrate and hydrophobic 

probe binding sites overlap.  

 Three separate chemical cross-linking studies have identified additional substrate 

binding sites. In one study, alcohol dehydrogenase (ADH), which is used in chaperone 

assays due to its heat sensitivity, was derivatized with a trifunctional photoactivated 

cross-linker, prior to the substrate protection assay (Sharma et al., 1997). The ADH 

binding sites mapped on aB-crystallin (a-crystallin is a heterooligomer consisting of aA- 

and a-B crystallin) indicated that residues 57-69 in b2-b3, and residues 93-107 in b5 and 

the b6 loop of the a-crystallin domain contact substrate. The same research group used 

mellitin cross-linking to identify substrate-binding sites on aA- and aB- crystallin. 
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Table 1. sHSP-substrate interaction studies 

Protein  
sHSP Substrate 

Method Result/Conclusion References 

PsHsp18.1, 
TaHsp16.9 

Heat- 
denatured 
MDH and 
Luc. Peptide 
mapping was 
performed 
only for MDH 

HX + MS  sHSP is equally solvent exposed in the 
presence and absence of substrate. MDH in 
complex is partially folded with a core 
protected from deuterium exchange while 
both the N and C-termini are solvent 
exposed. Technique does not allow 
identifications of specific regions of unfolded 
MDH or sHSP protected in complex.      

(Cheng et 
al.,2008) 

PsHsp18.1 MDH (heat- 
denatured) 

Limited 
proteolysis + 
SDS-PAGE 

MDH is bound to sHSP in a partially 
unfolded conformation.  

(Lee et al., 1997) 

Recombinant 
human aB-
Crystallin 

Reduced a-
lactalbumin 

Limited 
proteolysis +MS 
quantified 
proteolytic 
fragments with 
internal std 
(GluFib) 

N-terminal region of a-crystallin contains the 
major substrate interaction sites.  
 
 

(Aquilina and 
Watt, 2006). 
 

Native bovine a-
Crystallin from calf 
lense 

Yeast alcohol 
dehydrogenase 
(ADH) 
derivatized 
with SAED 
and heat 
denatured. 

Chemical cross-
linking using an 
amine reactive, 
photoactive linker 
with 23.6 Å 
spacer arm 
(SAED) 

Fluorescence analysis showed that both aA- 
and aB-subunits of a-crystallin interacted 
with substrate. Sites mapped on aB-crystallin 
show that residues 57-69 in b2-b3 strand and 
residues 93-107 in b5 strand and b6 loop are 
binding with SAED derivatized ADH in heat-
denaturing conditions.  

(Sharma et al., 
1997) 
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Native bovine a-
Crystallin from calf 
lens  

Mellitin,  
2.8kDa 
hydrophobic 
polypeptide 

Chemical cross-
linking using a 
tri-functional 
cross-linker 
Sulfo-SBED with 
a ~ 40 Å spacer 
arm  

Mellitin bound a-crystallin does not protect 
ADH, indicating overlapping binding sites. 
Mellitin is expected to bind a-crystallin via 
hydrophobic interactions, providing further 
evidence for hydrophobic sites as substrate 
binding surfaces. Cross-linking identified 
mellitin localized to the N-terminal arm and 
b3- b4 region of the a-crystallin domain in 
aA-crystallin and b3 strand of aB-crystallin.       

(Sharma et al., 
2000) 

AtHsp21 CS (heat 
denatured) 

Chemical cross-
linking using a 
homobifunctional 
amine reactive, 
thiol cleavable 
linker with 12 Å 
spacer arm; 
DTSSP + MS 

Substrate specific cross-links were mapped to 
the flexible N- and C-termini, and the C-
terminal hydrophobic binding groove, along 
with b5 strand and b6 loop. However, similar 
cross-linked peptides were detected at 25 oC 
(CS is in the native form and a sHSP-
substrate interaction is not expected) and at 
47 oC (temperature at which CS denatures 
and a sHSP-substrate interaction is expected). 
Mapping the cross-link data onto CS suggests 
that Hsp21 interacts at multiple sites on the 
substrate.   

(Åhrman et al., 
2007) 

PsHsp18.1 MDH (heat 
denatured) 

Hydrophobic 
probe binding 
(bis-ANS) 

Bis-ANS binds to residues 1-6 of the N-
terminal arm and residues 66-78 in the b3-4 
strand of the a-crystallin domain. These are 
potential substrate binding sites as bound 
MDH prevents bis-ANS binding.  

(Lee et al., 1997) 
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Native bovine aA- 
and aB-Crystallin 
from calf  

ADH and 
Mellitin 

Hydrophobic 
probe 
incorporation, 
bis-ANS and 1,5-
AZNS 

In  aA-crystallin, bis-ANS binds to residues 
51-55 of the a3 helix in the N-terminal arm 
and residues 80-100 in the b4-5 strands. In 
aB-crystallin, bis-ANS binds to residues 75-
82 in the b3 strand and residues 94-104 in the 
b5-b6 region of the a-crystallin domain. 1,5-
AZNS binding sequence in aB-crystallin is 
residues 83-91in b4 strand. ADH complexed 
with a-crystallin decreased binding of the 
hydrophobic probes.  
 
 
 
 

(Sharma et al., 
1998) 

Recombinant 
human aA-
crystallin  

Five 
destabilized 
T4 Lysozyme 
mutants with 
DGunf in 5-10 
kcal/mol range 

EPR spectroscopy 
with a nitroxide 
spin label 
conjugated to 
T4L  

aA-crystallin follows two mode binding 
based on the stability of the substrate. A low 
affinity, high capacity binding mode is used 
with highly destabilized mutants and a high 
affinity, low capacity mode is used to bind 
T4L mutants which have a higher DGunf 

Allows measurement of an equilibrium 
binding constant and determination of 
number of binding sites one a-Crystallin (i.e. 
high affinity binding is one a-Crystallin 
subunit to one T4L, low affinity binds 4 a-
Crystallin). 

(Mchaourab et al., 
2002) 
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WT aB-Crystallin 
and the active  
substrate binding 
form of triply 
phosphorylated 
analog of aB-
Crystallin, aB-D3 
(S19D/S45D/S59D) 

Destabilized 
T4L mutants 
with site 
specific 
incorporation 
of the 
fluorophore, 
bimane 

Fluoresecence 
labeling studies 
with mono-
bromo-bimane 
(bimane) 

Two mode binding. T4L bound with low 
affinity has a structure representative of 
denatured protein, while the T4L bound with 
high affinity has a partially unfolded structure 
representative of the native fold. 
Thermodynamics of substrate unfolding and 
dissociation kinetics, along with high and low 
affinity aB-crystallin bound T4L can be 
determined. 

(Sathish et al., 
2003) 

Triply substituted 
aB-Crystallin 
analog, aB-D3 and 
the cataract-linked 
mutant, aA-R49C 
mutant. 

Destabilized 
T4L mutants 
and the in-
vivo substrate 
bB1-crystallin  

Back-scattering 
Interferometry 
(BSI) 

Allows for label free analysis of sHSP-
substrate interactions in solution with just 
picoliter volumes. Forward and reverse rate 
constants for complex formation were 
measured. Two dissociation constants, 
corresponding to high and low affinity sHSP-
substrate binding demonstrates two-mode 
binding.  
 
 

(Lantham et al., 
2009) 

Bradyrhizobium 
japonicum sHSPs, 
HspB and HspH 

CS Peptide spot 
arrays consisting 
of  HspB and CS 
covalently 
attached to 
cellulose 
membrane    

Putative oligomerization surfaces were found 
on the N-, C- and the a-crystallin regions. 
Putative CS binding site consisting of CS 
residues 187-205 was identified. Other 
weaker binding sites also detected but 
sequence identity is not discussed. 
 
 
 

(Lentz and 
Narberhaus, 2004) 
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PsHsp18,1 and 
TaHsp16.9  

MDH, CS and 
Luc (heat 
denatured) 

N-terminal arm 
chimera studies 
where the N-
terminal arm of 
one sHSP is 
switched with N-
terminal arm of 
another. 
 
    

MDH relies on both the N- terminal arm and 
C-terminal domain of sHSP for protection 
from heat-induced aggregation. CS and Luc 
protection is based on the identity of the N-
terminal arm. N-terminal arm is necessary for 
protection from heat-induced aggregation.  

(Basha et al., 
2006) 

PsHsp18.1 and 
SynHsp16.6 

Luc (heat 
denatured) 

Affinity-tagged 
sHSPs ) Strep II 
tag)St tagged 
sHSPs  

A population of sHSP in the complex does 
not exchange out. Added substrate can be 
incorporated into a preformed complex. Once 
formed the architecture of the sHSP-substrate 
complex is fixed. 
 
 
 
 
 
 
 
 
 
 

(Friedrich et al., 
2004) 
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Recombinant 
human aB- 
crystallin  

12 regulatory 
proteins 
(EGF,FGF-2, 
IGF-1, NGF-
b, VEGF, 
insulin, b-
catenin, 
caspase-3 and 
8, Bcl-2 and 
XL 

Protein pin arrays 
to identify 
interactive 
sequences in 
human aB- 
crystallin for 
selected proteins 
involved in cell 
differentiation. 

aB-crystallin interacts with VEGF, FGF, b-
catenin, NGF-b and insulin. Interacting 
surfaces are mapped to the N-terminal arm, 
b3, b6-b9 and residues 157-164 of the C-
terminal tail. aB-crystallin appears to 
chaperone by interacting with substrates. 

 
(Ghosh et al., 
2007) 

a-crystallin  a-
Lactalbumin 
(reduced via 
DTT) 

Multi- 
spectroscopic 
study using 
NMR, visible 
absorption and 
stopped-flow UV 
spectroscopy, and 
mass 
spectrometry.  

a-crystallin binds a partially unfolded, 
aggregate prone intermediate of a-
lactalbumin and does not interfere with the 
kinetics of the unfolding pathway. a-
crystallin interacts efficiently with the slow 
aggregating a-lactalbumin variant and is 
inefficient at protecting a fast-aggregating 
variant.  

(Carver et al., 
2001) 
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Mellitin binding was localized to the N-terminal arm and b3- b4 region of the ACD in 

aA-crystallin and to b3 of aB-crystallin. Again these regions overlap with those found 

from hydrophobic probe labeling. A downside of these two cross-linking studies is that in 

both cases a bulky cross-linker was derivatized to the substrate prior to forming the 

sHSP-substrate complex. The addition of  

the probe may alter the unfolding of the substrate, resulting in altered sHSP-substrate 

interactions. 

In a recent study using AtHsp21 and the heat-sensitive model substrate CS, cross-

linked lysines on AtHsp21 were found to be distributed in the b3 and b5 strand along 

with the loop regions between b3-b4, b5-b6, b8-b9 and the C-terminal extension. 

Substrate-specific cross-linking was also detected at the free amine of the N-terminal 

methionine (Ahrman et al., 2007). Substrate binding sites identified in this study are 

questionable because equivalent cross-linking sites were identified at both 25 OC 

(substrate is found in a native conformation), and 47oC (substrate denaturing 

temperatures). Multiple studies show that sHSPs only recognize and interact with 

partially-denatured, aggregation prone, molten globule states of the substrate (van 

Montfort et al., 2001a; Sun and MacRae, 2005; Cheng et al. 2008). Perhaps the 12 Å 

length of the cross-linker is capturing non-specific interactions along with biologically 

relevant interactions.  

Overall, results of these studies present an incomplete picture of sHSP-substrate 

interactions. Conclusions are limited because of the indirect methods used in many cases, 

and by very long crosslinkers in the few crosslinking studies. However, the majority of 
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data localize substrate interaction sites to the N-terminal arm and the b3-b5 region of the 

a-crystallin domain (Fig. 1.3). Interestingly, HX studies of two plant sHSPs, PsHsp18.1 

and TaHsp16.9 show that there is no distinct structural difference between the substrate-

bound form of the sHSP vs. the free oligomeric form (Cheng et al., 2008) (Fig 1.5). 

Chapter 2 of this work provides compelling evidence that there are multiple substrate 

specific interaction sites throughout the sHSP structure. 
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Figure 1.5. Solvent-accessible regions of PsHsp18.1 measured by HX in the presence 

and absence of MDH.  

Rate of amide hydrogen exchange with deuterium was mapped for both free and MDH-

bound PsHsp18.1. Peptide level MS data show that there is no difference in exchange 

between bound vs. free MDH (Cheng et al., 2008). Percent deuterium exchange is 

mapped on the model of the PsHsp18.1 dimer and dodecamer. N-terminal arm (except for 

a2) and the tip of the C-terminal extension exchange >80%, indicating that both regions 

are solvent exposed and not involved in stable secondary structure.  



 55 

 

 

 

 

 

 

 

 

 

 

 

 

 



 56 

Kinetics of sHSP-substrate interactions  

Due to the nature of sHSP dynamics and the conditions under which sHSPs bind 

substrates it has been difficult to define the thermodynamics and kinetics of sHSP-

substrate interactions. Mchaourab and colleagues (Mchaourab et al., 2009) have devised 

an innovative method to circumvent the issue of harsh substrate destabilizing conditions 

by using a set of destabilized T4 lysozyme (T4L) mutants with a DGUNF  from 5-10 

kCal/mol. Their investigations resulted in the observation of two modes of sHSP-

substrate interaction for this substrate. First, a low affinity, high capacity mode of binding 

is seen with T4 variants captured as late intermediates in the unfolding pathway, whereas 

a low capacity, high affinity binding mode is seen for T4 variants captured as early 

intermediates in the unfolding pathway. Using these results Mchaourab and co-workers 

propose coupled equilibria describing sHSP-substrate binding;  

 N           I1               . . . .            U       [1] 

 sHSP               (sHSP)a           [2]  

 (sHSP)a   +  (I1/U)            (C1/CU) [3] 

 
The substrate unfolding pathway is populated with multiple, partially unfolded forms of 

substrate. These partially unfolded intermediates are in equilbrium with native and 

unfolded forms (Equation 1). Equation 2 describes the active and inactive forms of sHSP, 

while equation 3 describes the coupled equilibria between the two proteins. In the 

presence of activated sHSPs, the partially unfolded substrates will interact driving the 

equilibrium to the right. The two mode binding seen with destabilized T4L predicts that 
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sHSPs bind to two different forms of the substrate forming substantially different 

complexes (Mchaourab et al., 2009 in press). Interestingly Rao and co-workers observed 

a similar phenomenon with human aA- and aB-crystallin protection of CS from heat-

induced aggregation (Rajaraman et al., 2001).  The a-crystallins recognize two different 

intermediates of CS, an early unfolding intermediate, which can be reactivated by its 

substrate oxaloacetate, and a late unfolding intermediate which cannot be reactivated. 

The sHSP-substrate complex between the two species is remarkably different. sHSPs 

interacting with the early unfolding CS intermediate forms a transient, unstable complex 

while the sHSP interacting with the late unfolding intermediate forms a stable, soluble 

complex, preventing further substrate aggregation.   

Carver and co-workers describe an interaction between a-crystallin and DTT-

denatured substrate a-lactalbumin (a-LA), which appears to correlate with the rate of 

substrate aggregation (Carver et al., 2002). At a ratio of 1:1 (a-LA: a-crystallin), a-

crystallin is able to protect a slow aggregating apo a-LA, which starts precipitating after 

55 min and continues for 120min, at a ratio of 1:1 (a-LA: a-crystallin). However, even 

with an excess ratio of 12:1 (a-LA: a-crystallin) a-crystallin cannot protect the fast 

aggregating holo a-LA, which starts to precipitate after 25 min and continues for 50 min. 

A similar phenomenon was seen when the rate of a-LA precipitation was altered with 

salts from the Hofmeister series (Lindner et al., 2001). In the presence of Na2SO4 (SO4  

anions increase surface tension of water, driving protein aggregation by favoring 

hydrophobic interactions) a-LA begins to precipitate after 18 min, and even at an excess 
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ratio of 10:1 (a-crystallin: a-LA) a-crystallin can only partially protect a-LA.  However, 

in the presence of NaCl (Cl anions decrease the surface tension of water promoting 

protein solubility) a-LA begins to precipitate after 35 min in the absence of a-crystallin, 

but is fully protected from precipitation in the presence of a-crystallin at a ratio of 2:1 (a-

crystallin: a-LA). I describe a similar phenomenon in Chapter 4, also suggesting an 

inverse relationship between the kinetics of substrate aggregation and the resulting 

changes in sHSP chaperone efficiency.   

 

Structure of sHSP-bound substrate 

Similar to the ATP-dependent chaperones, sHSPs bind a structurally destabilized 

form of substrate (Lee et al., 1997; Lindner et al., 1997). sHSPs appear to recognize 

aggregatione-prone substrates via aberrant exposure of hydrophobic surfaces. Incontrast 

to the well-defined chaperone-substrate complexes formed by ATP-dependent 

chaperones, sHSP-substrate complexes are large and heterogenous (Lee et al, 1997; 

Basha et al., 2004b). Therefore, it has not been possible to use high-resolution methods, 

such as X-ray crystaloography or NMR, to identify sites of interaction between sHSPs 

and substrates. However, low-resolution methods, such as chemical cross-linking and 

hydrophobic probe binding have uncovered potential surfaces on multiple substrates 

which may interact with sHSPs.  

One a-crystallin binding site on ADH (Santhoshkumar and Sharma, 2002) and 

multiple AtHsp21 interacting sites on CS were identified by chemical cross-linking 
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(Table 1.1 and Fig 1.6). As already mentioned, the AtHsp21 binding sites on CS were 

identical in the presence and absence of heat, which questions their relationship to 

substrate protection (Åhrman et al., 2007). To further characterize the a-crystallin 

binding site on ADH, an ADH peptide encompassing the binding site was chemically 

synthesized. The synthesized ADH peptide was shown to have substrate protection 

capacity on its own, leading the authors to conclude that the region may serve as an 

intramolecular chaperone site on the full length ADH enzyme (Bhattacharyya et al., 

2003). If the a-crystallin binding site on ADH has a chaperone function of its own, it is 

difficult to imagine why this region would interact with an external chaperone such as a-

crystallin. Lentze and Narberhaus (2004) identified a CS peptide that interacted with 

Bradyrhizobium japonicum sHSPs (HspB and HspH), using protein pin arrays a techique 

which relies on interactions formed with surface immobilized peptides. Figure 1.6 shows 

the peptides identified on each substrate along with the side chains of the hydrophobic 

residues. HX and limited proteolysis studies show that a partially-denatured form of the 

heat-sensitive substrate, MDH, is protected by multiple sHSPs (Cheng et al., 2008; this 

work, Chapter 3). Further, HX demonstrated that both the N and C-terminal regions of 

MDH are solvent exposed, while a small hydrophobic core is protected in the sHSP-

substrate complex (Fig. 3.18 Chapter 3). A similar result was seen for destabilized T4L 

mutants bound to a-crystallin, where the N-terminal region of the substrate is solvent 

exposed, but the hydrophobic C-terminal core is protected in the complex (Table 

1)(Claxton et al., 2008). However, these authors concluded that a substantially unfolded 

form of T4L is protected in the complex. In total, these results suggest that a partially 
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unfolded form of substrate is protected by sHSP. Further experiments are needed to fully 

characterize the form of the sHSP-bound substrate and how this form may differ 

depending on the substrate, sHSP and conditions of denaturation.  
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Figure 1.6. sHSP interaction regions mapped onto CS and ADH structures.   

A) The a-crystallin binding site on ADH, YSGVCHTDLHAWHGDWPLPVK [40-60] is 

highlighted in blue on a green ribbon diagram of monomeric ADH. Hydrophobic residues 

are shown as blue spheres. B) The sHSP binding site identified with peptide arrays 

mapped on monomeric CS, GIHRTKYWELIYEDCMD [187-205] with hydrophobic side 

chains shown as blue spheres. C) AtHsp21 interacting lysines in CS mapped on the CS 

dimer. However, under heat-denaturing conditions a monomeric CS most likely interacts 

with the sHSP. The two CS monomers are shown in two shades of green. Light blue 

labeled lysines are those that were cross-linked to sHSP at a sHSP:substrate ratio of 12:1 

at both 25 oC and 45 oC. Dark blue residues are those that were cross-linked at a 

sHSP:substrate ratio of 1:1 at both temperatures, and pink residues are those that were 

cross-linked at both ratios and temperatures (Åhrman et al., 2007)  



 62 

  

 

 

 



 63 

DISSERTATION OVERVIEW 

 
 Chapter 2 addresses the question of what sites of the sHSP and substrate interact 

within the sHSPs and substrates within the sHSP-substrate complex. To answer this 

question I incorporated a photoactivatable cross-linker, p-benzoylphenylalanine (Bpa), 

into specific sites in the biochemically well-characterized sHSP, dodecameric PsHsp18.1 

from pea. Using heat-sensitive model substrates, MDH and Luc, I show that both 

substrates form strong contacts with the structurally flexible N-terminal arm of sHSP, 

establishing the importance of this region in substrate binding. In contrast, differences in 

binding for both substrates were noted for the a-crystallin domain. Further, the cross-

linking data indicate that substantial structural rearrangement precedes substrate binding, 

as the strongest substrate-specific cross-links are buried in the oligomeric assembly. A 

majority of this work is documented in a manuscript published in the Proceedings of the 

national Academy of Sciences (jaya et al., 2009, in press).  

Chapter 3 addresses the question of how the sHSPs and substrates are arranged 

within the sHSP-substrate complex. Limited proteolysis data from three different plant 

sHSPs, PsHsp18.1, AtHsp18.1 and TaHsp16.9, and the model substrate MDH, show that 

sHSP-bound MDH is in a partially unfolded conformation, and suggest that all sHSPs 

bind a similar unfolded form of MDH, irrespective of sHSP-MDH complex size. 

Compared to free sHSP, the full-length sHSP in complex with MDH remains stable for 

longer and shows additional stable fragments resulting from N-terminal arm protection, 

indicating that this region is involved in substrate interactions. Limited proteolysis data 
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indicate that sHSPs and substrates may be arranged such that either protein may be found 

inside or on the periphery of the complex. Lysine modification in combination with mass 

spectrometry was investigated as an additional approach to generate further insight into 

the architecture of the sHSP-substrate complex. Results from the modification 

experiments reveal that in the presence of substrates the sHSP tends to show more biotin-

accessible sites than free sHSP. However, for reasons to be discussed, lysine modification 

may not be an optimal technique to study sHSP-substrate complexes.  

Chapter 4 identifies factors contributing to efficient sHSP-substrate interactions. I 

tested the hypothesis that the flexibility of a nonconserved region in the sHSP N-terminal 

arm may contribute to chaperone efficiency. Five amino acids predicted to determine 

flexibility of the N-terminal arm of PsHsp18.1, an efficient chaperone, were substituted 

into AtHsp18.1, an inefficient chaperone, and shown to increase AtHsp18.1 chaperone 

activity. N-terminal arm flexibility may contribute to chaperone efficiency by presenting 

diverse geometries of hydrophobic surfacess allowing sHSPs to capture and protect many 

different substrates. An initial molecular dynamics simulation was designed to provide 

insights into the theoretical conformational space occupied by the N-terminal arm. 

Results of a 50 ns simulation reveal that at increased temperatures stable associations of 

amino acids are formed that may act as potential binding surfaces. Finally, the idea that 

varying the aggregation rate of substrate can alter efficiency of sHSP protection is 

discussed. The studies included in this chapter provide significant insights into factors 

contributing to sHSP chaperone efficiency, while providing new venues for future 

studies. 
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Chapter 5 summarises the significance of my findings  and expands on the  

implications of my results for future studies, particulary in areas of identifying the sHSP 

binding sites on substrates and determining the conformation of sHSP-bound substrate. 

Further, the in vitro Bpa cross linking is proposed as a methodology to capture in vivo 

sHSP-substrate interactions. In vivo studies will provide valuable insight into sHSP-

susbtrate binding within the context of the crowded cellular environment. Finally, the 

site-specific PsHsp18.1 Bpa variants are also valuable tools for testing the hypothesis that 

sHSPs have different modes of interaction with differentially aggregating substrates. The 

proposed studies will further define how these ubiquitous chaperones can interact with, 

and protect, diverse proteins from irreversible aggregation.  
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CHAPTER TWO: IDENTIFICATION OF INTERACTION SITES 

BETWEEN sHSPs AND SUBSTRATES 

 

INTRODUCTION 

sHSPs and the related a-crystallins are proposed to function as molecular 

chaperones by preventing irreversible aggregation of partially denaturing proteins 

(Horwitz, 1992; MacRae, 2000; Lee and Vierling, 2000; Haslbeck et al, 2005; Reddy et 

al, 2006). Although the exact mechanism of sHSP chaperone function is poorly defined, 

structural and biochemical studies favor a model in which oligomeric sHSPs dissociate 

into smaller species or undergo structural rearrangement during heat stress (Lee et al, 

1997; Mao et al., 2001; Shashidharamurthy et al, 2005; Franzmann et al, 2008; Benesch 

et al, 2008). Hydrophobic surfaces of sHSPs exposed during this structural rearrangement 

may interact with hydrophobic patches on denaturing proteins (Lee et al, 1997; Sharma et 

al, 1998a; Reddy, 2006). The substrate-bound sHSPs subsequently reassemble into large, 

soluble heterogeneous complexes, preventing further aggregation of the denatured 

proteins (van Montfort et al, 2001a; Haslbeck et al, 2005a).  

sHSP-substrate complexes have a range of sizes, with some greater than 

1000kDa, depending on the specific substrate, sHSP, sHSP-substrate ratio, protein 

concentration and heating conditions (Rao et al., 1993; Ehrnsperger et al., 1997; Lee et 

al., 1997; Stromer et al., 2003; Basha et al, 2006). Using SEC in combination with 

tandem nanospray-ESI, Benesch and colleagues were able to determine the stoichiometry 
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of sHSP and substrates within the heterogeneous complexes formed between PsHsp18.1 

and the model substrate, Luc. Tandem MS of SEC fractions collected from different 

regions of the complex peak show that the stoichiometry of the proteins in complex range 

from 17-20 subunits of PsHsp18.1 to 1 Luc monomer (Benesch et al., unpublished).  

Little is known about the architecture of the sHSP-substrate complex including 

the substrate-binding regions of the sHSP. Sequence variability and structural disorder 

(van Montfort et al., 2001a; Kim et al 1998) along with experimental evidence make the 

N-terminal arm a good candidate for substrate binding. Mutagenesis and chimeric protein 

studies provide indirect evidence that the N-terminal arm is involved in substrate 

protection (Haslbeck et al., 2004; Giese et al., 2005; Basha et al., 2006) (Table 1). 

However, altering the N-terminal arm disrupts the oligomeric assembly, the integrity of 

which is typically correlated with chaperone function (van Montfort et al., 2001b; 

Haslbeck et al., 2004; Giese et al., 2004; Basha et al., 2006). Therefore, no evidence 

exists to demonstrate that the N-terminal arm makes direct substrate contacts vs. 

modifying another property of the sHSP that is required for substrate protection. Other 

data suggest there are substrate-binding sites on the a-crystallin domain, particularly in 

regions involved in oligomer contacts (Lee et al., 1997; Sharma et al., 1998; Åhrman et 

al., 2007; van Montfort et al., 2001a). 

The lack of direct evidence defining sHSP-substrate interactions is due in part to 

the heterogeneity of sHSP-substrate interactions within the complex (Friedrich et al., 

2004; Cheng et al., 2008). Using affinity-tagged sHSPs, Friedrich et al. (2004) showed 

that a population of sHSP subunits directly interacts with the substrate, while others may 
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contribute to the solubility of the complex. Hydrogen-deuterium exchange (HX) studies 

show that the sHSPs in complex with substrate exchange amide hydrogens at rates 

virtually identical to free sHSPs. This suggests either that the sHSP-substrate interaction 

involves a transient on-off mechanism or that the same residues required for 

oligomerization form substrate contacts and therefore are not distinguishable by HX 

(Cheng et al., 2008). These results also indicate that substrate binding does not involve 

formation of stable secondary structure in the N-terminal arm, and that no specific region 

of the N-terminal arm is protected from amide hydrogen exchange due to substrate 

binding. In total, HX studies did not result in identification of substrate-binding surfaces 

on either PsHsp18.1 or TaHsp16.9.   

Chemical cross-linking combined with mass spectrometry can be a valuable tool 

for identifying interacting sequences in dynamic protein complexes. The approach has 

been successfully utilized to examine the interaction of bovine � B-crystallin with yeast 

alcohol dehydrogenase (ADH), a 35 kDa tetrameric protein. Two potential substrate-

binding regions, APSWIDTGLSEMR (57-69) in the N-terminal arm and 

VLGDVIEVHGKHEER (93-107) in the � -crystallin domain, were identified using 

sulfosuccinimidyl-2(7-azido-4-methylcoumarin-3-acetamido)-ethyl-1,3’- 

dithiopropionate (SAED), a heterobifunctional 23.6  Å, cleavable cross-linker with a 

fluorescent spacer arm (Sharma et al., 1997, Fig. 1.2 and Table 1). In another study, 

putative substrate-binding sites of a chloroplast localized sHSP, AtHsp21, were identified 

using the model substrate citrate synthase (CS) and the chemical cross-linker 3,3´-

Dithiobis[sulfosuccinimidylpropionate] (DTSSP) (12 Å cross-linker) (Åhrman et al., 
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2007, Fig. 1.6). Specific sHSP peptides that cross-linked to substrate were identified by 

MALDI mass spectrometry and mapped to the N-terminal arm and regions of the a-

crystallin domain (Fig. 1. 3). However,�these sHSP-substrate cross-links were also seen at 

room temperature when CS is in its native form, which is not known to interact with the 

sHSP. The authors propose a protective mechanism for CS based on several weak and 

short-lived interactions between sHSP and CS, which they suggest exist at both substrate-

denaturing and normal temperatures. They suggest that these weak interactions stabilize 

CS and prevent the substrate from unfolding and aggregating (Åhrmann et al., 2007). In 

the absence of sufficient data to support such a claim the significance of these results are 

in question. Chemical cross-linking results in multiple sites of linkage that require further 

analysis by mass spectrometry. Software such as GPMAW ((Husted et al., 2002; Turner 

et al., 2002) and Popitam (Hernandez et al., 2003; Singh et al., 2008) may be used to 

parse through the large numbers of spectra, however, this remains cumbersome (Sinz A, 

2003; Kalkhof et al., 2005). 

Site-specific incorporation of modified amino acids is another powerful method to 

investigate protein-protein interactions (Ryu and Schultz, 2006; Xie and Schultz, 2006). 

In contrast to chemical cross-linking, resolution by MS is not required to determine 

interacting regions in the protein containing the modified amino acid. Furthermore, MS 

identification of crosslinks to the other protein are simplified because of the single cross-

linking site in the modified protein. Site-specific incorporation of a cross-linker can be 

particularly informative when probing transient protein-protein interactions occurring at 

multiple sites, as is the case with certain chaperone-substrate interactions.  
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Site-specific incorporation of a photoactivatable cross-linker amino acid was used 

to determine what regions of the prokaryotic chaperone trigger factor and the eukaryotic 

chaperonin TRiC interact with a nascent polypeptide as it leaves the ribosome exit tunnel 

(Etchells et al., 2005; Lakshmipathy et al., 2007; Merz et al., 2008). This cross-linking 

strategy was particularly useful in showing that the nascent chain interacts with the entire 

length of trigger factor. Mechanistically, the multi-site interaction between the nascent 

chain and trigger factor allows the latter to shield exposed hydrophobic surfaces of the 

nascent chain until the nascent chain can fold into a native conformation.  

Here, I used the cross-linker p-Benzoyl-L-phenylalanine (Bpa) to study sHSP-

substrate interactions. Bpa is a photoactivatble, 0 Å cross-linker that covalently links two 

molecules at close proximity via any C-H or N-H bond (Ryu and Schultz, 2006)) (Fig. 

2.1). Bpa was incorporated at 32 specific positions in the well-characterized sHSP from 

pea, PsHsp18.1. Firefly luciferase (Luc) and malate dehydrogenase (MDH), were used as 

the main model substrates for these studies. However, citrate synthase (CS), another 

model substrate, and fructose bisphosphate aldolase (FBPA), which has been identified as 

a potential native substrate of plant cytosolic sHSPs, were tested to show that the 

principals of sHSP-substrate interactions defined with Luc and MDH can be applied to 

other substrate proteins. Results of these studies provide novel insights into sHSP-

substrate recognition. 
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Figure 2.1. Reaction mechanism for generating covalent, cross-linked species with 

the photoactivatable cross-linker, Bpa.  

A) Structures of photoactivatable Phe analogs Bpa and � -azido-L-phenylalanine (Apa). 

B) Bpa is photoactivated by UV light of 356 nm to generate a Bpa radical, which can 

form a covalent bond by inserting into any C-H or N-H bond in close proximity. Bpa is 

considered a 0 Å cross-linker. 
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MATERIALS AND METHODS 

Protein expression and purification  

PsHsp18.1 (P19243) single-site mutants were generated with the Strategene quick 

change method (Strategene, La Jolla, CA) using a plasmid containing PsHsp18.1 with a 

C-terminal Strep II Affinity tag (WSHPQFEK) (Friedrich et al., 2004). An amber stop 

codon (TAG) was introduced at the desired position for Bpa incorporation and verified 

by DNA sequencing. The mutant construct was transformed into BL21 E.coli cells along 

with the pSup-BpaRS-6TRN plasmid, which was a generous gift from Dr. Peter Schultz 

(Scripps Institute, CA) (Ryu and Schultz, 2006). This plasmid contains six copies of a 

gene encoding a mutant tyrosine tRNA (MjtRNA) along with a mutant tRNA synthetase 

gene, MjTyrRS(BpaRS), each controlled by two different, constitutively expressed 

promoters (proK and gln S’). All Pshsp18.1 Bpa constructs were first grown and induced 

in 5 ml cultures in 50 ml centrifuge tubes to verify that the protein containing Bpa could 

be expressed. Subsequently, E. coli cultures were grown in 1L of 2XYT media containing 

1mM Bpa (Bachem Americas, Inc. Torrance, CA). Cells were grown to an OD of 0.7-0.9 

prior to induction with 1mM IPTG for ~10hrs. Pre and post-induction growth times were 

optimized to generate maximum protein yields. Proteins were purified to >95% 

homogeneity by conventional methods (Lee and Vierling, 1998). Briefly, cells were lysed 

by sonication and the supernatant was fractionated with ammonium sulfate 

concentrations of 20%, 40%, 60% and 90%. Different Bpa variants were found in a range 

of fractions from 40-90%. Subjectively, the fractions that had a higher ratio of PsHsp18.1 
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to E. coli protein were pooled and separated over a 20-80% sucrose gradient. Finally, the 

sucrose fractions were pooled and resuspended in 3M urea prior to separation over a 

weak anion exchange column (DEAE). PsHsp18.1 does not bind to the resin, eluting with 

the wash fraction, separating the protein from E. coli proteins. Not all PsHsp18.1 Bpa 

variants were found in the soluble supernatant subsequent to cell lysis. Notably, all the 

insoluble proteins resulted from substitutions of a charged residue with Bpa, especially 

those in the C-terminal extension and some in the a-crystallin domain. Further 

purification was not performed on the proteins that were found in the insoluble fraction.  

Protein concentrations were determined using the Bio-Rad protein assay (Bio-Rad 

Laboratories, Hercules, CA). BSA was used to generate a standard curve. Each protein 

was measured in triplicate, sometimes with multiple dilutions to verify the concentration. 

The concentrations were further verified by loading equivalent amounts on SDS-PAGE 

and analyzing by Coomassie Blue staining. Calculating protein concentration based on 

absorbance at 280 nm generated inconsistent results, perhaps because the Bpa interfered 

with absorbance in this range, although this was not directly determined. The expected 

molecular masses of all Bpa variants were confirmed by analyzing ~300 pmol of purified 

protein on an LC system coupled to a QTOF (Waters, Milford, MA). Data were obtained 

on MS mode.  

Gel electrophoresis 

Non-denaturing, pore-exclusion PAGE was performed using gradient acrylamide 

gels from 4-22%, using the buffer system described previously (Lee et al., 1995). 5-22% 
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acrylamide, blue native PAGE was run at 4oC and 45oC as previously described (Swamy 

et al., 2006), loading 20 ml of 24 mM protein in each lane.  Standards for blue native and 

non-denaturing PAGE were thyroglobulin 669 kDa, ferritin 440 kDa, catalase 232 kDa, 

lactate dehydrogenase 140 kDa, and BSA 67 kDa (GE Healthcare, Piscataway, NJ). For 

SDS-PAGE, 2.5 % or 4- 20 % gradient acrylamide gels were formulated with a double 

stacking gel consisting of a 2 mm layer of 10% acrylamide topped with a second layer of 

5% acrylamide. This technique reduced band smearing, particularly when analyzing 

samples recovered in high salt. Gels were stained with Coomassie blue.   

Size exclusion chromatography (SEC) 

Dodecameric stability of PsHsp18.1 Bpa variants at room temperature was 

assessed by applying 100ul of 12 mM protein onto a TSKgel G5000PWxL column with 

an effective size separation in the range of 103 -106 Daltons (Tosoh Biosciences, 

Montgomerryville, PA) at a flow rate of 1 ml/min with a mobile phase of 25 mM Na 

phosphate, 150 mM KCl, pH 7.4. sHSP-substrate complexes were made by incubating 12 

mM each of PsHsp18.1 Bpa variants with 3 mM Luc for 8.5 min at 42 oC or with 5 mM 

MDH for 120 min at 45 oC. Complexes were cooled on ice and centrifuged for 15 min at 

13,000 rpm. 100 ml of sample was loaded on the column using the buffers and flow rate 

specified above. A cross-linked sHSP-susbtrate complex was also analyzed to verify that 

the size and shape of the complex was the same after photo cross-linking.  
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Aggregation protection assay  

To determine chaperone efficiency of PsHsp18.1 Bpa variants, 2 mM of Luc 

(Promega, CA) or 6 mM MDH from pig heart (mitochondria) (Roche, Germany) was 

incubated at 8.5 min at 42 oC or 120 min at 45 oC, respectively, with the indicated ratios 

of sHSP. Substrate solubility was assayed as described previously (Basha et al., 2006). 

For evaluating cross linking efficiency of PsHsp18.1 Bpa variants with CS, 2 mM CS 

from pig heart (mitochondria) (Roche, Germany) was used at a ratio of 3:1 sHSP:CS and 

incubated at 120 min at 45 oC to form sHSP-substrate complexes. For evaluating cross 

linking efficiency of PsHsp18.1 Bpa variants with FBPA, 4 mM FBPA (At3g52930) 

(purified in house by S. Brettschneider) was used at a ratio of 1:1 sHSP:FBPA and 

incubated for 60 min at 46 oC to form sHSP-substrate complexes.  

Photoactivated cross-linking  

Cross-linking reactions were performed in 96-well microtiter plates with 50 ml of 

the preformed sHSP-substrate complex or free sHSP plus substrate in 25 mM HEPES, 

150 mM KCl and 5 mM MgCl2 on ice. Samples were irradiated at 365 nm using a 

handheld UV lamp (Model UVL-56, UVP, Upland, CA) for 20 min. for initial analysis of 

cross-linked species with western blots 30 sec, 2 min, 5 min and 15 min exposure to 

irradiation were tested. The cross-linked species formed at shorter time points migrated 

similarly to the species formed at the longer irradiation time points, however more cross-

linked species were generated over time. Twenty min was chosen as the ideal irradiation 

time because sufficient amounts of cross-linked species were produced for detection 
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when stained with Coomassie Blue. sHSP and substrate mixed at the same ratio, but 

incubated at room temperature for an equivalent time prior to cross-linking, served as the 

controls. Samples were separated on 4-20 % acrylamide SDS-PAGE. sHSP-substrate 

cross-linked species were identified by immunoblotting using sHSP and substrate specific 

antisera.  

Quantifying cross-linked products 

The cross-linked and corresponding control samples were resolved by 4-20% 

acrylamide SDS-PAGE and visualized by Coomassie Blue staining. The dominant cross-

linked species was quantified using LI-COR software on an Odyssey imager (LI-COR 

Corp., Lincoln, NE). The highest measured cross-linked species, F7 for Luc and F8 for 

MDH, was set at 100%, and the remaining variants are reported as a percentage of that 

value for each substrate. The PsHsp18.1 F32 variant served as an internal control on each 

gel. Each sample was run in triplicate, and an average was used to calculate the % 

maximum. Estimated error was 2-5%. 

Identifying cross-linked peptides by MS 

 As described above for quantification, the cross-linked samples were resolved by 

4-20% acrylamide SDS-PAGE and visualized by Coomasie Blue staining. The dominant 

cross-linked species was excised, digested with trypsin and AspN and separated using a 

nano-HPLC coupled to a Proteineer fc-LC-MALDI fraction collector (Bruker Daltonics, 

Germany) and analyzed with an Ultraflex III MALDI TOF-TOF (Bruker Daltonics, 

Germany). Nano-HPLC coupled LTQ orbitrap XL (Thermo Fisher Scientific, Waltham, 
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Ma) was used as a second method of analysis. WarpLC software was used to perform a 

Biotools search (both from Bruker http://www.bdal.de/life-science-

tools/bioinformatics/biotools.html) to generate a list of potential cross-linked peptides 

and GPMAW from Lighthouse data (version 8.0, from Dr. P. Hojrup, Odense Denmark) 

(Husted et al., 2002; Turner et al., 2002) was used to search for predicted cross-linked 

peptides. 

Molecular modeling of PsHsp18.1 

PsHsp18.1 shares 69% sequence similarity with TaHsp16.9 (PDB: 1GME) and 

was used to generate the PsHsp18.1 model structure (Emsley and Cowtan, 2004; Bennett-

Lovsey et al., 2008). The homology model of the PsHsp18.1 monomer was generated 

using the protein fold recognition server, Homology/analogy Recognition Engine 

(Bennett-Lovsey et al., 2008). PsHsp18.1 has an additional six amino acids in the N-

terminal arm not found in TaHsp16.9, therefore the PsHsp18.1 homology model was 

generated starting from the first consensus residue, which is at position 11. The 

PsHsp18.1 dodecamer was then modeled based on TaHsp16.9 (PDB: 1GME) using Coot 

(Emsley and Cowtan, 2004). Models were visualized and figures prepared using 

MacPyMOL (http://www.pymol.org). 
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RESULTS 

Chemical cross-linking of sHSP to substrate 

 Initial studies to detect sHSP-substrate interaction sites were performed with 

chemical cross-linkers (Appendix A). For some crosslinkers, cross-linked species 

consisting of both sHSP and substrate could be identified by western blotting and 

Coomasie blue staining, and cross-linked species were seen only under conditions in 

which a sHSP-substrate complex was formed. However, MS instrumentation with 

sufficient mass accuracy to allow identification of cross-linked peptides was not 

available, nor was appropriate software in place to efficiently identify modified peptides. 

Therefore, I chose to investigate another promising cross-linking method based on site-

specific incorporation of a photolabeled probe. This method did not require a MS step to 

determine the regions of the sHSP that directly interacted with substrates. 

Strategy to identify sHSP-substrate interaction sites.  

To identify regions of sHSPs that directly interact with denaturing substrates, 

single-site variants of PsHsp18.1 were generated in which the phenylalanine (Phe) 

analog, p-benzoyl-L-phenylalanine (Bpa) was incorporated at specific positions (Ryu and 

Schultz, 2006). Upon UV exposure, Bpa acts as a zero-length cross-linker inserting into a 

C-H or N-H bond in the immediate vicinity of the probe (Fig. 2.1). Multiple sites in each 

structural region of PsHsp18.1, the N-terminal arm (1-52 aa), a-crystallin domain (53- 

142 aa) and C-terminal extension (143-158aa), were chosen for probe incorporation (Fig. 

2.2). Of a total of 72 variants generated 32 were successfully  
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Figure 2.2. Sites of Bpa cross-linker incorporation into PsHsp18.1.   

Positions where Bpa was successfully incorporated into PsHsp18.1 are highlighted: N-

terminal arm, green; a-crystallin domain, red; and C-terminal extension, blue. Arrows 

delimit the a-crystallin domain. Shown in gray and pink are residues where Bpa 

incorporation did not yield detectable protein or resulted in unstable protein, respectively. 

Regions previously implicated in substrate binding are highlighted in purple (Lee et al., 

1997; Sharma et al., 1998)] and boxed in red [one edge of the � -sandwich, which is 

“patched” by the IXI motif in the C-terminal extension (boxed in blue)(van Montfort et 

al., 2001)]. Secondary structure based on TaHsp16.9 (PDB: 1GME)(van Montfort et al., 

2001).  
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expressed in E. coli and purified to > 95% homogeneity. Each variant was assessed to 

determine the relative stability of the dodecamer compared to wt using size exclusion 

chromatography, non-denaturing and Blue-native PAGE. Efficiency of the variants in 

protection of substrates from heat-induced aggregation was then also assessed. Results of 

these assays are described below for each domain of the sHSP. 

 

Oligomer stability and chaperone activity of N-terminal Bpa variants 

Bpa was incorporated at all eight Phe residues of the N-terminal arm (residues 6, 

7, 16, 19, 30, 32, 41 and 48) as it was assumed that the Phe to Bpa substitution was less 

likely to disrupt the native oligomeric structure of PsHsp18.1. L27 was also selected for 

substitution because there is a Phe at this position in TaHsp16.9. Bpa was successfully 

incorporated into each of these nine N-terminal arm positions resulting in a Bpa probe 

every nine or fewer residues, affording the ability to probe for substrate interaction sites 

across the entire N-terminal arm.  

The migration behavior of all N-terminal variants was similar to wt when analysed by 

nondenaturing-PAGE (Fig 2.3), which indicates that they are most likely dodecamers as 

is wild-type PsHsp18.1 (Lee at al., 1995). Nondenaturing-PAGE is sensitive to charge 

and hydrodynamic size, therefore it is not surprising that there are differences in 

migration behavior, especially at those positions where a charged residue was substituted 

with Bpa. However, all N-terminal substitutions were for Phe with the exception of Leu 

at position 27, which is also an uncharged residue.  Therefore the migration behavior is 

expected to  
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Figure 2.3. PsHsp18.1 Bpa variants are dodecameric when assayed by 

nondenaturing-PAGE.  

Nondenaturing-PAGE of all 32 purified PsHsp18.1 Bpa variants and wild-type (lane 33) 

was performed by standard techniques to assess their oligomeric state. 10 ml of 24 mM of 

each protein was analyzed. Asteriks indicate wells in which high molecular weight 

species are retained.  High molecular weight smearing above the main band, indicative of 

multiple species, is boxed. 
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resemble wild-type protein unless introducing Bpa altered the conformational stability 

(compact vs. open state) of the protein, which would result in an altered hydrodynamic 

radius.  

Of the N-terminal variants, F16 appears to form two species. Interestingly, F16 is 

involved in stabilizing the oligomer, and the substitution of Bpa may destabilize the 

contact resulting in an alternate conformation of the dodecamer (van Montfort et al., 

2001b). Alternatively, the species with lower mobility may be a 13 or 14-mer (Fig 2.3), 

but no other evidence is available to distinguish these possibilities. 

 Further differences in the stability of the oligomers formed by the N-terminal arm 

Bpa variants was seen by size exclusion chromatography (SEC). The F7, F8, L27, F30, 

F32, F41 and F48 Bpa variants elute identically to wt with a symmetrical peak centered at 

7.5 min, indicating they are stable dodecamers at room temperature (Fig 2.4). In contrast, 

Bpa incorporated at positions F16 and F19 resulted in unstable oligomers as evidenced by 

peak/bump at 8.5 min for F19 (Fig. 2.4A and Table 2.1) and the absence of a substantial 

peak at 7.5 min for F16 (data not shown). As mentioned in the previous section, Phe 

residues at equivalent positions in TaHsp16.9 are involved in oligomer contacts (van 

Montfort et al., 2001b), suggesting that the benzoyl group of Bpa introduces steric strain 

that leads to instability of the oligomer. This instability may not be evident by non-

denaturing-PAGE, however, the ionic strength of the phosphate buffer used for SEC is 

stronger than that of the gel.  The phosphate buffer may promote protein aggregation. 

Phosphate is considerd a strong kosmotrope capable of disrupting  
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Figure 2.4. Oligomer stability and formation of complexes with substrate of selected 

N-terminal arm PsHsp18.1 Bpa variants.  

A) SEC (G4000PWXL, separation range 102-105) was used to examine the stability of the 

native structure of N-terminal arm Bpa variants at room temperature. For each sample 

100 ml of 12 mM sHSP was injected into the column. Bottom of Panel A shows wild-type 

PsHsp18.1, a dodecamer with a retention time of 7.4 min. A dimeric species is seen for 

F19 (line with arrow) eluting between 8-9 min. B) SEC (G5000PWXL, separation range 

103-106) of complexes formed between N-terminal arm Bpa variants and MDH. 

PsHsp18.1 and MDH were mixed at a molar ratio of 2.4:1 and heated at 45 oC for 120 

min. 100 ml samples were loaded for analysis. The complex elutes at 7.1 min, while free 

sHSP dodecamer elutes at 8.1 min on this column. Elution times of protein standards (in 

kDa) are shown. WT, F8, L27, F41 show free sHSP at varying levels, while all sHSP is 

incorporated into the complex with F19. C) SEC (G5000PWXL, separation range 103-

106) of complexes formed between N-terminal arm Bpa variants and Luc. 12 uM 

PsHsp18.1+ Luc were mixed at a molar ratio of 12:1 and heated at 42 oC for 8.5 min. 100 

ml samples were loaded for analysis. The complex elutes at 6.8 min. WT, F8, L27, F41 

show free sHSP eluting at 8.1 min, while almost all sHSP is incorporated in the F19 +Luc 

complex. L27 + Luc sample has a species eluting at the void volume. L27 only protects 

50% of Luc.  
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Table 2.1. Oligomeric structure and chaperone activity of all PsHsp18.1 Bpa 

variants. 

  
PsHsp18
.1.1 Bpa 
variant 

Oligomeric structure * Efficienc
y of Luc 
protectio
n (4:1)** 

%Maximu
m cross-
linking s  

Efficiency 
of MDH 
protection 
(2.4:1)** 

% 
Maxim
um 
cross-
linking
s   

WT  dodecamer ++++ NA ++++ NA 
F7 dodecamer ++++ 95.9 ++++ 100 
F8 dodecamer ++++ 100 ++++ 91.0 
F16 
 

< 10% dodecamer, ~10% 
dimer, mostly high 
molecular weight (hmw) 
species 

++++ 97.4 ++++ 80.0 

F19 ~50% dodecamer, ~5% 
dimer and hmw species 

++++ 94.7 ++++ 86.5 

L27 
 

dodecamer ++ ----- ++++ 78.0 

F30 dodecamer ++++ 85.7 ++++ 84.9 
F32 dodecamer ++++ 81.6 ++++ 80.3 
F41 dodecamer ++ ----- ++++ 84.9 

   
   

   
   

   
   

   
   

   
   

N
-t

er
m

in
al

 a
rm

 
 F48 dodecamer ++  ++++ 37.9 

K56  Soluble hmw species ++++ 11.2 ++ ----- 
E60 dodecamer ++ ----- ++ ----- 
K72 dodecamer *** + ----- No 

protection  
----- 

K77 dodecamer ++++ 2.8 ++++ 17.8 
E79 dodecamer ++ ----- ++++ 37.0 
D82 dodecamer ++++ 5.5 ++++ 15.0 
D83 dodecamer ++++ 3.7 ++++ 27.0 
Q87 ~10% dodecamer, 

~10%dimer and soluble 
hmw species 

+ ----- ++ ----- 

E91 dodecamer ++++ 17.9 ++++ 37.4 
E95 ~90% dodecamer and 

soluble hmw species 
++++ 3.1 ++++ 21.9 

   
 a

-C
ry

st
al

lin
 d

om
ai

n 
 

 

K96 ~30% dodecamer, 10% 
dimer and hmw species 

++++ 5.6 ++++ 23.7 
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K99 dodecamer ++++ 1.3 ++++ 10.5 
E102 ~70% dodecamer and 

soluble hmw species 
++++ 10.6 ++++ 1.3 

W103 Dimer and soluble hmw 
species 

++ ----- ++ ----- 

V106 dodecamer ++++ 2.4 ++++ 0.89 
K112 dodecamer ++++ 35.9 ++++ 34.3 
F113 <10% dodecamer, dimer 

and soluble hmw species 
++++ 3.4 ++++ 0 

L114 dodecamer ++++ 74.1 ++++ 39.8 
K127 dodecamer, ~10% dimer + ----- + *** ----- 
E133 dodecamer, <5% hmw at 

exclusion volume 
+ ----- + *** ----- 

N134 dodecamer + ----- + *** ----- 
E145 dodecamer ++ ----- ++ ----- 

C
-

te
rm

 

I146 <10% dodecamer, dimer 
and soluble hmw species. 

++++ 25.9 ++++ 58.4 

 
* sHSP was buffer exchanged from  5mM MgCl2, 25mM Tris pH 7.5 into the mobile 

phase buffer, 150mM KCl, 5mMMgCl2, 25mM sodium phosphate pH 7.5, prior to SEC 

analysis. All measurements were done at room temperature. 

** (++++) indicates complete substrate protection equivalent to wild type (++) ~50% 

protection and (+) <25% protection.  

*** K72 is not heat stable at 45oC, the temperature required for MDH denaturation, and 

forms an insoluble pellet. K127, E133 and N134 are only partially heat stable resulting in 

~50% of the protein forming an insoluble pellet.  

s  Cross-linking efficiency is reported as a % maximum of the highest cross-linking 

PsHsp18.1 Bpa variant with each substrate (F8 for Luc and F7 for MDH). Values are only 

reported for the PsHsp18.1 variants that completely protect each substrate equivalently to 

wild type.   
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the water in the solvation layer around a protein and promoting hydrophobic interactions.  

Chaperone activity of the N-terminal Bpa variants was measured by their ability 

to protect the model substrates MDH and Luc from heat-induced insolubilization. For  

MDH, wild-type or Bpa sHSP variants were mixed with MDH at a 1:1, 2:1 or 4:1 molar 

ratio (sHSP:MDH) and incubated for 120 min  at 45 OC, conditions which lead to full 

aggregation of MDH in the absence of sHSP (Basha et al., 2006). All nine N-terminal 

variants fully protected MDH at a 1:1 ratio, which is as efficient as wild-type PsHsp18.1 

(Fig 2.5 and Table 2.1).   

 To test efficiency of Luc protection, wild-type and Bpa variants were tested by 

mixing with Luc at molar ratios of 3:1, 6:1 or 12:1 (sHSP:Luc) and incubated for 8.5 min 

at 42 OC. Luc is more heat-sensitive than MDH and aggregates completely under these 

conditions in the absence of sHSP (Basha et al., 2006). In contrast to results with MDH, 

protection of Luc differed between N-terminal Bpa variants. Equivalent to wild type, F7, 

F8, F16, F19, F30 and F32 completely protected at a ratio between 3:1 and 6:1 sHSP:luc. 

Protection of Luc by L27, F41 and F48 required a three-fold higher ratio of sHSP (12:1). 

This result may indicate that the native residue at the latter positions is essential for 

recognizing denaturing Luc or that Bpa introduces a steric constraint on the region, 

preventing it from accessing a conformation necessary for Luc binding. Interestingly, F16 

and F19, both of which are unstable oligomers, protected MDH and Luc as efficiently as 

wild-type. This result indicates that oligomeric stability does not  
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Figure 2.5. Chaperone activity of selected PsHsp18.1 Bpa variants.  

The ability of a selected set of Bpa variants, E79, E145 and F16, to protect Luc or MDH 

from heat-induced aggregation was performed as described in the text. Wild type 

PsHsp18.1 fully protects Luc at a molar ratio of 4:1 and MDH at a ratio of 2:1 

(sHSP:substrate). 
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affect chaperone efficiency in these assays. Furthermore, both proteins show complete 

incorporation of sHSP into the sHSP-MDH and sHSP-Luc complexes as demonstrated  

by SEC (Fig. 2. 4 B & C). The remaining N-terminal Bpa variants show varying degrees 

of sHSP incorporation with L27 having the most remaining free sHSP when complexed 

with MDH (Fig. 2.4 B). Further, L27 which only partially protects Luc at wild-type 

sHSP-Luc ratio forms a high molecular weight complex species (Fig 2.4 B line with 

arrow) along with the expected complexes with a retention time of 6.8 min. Not all of the 

sHSP is incorporated in the wild-type PsHsp18.1 complexed with either MDH or Luc. 

However, the amount of remaining uncomplexed sHSP is fairly small.    

Oligomer stability and chaperone activity of a-crystallin domain Bpa 

variants 

In contrast to the N-terminal arm, obtaining stable Bpa variants of the a-crystallin 

domain was more difficult, probably because the benzophenone group caused structural 

perturbations of the tightly packed a-crystallin domain (Fig. 1.1). I first substituted Bpa 

for three Phe residues in this domain, F64, F113 and F117, but only F113 resulted in 

recovery of stable protein. I then targeted hydrophobic residues, since sHSP-substrate 

interactions are predicted to involve hydrophobic surfaces. Only three (W103, V106 and 

L114) of 10 positions tested resulted in stable protein (Fig. 2.2). Finally, I targeted 

hydrophilic residues that face the exterior of the b-sandwich in the TaHsp16.9 dimer (van 

Montfort et al., 2001). Of 34 positions tested, stable recombinant Bpa variants could be 

purified from 17 (Fig. 2.2). R105, yielded protein that degraded  
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Figure 2.6. Oligomer stability and formation of complexes with subtrate for selected 

aaaa-crystallin domain PsHsp18.1 Bpa variants.  

Samples were prepared and analyzed as described in Figure 2.6. A) All selected variants 

show stable dodecamers at room temperature similar to wild type. B) All variants fully 

protect MDH and show complexes eluting at 7.1 min. K112 shows nearly all of the sHSP 

is included in the complex while wt, K77, E91 and L114 all have free sHSP. C) All 

variants fully protect Luc and show complexes eluting at 6.8 min. K112 and E91 have 

nearly complete incorporation of sHSP in complex, while wt, K77 and L114 have free 

sHSP.  
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rapidly after purification, even in the presence of protease inhibitors, and was not used for 

further analysis. The 21 Bpa variants in the a-crystallin domain that could be purified 

include substitutions of residues in regions predicted to be important for substrate 

protection (Fig. 2.2). 

Nondenaturing-PAGE of Bpa variants in the a-crystallin domain shows slight 

structural variability (Fig 2.3 open rectangles). All however have a predominant 

dodecameric species (Fig. 2.3). As mentioned previously nondenaturing-PAGE is 

sensitive to charge differences, which can be clearly seen in some of the variants in the a-

crystallin domain where a charged residue is replaced with Bpa. Except for Lys 56, when, 

Lys is replaced with Bpa the protein migrates faster (Fig 2.3 lanes 12,13,24 and 27). Lys 

56 is part of the dimer interface, and replacing the charged residue with Bpa may have a 

destabilizing effect on the oligomer resulting in an altered conformation (van Montfort et 

al., 2001b). In contrast, when Bpa replaces a negatively charged residue the resulting 

protein migrates slower (Fig 2.3 lanes 11,14,15, 16, 18,19,22, 28,30).  

Noticeable dodecameric instability is seen when SEC is used to examine the 

structure of the variants. At room temperature K56, Q87, E95, K96, E102, W103 and 

F113 are unstable dodecamers as assessed by SEC, while the remaining 14 are >90 % 

stable dodecamers compared to wild-type (Fig 2.6A and Table 2.1). K56, Q87, K96 and 

F113 may result in unstable oligomers either because they form oligomeric contacts 

(K56) or because they disrupt the b-sheets of the a-crystallin domain (Q87, F113). 

Variants in the b6 loop, b6 strand and the conserved b7 strand (Fig. 2.2 and Fig. 1.1) 

fully protect both MDH and Luc at wild-type ratios. Among the variants located in 
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previously predicted substrate binding regions (Fig. 2.2), b3-b5, D82 and D83 protect 

both substrates similarly to wild-type. K77 and E79 protect MDH at wild type ratios of 

1:1, but only partially protect Luc at ratios between 3:1 and 6:1, which is where 

maximum wild-type Luc protection is seen (Fig 2.5). Q87 partially protects both 

substrates at wild-type ratios, but K72 does not protect either substrate at all. In fact, K72 

along with K127, N134 and E133 do not protect either substrate. All four of these 

variants are extremely heat sensitive. They are observed to partially aggregate and pellet 

when heated in the absence of substrate at 42oC or 45oC, even though they appear as 

stable dodecamers at room temperature.  

Complexes of MDH and Luc formed with a-crystallin variants behaved similarly 

to wild type when observed by SEC (Fig. 2.6 A & B). Except for K112, all other a-

crystallin variants complexed with MDH show free, unicorporated sHSP with an elution 

time of 8.2 min (Fig. 2.6 B). When formed using the minimum ratio of sHSP;substrate 

required for full Luc protection, wild-type sHSP-Luc complexes also have unicorporated 

sHSP, which is seen with all a-crystallin variants except K112 and E91 (Fig. 2.6 C). 

To address the possibility that K72, K127, E133 and N134 were aggregating at 

increased temperatures due to inability of these variants to dissociate to a stable dimeric 

species, these variants were analyzed by blue native PAGE at 4 oC and 45 oC (Fig 2.7 B). 

K72, K127, E133 and N134 migrated similarly to the wild-type dodecamer.  
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Figure 2.7.  Blue native PAGE of a selected set of PsHsp18.1 Bpa variants shows 

that, similar to wild type, they dissociate to dimers at 45 oC.   

A) Blue native PAGE of 15 ml of 24 mM Bpa variants resolved at 4 oC reveals that the 

majority of the variants are stable dodecamers. B) Blue native PAGE of 15 ml of 24 mM 

protein resolved at 45 oC reveals that all variants dissociate into smaller species at 

increased temperatures. These species correspond to a dimer along with residual tetramer 

and potential hexameric species. 
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Wild-type protein is indicated with an open box. Contrary to what was expected, all four 

variants dissociated into species that co-migrated with the wild-type dimer at 45 OC. (Fig. 

2.8).  K72 is in the loop region between b3-b4, and K127 is in the loop between b7-b8 

and E133. N134 is in the b8 strand, and b4 and b8 are part of a hydrophobic groove 

which is inaccesible in the oligomer (van Montfort et al., 2001b). However, this region is 

solvent exposed in the dimer and thought to be involved in substrate binding. One 

possible explanation for their aggregation behavior is that the charged residues, K72, 

K127 and E133, may help maintain the solubility of the dimer. This would explain why 

the Bpa variants in these positions precipitate both in the presence and absence of 

substrate when heated.  

Blue native PAGE run at 4 oC  shows that F16, K56, K112 and I146 (Fig 2.7 A 

lanes 2, 4, 7, 12) appear to be slightly less stable, with residual faster migrating species 

appearing on the gel compared to wild type. K56 shows a dominant dimeric species. 

Interestingly, as with the N-terminal variants, activity towards either substrate is not 

dependent on oligomer stability at room temperature.  

Oligomer stability and chaperone activity of C-terminal Bpa variants 

The 16 amino acids in the C-terminal extension are predominantly hydrophilic, 

with only 5 hydrophobic residues and no Phe. Ten C-terminal positions were tested for 

Bpa incorporation. Five resulted in no detectable protein expression, three in partially 

soluble, rapidly degrading protein. That left substitution of Bpa at E145 and I146 to probe 

for C-terminal substrate interactions. I146 is not a stable dodecamer; it shows  
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Figure 2.8. Oligomer stability and formation of complexes between substrate and 

selected C-terminal PsHsp18.1 Bpa variants.  

Samples were prepared and analyzed as described in Figure 2.6. A) E145 is a stable 

dodecamer at room temperature. I146 has only residual dodecameric structure, with some 

dimer eluting between 8-9 min (line with arrow) and high molecular weight soluble 

aggregate, which is retained on the pre-column filter and not seen on the chromatogram. 

B) E145 only partially protects MDH, and most of the sHSP is found in the free form. 

The complex elutes at ~6.8 min, which is larger than the wt complex eluting at 7.1 min. 

I146 fully protects MDH, however SEC data are not available for the complex. C) Only 

50% Luc protection is seen with E145, resulting in the absence of a substantial complex. 

I146 fully protects Luc, and all sHSP is incorporated in the complex.  
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<10% oligomer, and some dimer, but mostly high molecular weight soluble species. 

However, I146 protects Luc and MDH at wild-type ratios of 4:1 and 1:1  

 (sHSP:substrate), respectively (Fig.2.8 and Table 2.1) E145 is predominantly a 

dodecamer with residual dimer at room temperature (Fig. 2.8 and Table 2.1), and it 

partially protects Luc and MDH at 12:1 (sHSP:Luc) and 4:1 (sHSP:MDH), respectively 

(Fig. 2.5). These ratios are higher than the wild-type protein ratios needed for protection. 

Along with the other charged residues in the C-terminal extension, polar E145 may play 

an essential role in structural stability, that is disrupted by the less polar Bpa, resulting in 

poor chaperone activity.  

PsHsp18.1 Bpa variants cross-link substrate only in sHSP-substrate 

complexes  

Having established the oligomeric characteristics and chaperone activity of the 

purified PsHsp18.1 Bpa variants, these proteins were next used in cross-linking 

experiments to determine which variants would be capable of cross-linking to bound, 

heat-denatured substrates. When sHSP and substrate are mixed together in the absence of 

heat, formation of a sHSP-substrate complex is not observed, indicating sHSPs do not 

interact with native proteins (Haslbeck et al., 2005a; Basha et al., 2006) (See also Fig. 

2.10). sHSP-substrate interactions are readily observed when sHSP and substrate are 

heated together under substrate denaturing conditions (Fig. 2.10) (Lee et al., 1997; van 

Montfort et al., 2001a; Haslbeck et al., 2005a). The time and temperature required for 

substrate denaturation vary with individual substrates and affect the size and architecture 
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of the stable sHSP-substrate complex (Lee et al. 1997; Basha et al., 2006). Therefore, 

cross-linking of sHSP to substrate should only be observed after heat denaturation of 

substrate in the presence of sHSP. Nine N-terminal arm, 21 � -crystallin domain and the 

two C-terminal extension Bpa variants of Hsp18.1 were used to probe for sHSP-substrate 

interactions. Two different heat-sensitive substrates, MDH and Luc, were used for these 

experiments and results for these two model substrates will be discussed in detail. CS 

another model, heat-sensitive substrate and FBPA a putative native substrate of plant 

sHSPs, were also tested to determine if the principles of sHSP-substrate interactions 

observed from MDH and Luc apply to other substrates. Only one set of data was 

generated for CS and FBPA. These data will be briefly mentioned in the discussion with 

the caveat that the experiments need to be repeated.   

Complexes were formed between 12 uM sHSP and MDH (120 min at 45 oC) or 

Luc (8.5 min at 42oC) at 2.4:1 and 4:1 molar ratios (sHSP:substrate), respectively. The 

soluble sHSP-substrate complexes were subjected to UV irradiation at 356 nm for 20 min 

on ice to generate cross-linked species (Fig. 2.9). Crosslinking did not alter the 

complexes as assessed by SEC (Fig. 2.10). sHSP-substrate cross-linked species were 

identified by separation on SDS-PAGE followed by western blotting with sHSP and 

substrate-specific antisera .Western blots from cross-linking experiments are shown in 

Fig. 2.11.  

As seen in Fig. 2.11, sHSP-substrate cross-links are found in the heated samples (odd 

numbered lanes), but not in the unheated controls, indicating that PsHsp18.1 only 

interacts with substrate when the substrate is heat denatured. Multiple sHSP-substrate  
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Figure 2.9. Schematic of the cross-linking strategy.  

PsHsp18.1 Bpa variants were incubated with Luc or MDH and heated as indicated in the 

materials and methods and figure legends. 50 ml of each sHSP-substrate complex was 

aliquoted into a well in a 96 well plate, and the entire plate placed on ice. Bpa was 

photoactivated at 356 nm using a handheld UV lamp for 20 min. Cross-linked peptides of 

sHSP-substrate (dark blue circle) and sHSP-sHSP (cyan circle) are expected.  
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Figure 2.10. sHSP-substrate complex elution is unchanged after cross-linking.   

12 uM sHSP and MDH were mixed together at a molar ratio of 2.4:1 (sHSP:MDH) and 

left at room temperature (unheated), incubated for 120 min at 45 oC (heated), or heated 

together and then cross-linked (heated cross-linked). Mixtures (100 ml) were separated by 

SEC using a TSKgel G5000PWxL column with an effective size separation in the range 

of 103 -106 Daltons, at a flow rate of 1 ml/min and a mobile phase buffer of 25 mM Na 

phosphate, 25 mM KCl, pH 7.4.  
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Figure 2.11. PsHsp18.1 cross-links to MDH and Luc only under substrate 

denaturing conditions.  

The indicated Bpa variant or wild-type PsHsp18.1 were heated (+, odd numbered lanes) 

or not (-, even numbered lanes) in the presence of Luc (A panels) or MDH (B panels). 

After UV-cross-linking and SDS-PAGE, samples were immunoblotted using sHSP or 

substrate-specific antisera. Prominent cross-linked species with MDH and Luc are 

detected with the N-terminal variants, F7 and F16, and are indicated with open boxes. 

Species marked with an asterisk have two crosslink products migrating very close to each 

other. These most likely differ by one sHSP. sHSP specific oligomers are seen in all lanes 

of the anti-sHSP blots. Positions of molecular weight markers are indicated. 



 110 

 

 

 



 111 

species are detected with both MDH and Luc antibodies. These species correspond in 

apparent molecular weight to one, two or more sHSP monomers cross-linked to one 

substrate molecule. Because Bpa only captures interactions within a few Å, covalently 

bound substrate must interact with the sHSP very near the site of Bpa incorporation. As  

expected, no cross-linked products are seen with wt PsHsp18.1, which does not contain 

Bpa. 

In addition to species corresponding to sHSP cross-linked to substrate, species 

corresponding to sHSP cross-linked to itself are seen in both heated and unheated 

samples. This is expected since PsHsp18.1 is a dodecamer consisting of dimeric building 

blocks. Interestingly, the intensity of sHSP multimers is reduced in the heated sample, 

consistent with the probe cross-linking with the substrate rather than another molecule of 

sHSP (Fig. 2.11). Western analysis of both MDH and Luc cross-linked samples revealed 

that, with a few exceptions, all variants show a sHSP-substrate cross-linked species.  

Substrates preferentially cross-link to the N-terminal arm 

From the western analysis of the cross-linked samples it was obvious that not all 

positions showed equal cross-linking. Therefore, a method was devised to determine the 

extent of cross-linking to each Bpa variant. The protein mixtures were separated by SDS-

PAGE and stained with Coomassie blue followed by quantification on a Licor Odessey 

system (refer to materials and methods). The quantification MDH and Luc cross-linking 

was performed in triplicate. The standard deviation between the three trials in the Luc 

and MDH quantitation experiments was calculated as 2-5%.  
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Figure 2.12. Coomassie-stained cross-linked product is used to quantify direct 

substrate interactions.  

Coomassie stained SDS-PAGE of representative PsHsp18.1 Bpa variants cross-linked 

with Luc (A) and MDH (B). The predominant cross-linked band indicated by an 

arrowhead was used to quantify the amount of direct interaction between PsHsp18.1 Bpa 

variants and substrate.  
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Figure 2.13. PsHsp18.1 N-terminal Bpa variants make direct contacts with MDH 

and Luc.  

sHSP-substrate-specific cross-linking of the nine N-terminal Bpa variants with MDH 

(black bars) and Luc (white bars) was quantified. Data for both substrates are plotted as a 

percent of the highest cross-linking variant, F7 for MDH and F8 for Luc. The arrows 

indicate partial protection of Luc by the Bpa variant. 
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As summarized in Fig. 2.13, eight of the nine N-terminal variants of PsHsp18.1 

have the highest level of cross-linked product when complexed with MDH. Bpa at 

position 48 shows half as much cross-linking compared to the rest of the N-terminal 

region, even though it protects MDH equivalently to wild type. A similarly high level of 

cross-linked product is seen between the N-terminal PsHsp18.1 variants and Luc (Fig.  

2.13 and 2.14). Bpa at positions L27, F41 and F48 show a reduction in cross-linked 

species compared to the other N-terminal variants, however these variants only partially 

protect Luc. The strongest N-terminal arm cross-linking that was observed with both 

MDH and Luc is at the tip of the N-terminal arm (F7 and F8). In total, the results clearly 

show that the PsHsp18.1 N-terminal arm forms direct contacts with denaturing substrates.  

PsHsp18.1 has a distinct substrate-specific interaction pattern  

Both in vitro and in vivo data suggest that sHSPs are capable of interacting with 

many different types of proteins to protect them from heat-induced aggregation 

(Haslbeck et al., 2005; Basha et al., 2004). I used the PsHsp18.1 Bpa variants to 

determine if sHSPs had a substrate-specific interaction pattern. Using the 19 Bpa variants 

that fully protected both MDH and Luc (Table 2.1), sHSP-substrate complexes were 

made and cross-linked as before. The cross-linked mixture was separated by SDS-PAGE, 

Coomassie stained, and cross-linked species quantified. The data are graphed as % of the 

strongest interacting variant, which is Bpa at F7 for MDH and at F8 for Luc  
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Figure 2.14. MDH and Luc cross-linking to PsHsp18.1 reveals major interactions 

with the N-terminal arm.  

Individual Bpa variants which fully protect either MDH or Luc at wild-type molar ratios 

of sHSP:substrate are shown. Intensity of cross-linked species is shown as a percent 

maximum of F7 for MDH and F8 for Luc. 
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Figure 2.15. Comparison of cross-linking between Luc and MDH reveals a 

substrate-specific pattern of interaction.   

Comparison of 19 Bpa variants that protected both MDH and Luc at wild-type molar 

ratios of sHSP:substrate (2.4:1 for MDH and 4:1 for Luc). Intensity of cross-linked 

species is shown as a percent maximum of F7 for MDH (white bars) and F8 for Luc 

(black bars).  
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Figure 2.16. MDH and Luc cross-linking results mapped to the PsHsp18.1 structure 

reveal that the main interaction regions are only fully exposed in the sHSP dimer.  

PsHsp18.1 Bpa variants that protect each substrate equivalently to wild-type were used 

for this analysis. Cross-linking results for Luc and MDH are mapped onto the space-filled 

models of PsHsp18.1 oligomer and dimer.  Shown in pink is a cartoon representation of 

the monomer. As indicated in the legend, residues with a cross-linking efficiency greater 

than 51% are indicated in green, 21-50% are indicated in red and <21% are indicated in 

blue.  
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(Fig. 2.14). The substrate interaction pattern is notably distinct for MDH and Luc. MDH 

makes contacts throughout the sHSP with more interactions in the N-terminal arm, 

followed by the b7 strand of the a-crystallin domain and I146 in the C-terminal 

extension. The only region tested that does not show substantial interaction is the b6 loop 

(E102, W103 and V106), which is part of the dimer interface (van Montfort et al., 

2001)(Fig. 2.15). The pattern of Luc cross-linking differs in that there are no significant 

interactions between Luc and PsHsp18.1 in the a- crystallin domain, except to the b7 

strand (Fig. 2.14 and 2.15). I146 on the C-terminal extension also shows significant 

interactions, similar to MDH. 
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DISCUSSION 

 

 I have identified specific positions of PsHsp18.1 that interact directly with 

different, partially denaturing substrates. Additionally, this is the first study where an 

extensive determination of direct interaction sites between sHSPs and substrates has been 

performed. The results clearly show that the N-terminal arm of PsHsp18.1 forms direct 

contacts with both MDH and Luc (Fig. 2.13). CS and FBPA also form strong direct 

contacts with the N-terminal arm (data not shown). Even though an essential function for 

the sHSP N-terminal arm in substrate protection has been previously documented (van 

Montfort et al., 2001; Giese et al., 2005; Basha et al., 2006; Giese et al., 2004; Haslbeck 

et al., 2004; Aquilina et al., 2007), these are the first experiments establishing that this 

essential function is likely to be substrate binding. The data with MDH and Luc also 

show that specific regions of the a-crystallin domain contact substrate, but these contacts 

are of a much lower intensity compared to the N-terminal arm (Fig. 2.14). Finally, the 

data further support the existing paradigm for sHSP-substrate interaction, that sHSPs 

must undergo some form of structural rearrangement to expose hydrophobic regions to 

act as binding surfaces for denaturing substrates (van Montfot et al., 2001; Haslbeck et 

al., 2005). These results provide new data to support the importance of dodecamer 

dissociation for substrate binding and that the dimer is the substrate binding species.  

While the importance of the N-terminal arm in substrate protection has been 

known, the extent to which the N-terminal arm is involved in direct substrate interaction 
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was not clear until now. Data presented here demonstrate that the entire length of the N-

terminal arm is involved in substrate interactions. Not only is the N-terminal arm directly 

contacting substrate, but the interactions of the N-terminal arm with substrate are more 

intense than interactions with the structurally-conserved a-crystallin domain (Fig. 2.14 

and Appendix B).  

Studies of hydrophobic-probe binding and chemical cross-linking show that the 

b3-b5 region of the a-crystallin domain may participate in substrate binding (Haslbeck et 

al., 2005; Åhrman et al., 2007; Sharma et al., 1998b). I was able to probe this region with 

Bpa introduced at positions K72, K77, E79, D82, D83 and Q87. While MDH, CS  (not 

shown) and FBPA (not shown) form crosslinks with this region, Luc does not. However, 

b7, which has been predicted to be a potential substrate binding site, because it would 

become exposed when the sHSP oligomer dissociates, forms intense cross-linked 

products with all four substrates. Interestingly, in the sHSP dodecamer structure K112 

and L114 in b7 are within a few Å of the middle region of the N-terminal arm, which 

includes the Bpa substitutions L27, F30 and F32. The experiments also tested the sHSP 

dimer interface for substrate interactions with probes incorporated at E102, W103, and 

V106 in the b6 strand and K56 in b2. These four residues showed minimal cross-linking 

with all four substrates, strongly indicating that the PsHsp18.1 dimer, not the monomer, 

is the active substrate binding form. I146 of the C-terminal extension also interacts with 

all four substrates, strengthening the argument that the flexible C-terminal extension is 

involved in substrate binding.  
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This study predominantly focused on two model substrates, MDH and Luc. In the 

absence of sHSP, MDH completely aggregates in 120 min at 45oC while Luc requires 

only 8.5 min at 42 oC. Therefore, in comparison to each other, MDH can be considered to 

be a slow aggregating substrate and Luc a fast aggregating substrate. Interestingly, 

PsHsp18.1 shows a distinct pattern of interaction when protecting MDH vs. Luc.  As 

mentioned, the N-terminal arm is responsible for a majority of Luc contacts along with 

two residues in the b7 strand, which are positioned in the sHSP structure very near the N-

terminal arm. A possible explanation for this is that the flexible N-terminal arm is 

capable of rapidly shielding the hydrophobic sites of the partially denaturing substrate. 

MDH, which aggregates more slowly, forms highly populated cross-linked species with 

the N-terminal arm, however, due to the slower rate of aggregation the a-crystallin region 

may have time to establish weak interactions to stabilize the partially-denatured form of 

MDH.  

It is tempting to suggest that slow aggregating substrates, as defined by the 

kinetics of MDH aggregation in our studies, may interact not only with the flexible N-

terminal arm, but also the a-crystallin region. The similar behavior of CS and FBPA, 

observed in preliminary experiments, supports this idea. However, further experiments 

are needed to substantiate this hypothesis. In total, the data show that the rate of substrate 

aggregation may have as significant an impact on how sHSPs bind substrate, as does any 

specific sequence or structural feature of the denaturing substrate.  

Through a collaboration with Dr. Andrea Sinz at the Institute of Pharmacy, Martin 

Luther University, Halle, Germany, I have attempted to identify where Bpa cross-links to 



 127 

substrate in the sHSP-substrate complexes. Preliminary experiments were performed 

using PsHsp18.1 F16 and L114 variants crosslinked to MDH. The main crosslinked 

species, ~56 kDa (Fig 2.14B), was prepared for MS analysis as described in materials and 

methods. It has so far not been possible to identify cross-linked peptides from the large 

number of peptide spectra generated in these experiments, using the available software 

GPMAW (Lighthouse data). One of the main draw backs to software such as GPMAW, 

which is specifically designed to identify crosslinked peptides, is that the program only 

considers the chemistry utilized by standard chemical cross-linkers involving amine- 

carboxyl- and thiol-reactive groups. Bpa, which interacts with N-H or C-H bonds, does 

not necessarily crosslink with the free amino group of lysine, the carboxyl group of 

glutamate or aspartate, or the reactive thiol of cysteine. I have been in contact with Dr. 

Peter Hojrup (University of Southern Denmark), who developed GPMAW, and he is 

willing to incorporate specific functions to aid in identifying crosslinked peptides. 

Alternatively, Popitam, a freely available search program, which can identify 

modifications on peptides using tandem MS data, has been modified to aid in the rapid 

identification of cross-linked peptides (Singh et al., 2008). I am hopeful that using 

improved software it will be possible to determine regions on the substrate that interact 

with sHSP. However, it remains possible that heterogeneity in contacts with substrate 

will make it impossible to identify unique sites of binding to substrate. 

Mapping the substrate cross-linking results onto the PsHsp18.1 model structure 

highlights another critical aspect of the sHSP chaperone mechanism (Fig. 2.16). The 

strongest cross-linking sites for both Luc and MDH are poorly accessible in the sHSP 
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dodecamer. The N-terminal sites are even less accessible than in the model, considering 

that another ~27,000 Da of unresolved N-terminal arm residues must be accommodated 

in the central “hole”, and are calculated to occupy essentially all of that space. Thus, 

substrate interactions with the N-terminal arm require extensive structural rearrangement 

of the dodecamer. It has been demonstrated that at substrate denaturing temperatures the 

equilibrium between the oligomeric and dimeric form of PsHsp18.1, and a number of 

other sHSPs, is shifted towards the dimer (van Montfort et al., 2001a; van Montfort et al., 

2001b; Stromer et al., 2004; Giese and Vierling, 2002), suggesting this is the substrate-

binding species. For other sHSPs increased temperatures result in more rapid subunit 

exchange, which would also facilitate substrate binding to a suboligomeric species 

(Friedrich et al., 2004; Liu et al., 2006). Due to difficulties in observing the sHSP-

substrate interaction at high temperatures, substrate bound to a dimeric or other 

suboligomeric sHSP form has not been observed directly. Data shown here demonstrate 

substrate binding to the N-terminal arm, strongly supporting the dimer as the active 

substrate binding form of PsHsp18.1. We can also rule out significant binding to the 

dimer interface, as E102 and V106 in � 6 and K56 in � 2, which are involved in this 

interface, show no significant cross-linking to either Luc or MDH (Fig 2.14). This result 

also argues against monomers acting as a major substrate binding species. Both substrates 

interact with I146 of the C-terminal extension, most likely because the C-terminal 

extension is free in the dimeric form and has been shown to be flexible similar to the N-

terminal arm (Jiao et al., 2005; White et al., 2006). 
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Although site-directed cross-linking is a powerful tool to study transient protein-

protein interaction, the method has limitations. One limitation is the difficulty in 

incorporating Bpa, a relatively bulky probe, into structurally complex proteins such as the 

sHSPs. The integrity of the tightly packed a-crystallin core needs to be maintained for 

sHSPs to assume their proper oligomeric structure. The inability to express detectable 

protein for a majority of positions tested in the a-crystallin domain reflect this problem 

(Fig. 2.17). Further, replacing charged residues in the a-crystallin domain and  C-

terminal region with Bpa, an uncharged residue, may have resulted in protein instability 

leading to rapid degradation of certain Bpa variants. Charged residues in the C-terminal 

tail of mouse sHSP, sHsp25, were shown to be vital for structural stability of that protein 

(Walker et al., 2008). To overcome the structural constraints of Bpa, I attempted to 

incorporate the smaller photoactivable probe, para-Azido-phenylalanine, Apa (Fig 2.1 top 

panel), at selected sites in the a-crystallin domain. Of the five residues in the b2 and b3 

strands that could not be expressed and purified with Bpa (Fig 2.2), I was only able to 

successfully incorporate Apa at position F64. However, cross-linking studies were not 

performed with this variant.  

Despite the drawback of not being able incorporate Bpa into many of the sites 

tested in the a-crystallin domain and C-terminal extension, the technique has proven to 

be  powerful for probing interaction sites between a promiscuous class of chaperones, 

such as sHSPs, and substrates. Results here and those of others indicate that sHSPs can 

bind to substrates through multiple interaction sites (Ahrman et al., 2007). Some of these 

sites are more populated than others and may be characterized as high and low affinity 
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interaction sites (Sathish et al., 2003; Kundu et al., 2007). Such heterogeneous modes of 

interaction result in complex cross-linked mixtures, which are difficult to study with 

chemical cross-linking, since mass spectrometry analysis is required to define the 

interaction sites (Sinz, 2003).  

Like the ATP-dependent chaperones GroEL, Hsp70 and Hsp90, sHSPs are 

believed to recognize and bind hydrophobic patches exposed on partially-denatured 

proteins. However, unlike these other chaperones, which have distinct substrate binding 

regions, I can conclude that sHSPs rely on multiple contact sites distributed throughout 

the sHSP to protect substrates from irreversible aggregation. It is notable that the N-

terminal arm of the sHSPs, apparently so critical to substrate interactions, represents an 

extensive, intrinsically unstructured domain (Kim et al., 1998; van Montfort et al., 2001; 

Jiao et al., 2005; Aquilina et al., 2007; Kundu et al., 2007). A considerable body of 

evidence indicates that intrinsically unstructured regions of proteins play key roles in 

protein–protein interactions (Tompa and Csermely, 2004; Dyson and Wright, 2005). 

Interestingly, in contrast to coupled binding and folding of intrinsically disordered 

proteins (Tompa and Csermely, 2004; Dyson and Wright, 2005), hydrogen-deuterium 

exchange studies of the sHSP-substrate complex show that the N-terminal arm remains 

unstructured when bound to substrate (Cheng et al., 2008). The observation that the 

substrate-bound N-terminal arm does not assume stable secondary structure is similar to 

recent observations of other proteins in which intrinsically disordered domains bind to 

interacting partners without a disorder-to-order transition (Sigalov et al., 2008). I propose 

that structural disorder allows the N-terminal arm to present a variable and flexible 
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ensemble of clusters of hydrophobic residues that can interact with diverse geometries of 

hydrophobic patches on unfolding proteins. This plasticity in binding site conformations 

makes sHSPs highly effective at interacting efficiently to protect a wide range of critical 

cellular proteins.  
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Figure 2.17. Models of the PsHsp18.1 dodecamer and dimer highlighting all 

attempted Bpa insertion sites.  

Cyan: all residues where Bpa insertion was attempted but did not result in any detectable 

protein accumulation in E. coli. Pink: residues at which proteins with Bpa inserted could 

be isolated, but purified protein was rapidly truncated at the C-terminus. Dark Blue: 

positions where Bpa insertion resulted in partial MDH protection.  Green: residues 

resulting in complete MDH protection.  
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CHAPTER THREE: DEFINING CONFORMATIONAL CHANGES IN 

sHSP AND SUBSTRATE IN sHSP-SUBSTRATE COMPLEXES  

 

INTRODUCTION 

 sHSPs protect substrate from irreversible heat-induced aggregation by forming 

soluble sHSP-substrate complexes. sHSP-substrate interactions are believed to occur by 

sequestering hydrophobic surfaces of the denaturing proteins they protect. The 

crosslinking experiments presented in Chapter 2 have provided direct evidence that the 

N-terminal arm of sHSPs is a critical substrate-interaction domain. However, these 

experiments do not provide information about many other properties of sHSP-substrate 

complexes. Here I have probed the sHSP-substrate complexes with limited proteolysis 

and chemical modification combined with mass spectrometry (MS) to address additional 

questions about the overall architecture of the complex and the conformation of substrate 

and sHSPs in complexes. These techniques are more suited to determining if all sHSPs 

protect substrate in a similar tertiary structure, to what extent sHSP or substrate are 

sequestered from solvent within the complex, and how the tertiary structure and 

quaternary structure of the sHSP has to rearrange to accommodate substrate.   

Previous experiments have provided some information about the organization and 

dynamics of sHSPs and substrates within complexes. Recent hydrogen deuterium 

exchange (HX) studies showed that substrate-bound sHSP exchanges amide hydrogens 



 135 

virtually identically to free sHSP (Cheng et al., 2008). These data indicate that within the 

sHSP-substrate complexes, individual side chain or backbone interactions between the 

sHSP and substrate are energetically weak with fast on/off kinetics. Therefore, although 

the complex as a whole is stable, the individual interactions are transient, and new, stable 

secondary structures are not formed by the sHSP when contacting substrate. Thus, this 

technique has not provided information about potential substrate binding sites nor defined 

arrangement of sHSPs and substrates within the complex.  

Using affinity-tagged plant sHSPs, Friedrich et al. (2004), showed that while a 

certain population of sHSPs can exchange out of the complex, a fixed population, 

presumably bound to substrate, cannot. Using SEC in combination with tandem 

nanospray-ESI, Benesch and colleagues (personal communication) have been able to 

determine the stoichiometry of sHSP and substrates within the heterogeneous complex 

formed between PsHsp18.1 and the model substrate Luc. Tandem MS of SEC fractions 

collected from one region of the complex peak show that the complex stoichiometry 

ranges from 17-20 subunits of PsHsp18.1 to 1 Luc monomer. The heterogeneous and 

dynamic interactions between sHSP and substrate evidenced by these and other 

experiments have hindered high resolution structural analysis of the sHSP-substrate 

complex. 

Limited proteolysis is a powerful tool for probing the higher order structure of 

proteins, as it provides information on the surface accessibility of protease recognition 

sites in the context of protein-protein interactions (Hubbard, 1998). Early on limited 

proteolysis was used to examine the tertiary structure of bovine a-crystallin. This study 
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concluded that aA-crystallin is more susceptible to proteolysis compared to aB-

crystallin. Also, about 5-20 of the C-terminal residues are solvent exposed and can be 

cleaved by proteolysis without disrupting the tertiary structure (Siezen and Hoenders, 

1979). More recently the relationship between aA- and aB-crystallin chaperone activity 

and oligomeric size was investigated using trypsin digestion. Tryptic digest fragments of 

both � A- and � B-crystallin are much smaller than the original subunits, but retain 

considerable chaperone activity, leading the authors to conclude that chaperone activity 

depends more on the sequence of the protein rather than oligomeric size (Saha and Das, 

2004). Both studies used SDS-PAGE to monitor the extent of proteolysis over time. 

Although useful in visualizing the appearance of truncated a-crystallin fragments, SDS-

PAGE has low sensitivity due to the detection limits associated with protein staining and 

provides only imprecise estimates of molecular weight. To circumvent these isuues, 

Aquilina and Watt (2006) used nanoelectrospray-ionization MS to detect both the 

truncated aB-crystallin polypeptide along with the corresponding peptides released 

during digestion in the presence and absence of a-lactalbumin that was denatured by 

reduction. This study concluded that the N-terminal arm and C-terminal extension of aB-

crystallin were involved in binding a-lactalbumin. Substrate-bound a-crystallin showed 

reduced chymotrypsin proteolysis at four sites in the N-terminal arm and reduced trypsin 

proteolysis at one site in the C-terminal tail compared to free a-crystallin. However, this 

study did not address how protease susceptibility of the substrate was changed upon 

interaction with aB-crystallin.  



 137 

Chemical labeling utilizing the reactive primary amine on the side chain of lysine 

is another method widely used to investigate protein-protein interaction surfaces. Sukau 

et al. (1992) described a method to probe protein structure by acetylation of lysines using 

acetic anhydride. The acetic anhydride specifically targets the e-amino group of lysines 

and covalently attaches an acetyl group in a nonreversible manner, adding a mass of 42 

kDa to the modified residue. Various groups have successfully utilized this technique to 

study protein-protein interactions by comparing modified residues in the protein alone to 

modified residues in a protein complex (Sharp et al., 2006; Nikfarjam et al., 2006; 

Schloten et al., 2006). An alternative label is N-hydroxysuccinimido-biotin, which 

modifies free amine groups by adding a biotin moiety leading to a larger mass shift of 

236 Daltons for modified peptides. 

Here, I have addressed the questions of sHSP and substrate solvent accessibility 

and quaternary and tertiary structure first by limited proteolysis and second by lysine 

modification techniques. Proteolysis experiments were performed using multiple 

proteases, two model substrates (Luc and MDH), and sHSPs from pea (Pisum sativum, 

Ps), wheat (Triticum aesitvum, Ta) and Arabidopsis (Arabidopsis thaliana, At). 

PsHsp18.1 is a biochemically well-characterized sHSP and is considered a very efficient 

chaperone, because it requires a minimal ratio of sHSP:substrate to fully protect 

substrates from heat-induced aggregation (Lee et al., 1997). A high resolution structure is 

available for TaHsp16.9 so that the results generated can be mapped onto a structure (van 

Montfort et al., 2001). AtHsp18.1 is one of six class I cytosolic cytosolic sHSPs from the 

model plant species Arabidopsis thaliana and shares 76% sequence identity with 
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PsHsp18.1. Compared to PsHsp18.1, however, At Hsp18.1 is a much less efficient 

chaperone (moles sHSP required per mole substrate protected) for some substrates 

compared to PsHsp18.1 (see Chapter 4). To study sHSP-substrate complexes by lysine 

modification, I used PsHsp18.1 complexed to MDH, because these complexes have been 

extensively characterized by other methods.  

Results of the limited proteolysis study indicate that all three sHSPs, PsHsp18.1, 

AtHsp18.1, TaHsp16.9, protect a similar partially-denatured form of MDH, regardless of 

apparent differences in complex structure. sHSPs complexed to substrate are protected 

longer compared to the free sHSP, and stable proteolytic fragments of sHSP 

corresponding to protection of the N-terminal arm, are detected, further supporting the 

crosslinking results in Chapter 1. Finally, these data show that both sHSPs and substrates 

are distributed internally and externally in the complex.  

Results from Lys labeling are much more difficult to interpret, as optimization of 

the method was not fully achieved. However, preliminary results support the model that 

sHSP structure is changed, and that the C-terminus of MDH remains accessible to solvent 

in the complex. 
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MATERIALS AND METHODS 

Formation of sHSP-MDH complexes 

sHSP-MDH complexes were made by mixing 12 uM sHSP with MDH at a ratio 

of 2.4:1 (sHSP:MDH) for PsHsp18.1 and AtHsp18.1, or 3:1 for TaHsp16.9, and heating 

for 120 min at 45 oC in 150 mM KCl, 2 mM DTT, 5 mM MgCl2, 25 mM Hepes, pH 7.5. 

After heating the samples were cooled in an ice slurry for 30 s and centrifuged at 15,000 

x g for 20 min. Control samples were prepared identically except that incubation was at 

room temperature rather than 45 oC. 100 ml of supernatant was applied to a TSKgel 

G5000PWXL column with an effective size separation in the range of 103 -106 Daltons 

(Tosoh Biosciences, Montgomerryville, PA). The mobile phase buffer was 25 mM 

sodium phosphate, 150mM KCl, pH7.4, with a flow rate of 1 mL/min. Protein molecular 

weight standards are listed on each chromatogram (see Chapter 2 for description of 

protein standards).  

Limited proteolysis  

sHSP-MDH complexes and the control, non-heated sHSP plus MDH samples 

were used for the limited proteolysis experiments. Limited proteolysis was performed 

with trypsin (Modified sequencing grade, Roche Applied Sciences, Indianapolis, IN), Lys 

C, chymotrypsin, Arg C, Glu C, Asp N (sequencing grade, Roche Applied Sciences, 

Indianapolis, IN) and thermolysin (Sigma-Aldrich, St. Louis, MO). Details on the ratio of 

protease to substrate and digestion times are provided in the text and Appendix B. 
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Proteolysis was quenched by adding an equal volume of 2X SDS sample buffer, samples 

were heated at 95 oC for ~5 min and then separated on 12.5% acrylamide SDS gels to 

visualize differences in proteolysis between free and complexed sHSP and MDH.   

To determine the molecular weight of MDH and sHSP fragments that were 

protected from trypsin digestion, digests were performed with 1:50 w/w, protein:trypsin, 

and incubated for either 30 or 60 min at room temperature. Samples designated for LC-

MS analysis were quenched with PFA-Block (Roche, Germany). LC-MS data was 

obtained on a Finnigan LTQ Linear Ion trap (Thermo scientific, Waltham, MA) coupled 

to a Surveyor HPLC and autosampler. MS was performed by Dr. Linda Breci of the 

University of Arizona Proteomics facility. A C18 column was used for sample separation 

and data were collected in MS mode.  

Biotin modification 

 PsHsp18.1 and MDH were buffer exchanged into 25 mM HEPES, 150 mM KCl 

and 5 mM MgCl2, pH 7.5 using Ultrafree-0.5 Biomax 5K cutoff filters (Millipore Corp., 

Billerica, MA). 12 uM PsHsp18.1 was mixed with MDH at a molar ratio of 2.4:1 

(sHSP:MDH) and complexes were made by heating for 120 min at 45 oC. The mixture 

was centrifuged for 20 min at 13,000 RPM and the supernatant used for biotin 

modification. N-hydroxysulfosuccinimide (Sulfo-NHS) -Biotin (Thermo Scientific, 

Rockford, IL) was added to 20X (w/w) and incubated for the times and temperatures 

indicated. The biotin reaction was quenched by addition of glycine to a final 

concentration of 100 mM. 
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The molecular formula of Sulfo-NHS-Biotin is C14H18O8N3S2Na, with a 

molecular weight of 443.43 Daltons. Length of the spacer arm is 13.5 Å and mass 

addition to the target protein is 226.3 Daltons. Sulfo-NHS-Biotin structure from 

http://www.piercenet.com is shownbelow.     

 

 

Identifying biotin-modified peptides 

The biotinylated mixtures were separated on 4-20% precast Tris-HCl SDS gels 

(Bio-Rad Labs, Hercules, CA). Gels were Coomassie blue stained, and bands of interest 

were then excised and in-gel digested with trypsin and chymotrypsin as previously 

described (Shevchenko et al., 2006). Biotinylated peptides were identified using LC-MS 

data obtained on a Finnigan LTQ Linear Ion Trap (Thermo Scientific, Waltham, MA) 

coupled to a Surveyor HPLC and autosampler.  Samples were separated by reversed 

phase HPLC using a Vydac C18 material packed into a 360 (OD) x 100 um (ID) fused 

silica column pulled to 3 um tip, 7 cm of material was packed, and data were collected on 

MSMS mode. Scaffold 2 Proteome Software (Proteome Software Inc., Portland, Oregon) 

was used to identify modified peptides using SEQUEST (Thermo Scientific, Waltham, 

MA) and X!Tandem (The Global Proteome Machine Organization. www.thegpm.org) 
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search engines using an inclusion list of biotin-modified peptides. An inclusion list of 

potential biotin-modified peptides from a trypsin/chymotrypsin double digest was 

generated for both sHSP and MDH. The list was generated by compiling modified 

peptides detected from a total of three separate MS runs. See Appendix B for the 

complete inclusion list. MS and data analysis were performed at the University of 

Arizona Proteomics facility. 
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RESULTS 

MDH forms distinct complexes with different sHSPs 

Although all sHSPs are capable of forming sHSP-substrate complexes, the 

apparent size of complexes differs between sHSPs depending on the sHSP, substrate, 

ratio of sHSP to substrate and the conditions (temperature and time) used to form the 

complexes (Lee et al., 1997; Basha et al., 2006; Stromer et al., 2003; Cheng et al., 2008). 

Here I used these differences in sHSP-substrate complexes to test the hypothesis that 

there may be different modes of substrate protection by different, even closely-related 

sHSPs.  

 sHSP-MDH complexes were formed by mixing, 12 uM PsHsp18.1, AtHsp18.1 

and TaHsp16.9 at molar ratios of 2.4:1 (PsHsp18.1 and AtHsp18.1) or 3:1 (TaHsp16.9) 

with MDH and incubated at 45 oC for 120 min. Control samples were left at room 

temperature. The ratios of sHSP:MDH were chosen because each sHSP completely 

protects MDH from heat-induced insolubilization at these ratios (Basha et al. 2006, and 

not shown). In agreement with previous data (Chneg et al., 2008), there is no evidence 

that native MDH interacts significantly with any of the three sHSPs (Fig 3.1); the MDH 

peak (8.8 min) is separated from the sHSP peak when the proteins are incubated together 

at room temperature. The oligomeric form of all three sHSPs elutes at 7.9 min as 

expected for a dodecamer.  
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Figure 3.1. PsHsp18.1-MDH, AtHsp18.1-MDH and TaHsp16.9-MDH complexes are 

not equivalent.  

Size exclusion chromatograms of PsHsp18.1, AtHsp18.1 and TaHs16.9 with (thick line) 

or without (thin line) heating in the presence of MDH as specified in materials and 

methods. 100 ml of sample was separated on a TSKgel G5000PWXL column. Void 

volume and three protein markers are indicated. In all cases the dodecameric sHSP elutes 

at 7.9 min, while dimeric MDH elutes at 8.8 min. 
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With heating, all three sHSPs form complexes with MDH that are readily detected 

by SEC, and free MDH is no longer observed, consistent with complete substrate 

protection under the conditions used (Fig. 3.1, thick line). As observed  

in previous studies. TaHsp16.1 forms a complex with a higher apparent molecular weight 

(elution time 6.3 min) compared to the PsHsp18.1 complex (elution time 6.8 min) (Fig 

3.1, Cheng et al., 2008). AtHsp18.1-MDH complexes elute at 6.8 min (Fig 3.1).  

The amount of sHSP incorporated into the complex varies between the three 

sHSPs. PsHsp18.1, which is an efficient chaperone based on the molar ratio required for 

substrate protection (Basha et al., 2006), is approximately ~75% incorporated into the 

complex. In contrast, only ~25% of AtHsp18.1 is incorporated into the complex. Very 

little TaHsp16.9 is incorporated into the heterogeneous complex eluting from 5-7 min 

(peak at 6.37 min). All the MDH is predicted to be incorporated in the complexes since 

MDH is completely protected by TaHsp16.9, as determined by absence of MDH in the 

pellet fraction. Further, the species eluting at an equivalent time to the TaHsp16.9 

dodecamer is indeed TaHsp16.9 dodecamer and not a smaller complex consisting of 

sHSP and MDH (Basha et al., 2006).  
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Figure 3.2. Amino acid sequence alignment of PsHsp18.1, AtHsp18.1 and TaHsp16.9 

indicating potential trypsin cleavage sites.   

PsHsp18.1 (NCBI accession # P19243), AtHsp18.1 (BAF00451) and TaHsp16.9 

(CD03605) sequences were aligned using the default parameters of Clustal W 

(Thompson et al., 1997). Secondary structure as assigned from the TaHsp16.9 atomic 

structure (PDB 1GME) is shown on the top of the alignment. Red arrows delimit the a-

crystallin domain. A) Trypsin cleavage residues common to all three proteins are shown 

in open black boxes. Trypsin cleavage sites that are unique or found in two of the three 

sequences are marked with an arrowhead. B) Arg C and Lys C cleavage sties are shown 

with open yellow boxes and open black boxes respectively. C) Chymotrypsin, Glu C and 

Asp N cleavage sites are shown in open green, yellow and cyan boxes respectively. 
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Testing protease susceptibility of sHSP and substrate in complexes 

To assay differences in the structure of sHSP and substrate in the complexes 

formed by PsHsp18.1, AtHsp18.1 and TaHsp16.9 complexed to MDH, complexes were 

made as those shown in Fig. 3.1, and the complete mixture, including the apparent free 

sHSP was used for the experiments. Seven different proteases with different proteolytic 

specificity were tested, trypsin, chymotrypsin, ArgC, GluC, thermolysin, AspN and LysC 

at various protein:protease ratios and incubation times to determine the optimum 

conditions for subsequent MS analysis (Appendix B and Fig. 3.2 A,B & C). Optimum 

conditions were considered to be those which resulted in stable proteolytic products 

detectable by Coomassie blue staining.  

Thermolysin, which is considered a non-specific protease, as it cleaves N-terminal 

of all hydrophobic residues (Fig. 3.2), did not result in any stable proteolytic products 

(Appendix B). Therefore, thermolysin was not used for further analysis. A similar result 

was obtained with Asp N, which is specific for aspartic acid, and it was also eliminated 

from further analysis (Appendix B, Fig. 3.2 C). Lys C cleavage resulted in a similar 

protected sHSP fragment for both PsHsp18.1 and AtHsp18.1, in the presence and absence 

of complex. An equivalent cleavage fragment was not detected by Coomassie staining for 

TaHsp16.9. The cleavage site was mapped to the very C-terminal lysine of PsHsp18.1, 

K152, by MALDI MS (Appendix B, Fig 3.2 B). This lysine is conserved in all three 

proteins. Limited proteolytic results for all three proteins are listed in the Appendix B, 

along with 
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Figure 3.3. Strategy for identifying protected regions in sHSP-substrate complexes 

using limited proteolysis.  

Substrate (MDH) and sHSP were mixed at ratios indicated in the text and complexes 

were generated by heating proteins together for 120 min at 45 oC.  The control sample 

was incubated at room temperature. Protease was added at concentrations given in 

Appendix B, and digestion carried out for 0 to 180 min (Appendix B). Proteolysis was 

quenched with SDS-PAGE buffer and samples separated on 12.5% SDS-PAGE and 

Coomassie blue stained. Western blots probed with either sHSP or substrate-specific 

antibodies were used to verify the origin of the proteolytic products. Masses of sHSP 

high molecular weight (hmw) proteolytic fragments were identified by MS subsequent to 

a LC separation step. Samples designated for LC-MS analysis were quenched with PFA-

Block. LC-MS of an in-gel digested peptide mixture was used to identify MDH 

proteolytic products. Proteolytic product was also identified by analyzing a total solution 

mixture of some of the proteolytic samples using MALDI- MS.  
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potential cleavage sites mapped on a Clustal W sequence alignment (Fig 3.2). TaHsp16.9 

was consistently more accessible to all proteases than either PsHsp18.1 or AtHsp18.1, 

sometimes resulting in rapid degradation with no stable product during the time periods 

and at the protease concentrations tested. Therefore, TaHsp16.9 was excluded from most 

further MS analysis. 

Based on this survey with different proteases, further analysis was pursued using 

trypsin digestion to obtain more detailed information on differences of protease 

susceptibility in sHSP-MDH complexes formed using different sHSPs. The scheme for 

identifying high molecular weight proteolytic fragments from the proteolysis experiments 

is shown in Fig. 3.3. 

 

MDH shows the same protease accessibility in complex with different 

sHSPs.  

 For all subsequent trypsin digestion studies, sHSP-MDH complexes and the room 

temperature control samples were prepared as indicated in material and methods and 

shown in Fig. 3.1. Complexes and the control samples were probed for trypsin 

accessibility by incubating with trypsin at a ratio of 1:50 (total protein:trypsin, w/w) for 

the indicated times, analyzed by SDS-PAGE and visualized by Coomassie blue staining 

(Fig. 3.6; Appendix B). Potential PsHsp18.1 trypsin cleavage sites are highlighted in red 

on the dimer and dodecamer (Fig 3. 4). Potential trypsin cleavage sites are highlighted on  
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Fig 3.4. Trypsin cleavage sites (Lys and Arg residues) mapped on the PsHsp18.1 

homology model.  

Trypsin cleavage sites are shown in red on a dimer (one monomer space filled, one 

monomer cartoon) and oligomer of PsHsp18.1 (dimer with one monomer space filled and 

one monomer cartoon).  
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Fig 3.5. Potential trypsin cleavage residues on MDH.  

Potential trypsin cleavage sites are marked with arrowheads on the MDH sequence and 

shown in red on the atomic structure, with one monomer of the MDH dimer shown as a 

cartoon and the other space-filled (PDB 1MLD). 
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Fig 3.6. MDH is protease accessible in the sHSP-substrate complex.  

sHSP (PsHsp18.1, AtHsp18.1 and TaHsp16.9) and MDH were trypsin digested for the 

times indicated with or without formation of complex. Digested mixture was separated on 

12.5% acrylamide gels and Coomassie stained. MDH is accessible to trypsin only when 

complexed with sHSP (lanes 3 and 5). Three protected fragments of MDH, migrating 

between 35 and 30 kDa are highlighted with asterisks. More of the full length sHSP is 

protected from proteolysis when in complex compared to the control sample (open 

boxes).  
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the MDH sequence (Fig. 3.5 arrowheads) and the MDH atomic structure (PDB: 1MLD), 

with residues indicated in red.  

Native MDH is extremely resistant to trypsin, as has been observed previously, 

showing no evidence of digestion after 60 min in the control, unheated samples (Fig. 3.6, 

even lanes). This resistance is in spite of the fact that multiple Lys and Arg residues are 

exposed on the MDH surface (Fig. 3.5), consistent with MDH having a highly compact 

structure. In contrast, MDH in the sHSP-substrate complex is accessible to trypsin as 

demonstrated by the appearance of three stable cleavage products ranging in apparent 

MW from ~30 kDa to ~25 kDa (Fig. 3.6, lanes 3 and 5). Accessibility of MDH in the 

sHSP-substrate complex indicates that a partially unfolded form of MDH is present in the 

sHSP-substrate complex and that the MDH is not fully sequestered by the sHSP.  

Notably, the three stable trypsin cleavage products of MDH are similar for all 

three sHSP complexes (Fig. 3.6, lanes 5). Furthermore, probing with anti-MDH 

antiserum shows that in addition to the three fragments visible by Coomassie blue 

staining, a fourth MDH fragment migrating at ~20 kDa is also seen in complexes with 

any of the three sHSPs (Fig. 3.7). The similarity in the protected MDH fragments in all 

three complexes with different sHSPs suggests that an equivalent form of partially-

denatured MDH is protected.  

To obtain additional evidence that a similar form of MDH is found complexed to 

different sHSPs, complexes of PsHsp18.1-MDH and AtHsp18.1-MDH were digested 

with chymotrypsin, which cleaves after bulky hydrophobic residues. Again, the MDH 

digestion pattern is similar in complexes with either sHSP (Fig 3.8, open boxes), further  



 161 

Fig 3.7. Western analysis of limited proteolytic fragments confirms Coomassie stain 

results.  

Western blots probed with MDH, PsHsp18.1, AtHsp18.1 or TaHsp16.9, specific antisera 

show the origin of the protease digestion products. The high molecular weight bands 

found in the heated MDH blot are residual aggregates formed during heating. The ghost 

band around 36 kDa on the PsHsp18.1 and TaHsp16.9 blot is from the cross-reactivity of 

the sHSP antibody with MDH. 
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Fig 3.8. Chymotrypsin digests of AtHsp18.1 or PsHsp18.1 plus MDH with or 

without heating.  

AtHsp18.1-MDH and PsHsp18.1-MDH complexes were made as described in materials 

and methods. Chymotrypsin was added at 1:100 (protein:chymotrypsin (w/w)) and 

digestion allowed to proceed for the indicated times. Proteolysis was quenched with SDS 

sample buffer and the mixture separated on 12.5% acrylamide gels. Two stable 

proteolytic fragments of MDH (open boxes) are detected in complex with both 

PsHsp18.1 and AtHsp18.1.  
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indicating that PsHsp18.1 and AtHsp18.1 protect a similar, partially-denatured form of 

MDH. In total, limited proteolysis experiments reveal that a partially unfolded form of  

MDH is protected in the sHSP-substrate complex and that the conformation of the 

protected species, as probed by these experiments, is independent of the identity of the 

sHSP. This is an unexpected result considering the differences between apparent size of 

the complex and the relatively high amount of free, unincorporated sHSP found for 

TaHsp16.9 and AtHsp18.1 compared to PsHsp18.1 (Fig. 3.1). 

 The C-terminal region of MDH is trypsin-accesible 

 In order to understand what region of MDH is initially exposed in the sHSP-MDH 

complexes, multiple MS techniques were used to determine the masses of the stable high 

molecular weight (hmw) proteolytic products of MDH (~35-25 kDa; Fig. 3.6). LC-MS 

techniques using C4 or C18 reverse phase columns for total sample separation prior to 

injection into the mass spectrometer yielded masses only for the proteolytic products of 

the sHSP. One possible reason for loss of MDH digestion product is that these large 

fragments are retained on the column due to high hydrophobicity. To address this issue, 

the entire proteolytic mixture, without prior gel separation, was submitted to the 

University of Arizona proteomics facility. Dr. Cynthia David attempted to identify the 

MDH fragments by isolating the hmw proteolytic fragments by ion exchange 

chromatography, collecting the elution peaks and concentrating by speed vacuuming 

prior to MS analysis. Masses corresponding to MDH proteolytic products were not 

detected. To overcome possible fragment loss due to retention on the column, the sample 
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was also analyzed by MALDI on the Bruker Reflex-III MALDI/TOF, a core instrument 

in the MS facility in the Dept. of Chemistry. This work was done with the assistance of 

Dr. Arpad Smogyi. In spite of multiple rounds of buffer exchange to remove interfering 

salts, and concentrating the sample 10-fold by speed vacuum, peaks of MDH proteolytic 

products were not detected.  

A protocol (Luque-Garcia et al., 2008) in which protein mixtures are separated by 

SDS-PAGE, transferred onto nitrocellulose, and analyzed by MALDI after protein 

extraction from nitrocellulose was also attempted. Although the method was promising 

and yielded masses that could be MDH fragments, broad peaks with low resolution did 

not allow mass assignment.  

Interpretable data were ultimately obtained using in-gel trypsin/chymotrypsin 

double digestion of each of the proteolytic bands excised from the gels (as in Fig. 3.6), 

followed by LCMS. Analysis was performed with nanoHPLC and nanospray on the LCQ 

Classic LC-MS/MS system in the proteomics facility (http://proteomics.arizona.edu/). 

Peptides were identified with Scaffold 2 proteome software (Proteome Software Inc., 

Portland, Oregon). Using these data, the missing peptides from each of the three hmw 

proteolytic fragments were compared to intact MDH. Data revealed that these fragments 

result from cleavage at K311, K305 and K300 residues in the C-terminal end of MDH 

(Fig. 3.9 1, 2 and 3 respectively).  
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Figure 3.9. The C-terminal region of MDH is accessible to trypsin in the sHSP-MDH 

complex.  

A) C-terminal (aa 241-314) of MDH showing the sites of trypsin cleavage that result in 

the three stable proteolytic fragments detected by SDS-PAGE (as seen in Fig. 3.6). B) 

The cleaved peptide in each proteolytic fragment is indicated in red in a cartoon 

representation of the MDH atomic structure (PDB:1MLD, one monomer shown in light 

blue). Lys residue where the cleavage occurs is shown in blue with the position of the 

Lys residue indicated below the structure. 
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sHSPs are less accessible to trypsin in the sHSP-substrate complex 

compared to free sHSPs 

To obtain information about the structure of sHSPs in the sHSP-substrate 

complex a similar analysis as described for MDH was carried out for the sHSPs. Potential 

trypsin cleavage sites are indicated on a multiple sequence alignment of PsHsp18.1, 

AtHsp18.1 and TaHsp16.9 (Fig. 3.2 A). PsHsp18.1 potential trypsin cleavage sites are 

indicated on a homology model of the protein in Fig. 3.4. All three proteins have a 

similar number of trypsin cleavage sites (PsHsp18.1, 27; AtHsp18.1, 25 and TaHsp16.9, 

25). The number of sites is low in the N-terminal arm, and also in the � 5, � 8 and � 9. � 5, 

and � 9 are internal b-strands while � 8 is one of two strand edges which form a 

hydrophobic groove in the a-crystallin domain. � 8 is concealed in the oligomer but 

exposed in the dimer (see Chapter 1, sHSP structure).   

 In comparison to native MDH, native sHSP is clearly more accessible to 

proteolysis (Fig 3.6 lanes 4 and 6 and Fig. 3.7), consistent with the dynamic nature of the 

sHSP (Wintrode et al., 2003; Painter et al., 2008; Cheng et al.2008). Stability to 

proteolysis of the sHSP, both in the native state and complexed with MDH, differs among 

the three sHSPs tested. AtHsp18.1 and PsHsp18.1 are more protease resistant compared 

to TaHsp16.9 (Fig 3.6 and Fig. 3.7).  

Identifying the hmw proteolytic products of sHSP proved to be less challenging 

compared to MDH. MS data for the 30 and 60 min trypsin digests of AtHsp18.1, 

PsHsp18.1 and TaHsp16.9, either free or in complex with MDH, were obtained a 
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minimum of two times, and were reproducible for both proteins. Therefore, results from 

one experiment for each of the proteins are presented. An in-solution, whole protein MS 

analysis of the limited proteolysis sample, subsequent to an LC separation step, generated 

the masses of the hmw sHSP proteolytic products for all three sHSPs (Fig 3.13 & 

Table3.1). Examples of MS data are presented from analysis of experiments using 

AtHsp18.1. The total ion chromatogram and raw mass spectral data from the 60 min 

trypsin digestion of AtHsp18.1+ MDH with and without heating are shown in Figs. 3.10, 

3.11 and 3.12. Spectra for four masses were detected for AtHsp18.1 + MDH in the 

absence of heating (Fig. 3.11). Two peaks arise from full-length sHSP (Peak 3: 18,003) 

and full-length MDH (Peak 4: 33,060). The other two peaks represent sHSP fragments, 

both of which are cleaved at the most C-terminal Lys (K153), but differ in cleavage in the 

N-terminal arm, with peak 1 having a mass of 12,555 (cleaved at R44 and K153), and 

peak 2 of 16,056 (cleaved at R12 and K153). 

In contrast, in spectra from AtHsp18.1 + MDH after heating (complex), mass 

peaks for five major fragments were detected (Fig. 3.12). Three of the four masses are 

identical to those seen for unheated AtHsp18.1 + MDH. The unique mass corresponds to 

a molecular weight of 17,235, which results from a single trypsin cleavage at the C-

terminal K153. The absence of this fragment in the uncomplexed sHSP, suggests that this 

fragment is rapidly digested to the more truncated forms by cleavage in the N-terminal 

arm.  This result is consistent with the interpretation that when AtHsp18.1 is complexed 

to MDH some population of the sHSP interacts with MDH via the N-terminal arm, 

limiting access to protease sites in the N-terminal arm.    
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Figure 3.10. Total ion chromatogram from 60 min trypsin digested mixtures of 

AtHsp18.1 plus MDH.  

Chromatograms are from a C18 reversed phase separation of: A) Free AtHsp18.1+MDH. 

Four major peaks are indicated with numbers. Peak 1, 26.57 min; peak 2 30.91 min, peak 

3, 31.61 min and peak 4, 37.63 min. B) Complexed AtHsp18.1-MDH., Four peaks are 

numbered with a unique peak which is not resolved from peak 3 (asterisks). Peak 1, 26.90 

min; peak 2, 31.12 min; peak *, 31.77 min; peak 3, 31.90 min; peak 4, 37.90 min. The 

peak intensities between the two chromatograms differ, indicating differing quantities of 

each fragment.  



 172 

 

 



 173 

Fig 3.11. Peak envelopes from the total ion chromatogram of unheated PsHsp18.1 

plus MDH (no complex) contain masses corresponding to four different molecular 

weight species.  

LC-MS data were obtained on a Finnigan LTQ Linear Ion trap (Thermo scientific, 

Waltham, MA) coupled to a Surveyor HPLC and autosampler. Data were collected on 

MS mode. The unique spectrum for each peak in Fig. 3.10 is shown with the 

corresponding total ion chromatogram peak numbers. The calculated masses are 

indicated at the top of the spectra (see Fig. 3.13 for mass identification). Peak 1 

corresponds to a fragment resulting from R44-K153, peak 2, R12-K153, peak 3, S2-K152 

and peak 4 is full length MDH.  
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Figure 3.12. MS peak envelopes from the total ion chromatogram of heated 

PsHsp18.1 plus MDH (complex) contain masses corresponding to five different 

molecular weight species.  

Spectrum from each peak is labeled as specified in Fig 3.1.0. A unique spectral envelope 

is found within peak 3 of the total ion chromatogram (labeled with asterisks), which 

corresponds to a mass of 17,235 kDa. The intensity of MS signal from peak 4 is low, 

however a mass corresponding to full length MDH can be identified.  
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Figure 3.13. HMW proteolytic fragments of PsHsp18.1, AtHsp18.1 and TaHsp16.9 

detected in the presence and absence of complex with MDH.  

Limited proteolysis was carried out as described in materials and methods and aliquots 

removed at 30 and 60 min. The masses of fragments identified by LC-MS are shown with 

the position on the sequence where the cleavage has occurred. Presence of the fragment 

at each time point is indicated with a large X. Small red x indicates that only a weak MS 

signal corresponding to the indicated mass was seen. The linear cartoon depicts the sHSP 

domains. Green: N-terminal arm; red: a-crystallin domain and blue: C-terminal 

extension. Proteolysis sites are indicated with black lines. Fragments are listed in order of 

decreasing mass with the full-length mass on the top (the N-terminal Met is cleaved in E. 

coli during protein expression). A) PsHsp18.1, B) AtHsp18.1 and C) TaHsp16.9.  
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LCMS was similarly used to obtain mass data for PsHsp18.1 and TaHsp16.9 + 

MDH as listed in Figs. 3.13 A & C. Six protected fragments along with full-length 

PsHsp18.1 and MDH were identified from the 60 min trypsin digested sample of 

PsHsp18.1 in complex with MDH. Although this analysis was not a quantitative, the 

signal intensity of the R43 to K152 (12,633) fragment was notably lower in samples in 

from PsHsp18.1 complexed with MDH when compared to free PsHsp18.1 (Fig 3. 13). 

Since this stable fragment results from cleavage at both termini, the absence of this 

fragment after 30 min of digestion, and relatively low abundance in the 60 min time point 

indicates interaction with MDH protects both termini of a population of the sHSP.  

The MS spectra for TaHsp16.9 from the 60 min sample, either complexed with 

MDH or free, did not generate any masses for either full length or large sHSP fragments 

(Fig 3.13 C), consistent with SDS-PAGE data (Fig. 3.6). However, after only 30 min, 

TaHsp16.9 in complex with MDH yielded one protected fragment, while no fragments 

were detected for TaHsp16.9 in the absence of a complex. These data also support the 

idea that a population of TaHsp16.9 in the sHSP-substrate complex is bound to MDH via 

the N-terminal arm. The rapid digestion of the majority of TaHsp16.9 may reflect the fact 

that even after heating with MDH, the majority of the sHSP appears not to be 

incorporated into a complex with substrate (Fig. 3.1). 
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Strategy to identify protected regions of sHSPs and substrates in complexes 

via chemical modification 

A previous graduate student attempted to probe the sHSP-substrate complex using 

lysine modifying reagent acetic anhydride. However, the MS data were difficult to 

interpret, primarily because the small mass change on addition of the acetyl group 

requires very high mass accuracy and perhaps the conditions of modification resulted in 

inefficient coupling (G. Cheng, unpublished). To overcome this problem, I chose N-

hydroxysuccinimido-biotin, which specifically modifies the e-amino amino group of 

lysine as illustrated in the experimental scheme (Fig. 3.14), resulting in a larger mass 

shift (236 Daltons) for modified peptides. PsHsp18.1 has 15 lysine residues distributed 

throughout the sequence (Fig. 3.16). Approximately seven of these are found within 

putative substrate-binding regions, three in the b4 strand and three in b-8 strand, regions 

exposed during oligomer dissociation. Lysine modification also has good potential to 

reveal information about substrate accessibility within the complex. MDH has 25 lysine 

residues distributed throughout the molecule which can be readily mapped onto the 

available structure (PDB:1MLD).Three lysine residues are found within the first 54 

residues in the N-terminal region and 10 within the last 50 residues in the C-terminus. 

HX studies which probed the solvent accessibility of the amide hydrogens showed that 

both these regions are solvent accessible in the sHSP-substrate complex. Lys modifcation 

provides complementary information since the technique probes the solvent accessibility 

of the side chain e-amino group of lysines. 
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Although Lys is the primary residue modified by biotin, Gabant et al., (2008) 

report that Ser and Thr along with Tyr can also be modified depending on the chemical 

environment of the side chain group. Initial experiments were performed with PsHsp18.1 

and the model substrate MDH.  

Biotin modification does not change the elution time of the sHSP-substrate 

complex. 

It was first important to determine that the sHSP-substrate complexes were not 

significantly altered by the biotin addition reaction, so that any modifications observed 

could be interpreted as reflecting actual features of the complex. To assess effects of the 

biotin modification on sHSP-substrate complexes, PsHsp18.1-MDH complexes were 

generated as described for Fig. 3.2, and the complex was modified with biotin for 30 to 

120 min. 100 ml of unlabeled complexes were loaded on a TSKgel G5000 PWXL column 

using 25 mM sodium phosphate, 25 mM NaCl, pH 7.4, as the mobile phase buffer. 

Protein markers indicate that free sHSP and sHSP-MDH complexes elute as expected 

(Fig. 3.15), but in contrast to Fig. 3.1 a reduced absorbance is seen for the complex peak. 

This difference is attributed to the difference in mobile phase buffer used in the two 

experiments, 150 mM NaCl vs 25mM NaCl. 

 The low absorbance for the complex peak does not reflect the ability of sHSP to 

fully protect MDH, as all MDH is protected under the buffer conditions used. Previous 

analyses of sHSP-MDH complexes on the same column matrix with 25 mM NaCl in 

phosphate buffer (as used in Fig. 3.15) gave similar results, and may indicate complexes  
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Fig. 3.14. Scheme for identifying protected regions on the sHSP-substrate complex 

with biotin modification.  

12 uM PsHsp18.1 was mixed with MDH at a molar ratio of 2.4:1 (sHSP:MDH) and 

incubated at room temperature or at 45 oC for 120 min to form complexes. 
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are less stable under these conditions. Complexes labeled with biotin for either 30 or 120 

were then analyzed identically. Elution times for biotin-labeled complexes were 

equivalent to unlabeled complex. The absorbance of the free sHSP is similar in all cases, 

however, the absorbance of the complex species increases with biotinylation. Since all 

complexes were aliquoted from the same original sample, this result could indicate that 

biotin addition stabilizes the complex. Overall, biotin labeling does not result in major 

alteration of the sHSP-substrate complex.  

Optimizing conditions for detection of differential biotin labeling. 

A series of experiments was performed to optimize the time of biotin labeling in 

order to maximize any potential differences between free vs complexed PsHsp18.1 and 

MDH. In the initial experiments the shortest labeling time used was 30 min. Most sHSP 

Lys residues were biotinylated within this time period, and no further modifications were 

seen up to 120 min (Appendix C, Table 1 & 2). Therefore, shorter intervals were tested 

with timepoints taken at 5,15 and 30 min (Tables 3.2 & 3.3). Because labeling could be 

detected after 5 min and change over time was observed, these timepoints were chosen 

for further experiments. 

Results from four test samples using these time points of labeling are discussed in 

further detail. These are: 1) PsHsp18.1 and MDH mixed at a ratio of 12:5 

(sHSP:substrate) heated for 120 min at 45 oC to form the sHSP-substrate complex and 

biotin labeled at room temperature, 2) the same protein mixture unheated and biotin  



 185 

Fig. 3.15. Biotin labeling does not alter the position of complex elution on SEC.  

PsHsp18.1 and MDH complexes were biotinylated for either 30 or 120 min and 100 ml 

was injected into a TSKgel G5000PWXL column. Mobile phase buffer of 25 mM sodium 

phosphate, 25 mM KCl, pH 7.4 was used with a flow rate of 1 mL/min. Protein markers 

are listed on each chromatogram. The elution times for complex and sHSP oligomer are 

6.3 and 7.3 min, respectively. The difference in elution time from Fig 3.2 is due to the 

differences in salt concentration of the mobile phase buffer. 
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labeled at room temperature (Tables 3.2 and 3.3), 3) PsHsp18.1 alone, biotin labeled at 

45 oC, and 4) PsHsp18.1 alone and biotin labeled at room temperature (Table 3.3). 

In all experiments only a fraction of Lys residues are biotinytated in the total 

sample. This presents a problem for identifying biotinylated peptides by MS, since the 

equivalent unmodified peptide ionizes considerably better due to the presece of the e-

amino group. This may quench the signal from the modified peptide if the two peptides 

elute at a similar time from the LC column. However, due to the mass increase of 226 

Daltons in the modified peptide, a difference in elution time is expected for the modified 

vs. unmodified peptide. In the initial MS run, I encountered discrepancies in the detection 

of modified peptides at various timpoints. Specifically, a modified peptide present at an 

early time point was often absent at a later timpoint, and then again detected at an even 

later timepoint (See Appendix D Tables 1 and 2). Since samples were taken from the 

same master vial, a modified peptide present at an earlier time point should be present at 

all subsequent time points. It was realized that this problem in detection was a result of 

the MS program, in which only the 10 strongest ionized peptides in a given spectral 

window were being analyzed. To prevent this from occurring in subsequent runs, an 

inclusion list of all potential modified peptides was generated for both PsHsp18.1 and 

MDH (Appendix C). The mass analyzer was then programmed to refer to the inclusion 

list and fragment all ions matching a corresponding m/Z.  These improved detection 

methods were used for the experiments reported in Tables 3.2 to 3.4. These samples were 

analyzed in duplicate by MS, and reproducible results were obtained.  
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Abbreviations used in Table 3.1-3.4 require clarification. RND (residue not 

detected) indicates that the peptide containing the residue is not detected by MS, most 

likely because it falls below the lower mass cutoff range. This is the case with K112 of 

the sHSP, for which the corresponding peptide is five amino acids in length. ND (not 

detected) indicates that although the biotin-labeled peptide was detected at an earlier 

timepoint it was not detected at a later timepoint, even though the inclusion list was used 

(e.g. Table 3.2, K148). Table 3.2 and 3.4 also list the % sequence coverage, which was 

high for both proteins indicating that the yield from the in-gel digestion was robust. 

Minor differences in biotin modification are found between free sHSP and 

sHSP bound to substrate  

Although labeling and detection methods were optimized as described, the data 

reported in Tables 3.2 to 3.4 should be treated with caution since separate, duplicate 

labeling and MS experiments have not been performed. Only one set of each time point 

from the biotinylated sHSP-substrate complex and free sHSP and substrate was analyzed 

by MS, although the MS analysis of each sample was repeated twice. Therefore, results 

are discussed as preliminary. 

Data for modified sHSP residues in complex (Table 3.2) are shown on the 

PsHsp18.1 amino acid sequence and homology model (Fig. 3.16 A and B). Residues 

modified after 5 min of labeling are indicated in red, cyan indicates residues modified 

after 15 min and in blue are residues modified after 30 min of labeling. Highlighted in 

green are residues not labeled even after 30 min. Twelve of 17 Lys residues, as well as 3  
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Table 3.1. Summary of modified residues in MDH + PsHsp18.1 either heated 

together (complex) or not (free) were labeled at room temperature with biotin.  

Complex (labeled at RT) Free (labeled at RT) Position of 
modified 
residue and 
all K 

5 min 
(96%)1  

15 min 
(74%)  

30 min 
(95%)  

5 min 
(98%) 

15 min 
(96%)  

30 min 
(97%)  

K2 X RND X  X X 
K21 X RND X    
T37 X X X  X X 
K54 X X X X X X 
K67 X X X X X X 
K81 RND2 RND RND RND RND RND 
S117 X X X X X X 
K132   X    
K133  RND  X X X 
K141 X RND X    
K161 X X X X X X 
K179       
T189 X RND RND X X X 
K191 X RND X X X X 
K215 X X X X X X 
K217 X X X    
K245       
S252 X ND3 ND  X ND 
K255   X    
K272 RND RND RND   RND 
K273 X X X X ND ND 
K277 X X X X X X 
K283 X X X X X X 
S285 X X X X X X 
K290 X X X X X X 
K300 X X X X X X 
K304    X X X 
K305 X X X X X X 
K311 X X X X X X 
K314       
1 % sequence coverage 

2 RND= Residue not detected; Labled or unlabeled peptide not detected 
3 ND= Not detected; Peptide with Biotin labeled residue not detected  
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Table 3.2. Summary of modified residues in PsHsp18.1. 

 
Complex Free Modified  

residue 
5 
(93%)1 

15 
(82%) 

30 
(90%) 

5 
(82%) 

15 
(82%) 

30 
(82%) 

S2 X X X X X X 
K28 ND ND ND ND ND ND 
K56 X X X X X X 
T51     X ND 
K65  X X X X X 
K72 X X X X X X 
K73 X X X  X X 
K77 X X X    
S93 X X X    
K96 X X X  X X 
K99 X X X   X 
K112 RND2 RND RND RND RND RND 
K124 X X X  X X 
K127   X RND   
K129 X X X X X X 
T 140 X X X  X X 
K143 X X ND    
K147 X X X X X X 
K148 X ND ND   X 
K152  RND  RND RND RND 
S153 X ND3 RND    
 
1 % sequence coverage 
2 RND = Residue not detected 
3 ND = Biotin labeled peptide not detected 
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Table 3.3. Summary of modified residues in sHSP alone biotinylated at 45 0C or 

roomtemp.  

45 oC RT Position 
of K 
residue 5 15 30 5 15 30 

S2   X    
K28   X    
K56 X X X   X 
T58   X    
K65  X X   X 
K72 X X X X X X 
K73 X X X X X X 
K77  X X  X X 
S93   X   X 
K96 X X X X X X 
K99 X X X X X X 
K112 RND RND RND RND RND RND 
K124 X X X  X X 
K127   X    
K129 X X X X X X 
T 140  X X  X X 
K143 X X X    
K147 X X X X X X 
K148   X   X 
K152       
S153   X    
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Fig. 3.16. Free sHSP and sHSP in complex with MDH are differentially labeled.  

Mapping of biotin-modified residues (from Table 3.2) on the PsHsp18.1 amino acid 

sequence and homology model (note that the homology model starts at residue 12). A) 

PsHsp18.1 amino acid sequence highlighting residues which are biotinylated in the sHSP 

in complex with MDH after 5 min of labeling, red; 15 min of labeling, cyan; 30 min of 

labeling, blue, and no modification after 30 min of labeling, green. Arrows delimit the a-

crystallin domain. Regions previously implicated in substrate binding are highlighted in 

purple (Lee et al., 1997; Sharma et al., 1998)] and boxed in red [one edge of the � - 

sandwich, which is “patched” by the IXI motif in the C-terminal extension (boxed in 

blue)(van Montfort et al., 2001)]. Secondary structure based on TaHsp16.9 (PDB: 

1GME)(van Montfort et al., 2001). B) Structural representation of residues highlighted in 

the PsHsp18.1 sequence. Dimer and dodecamer are shown. C) PsHsp18.1 amino acid 

sequence highlighting residues which are biotinylated in the free sHSP. Color scheme is 

equivalent to above. D) Structural representation of residues highlighted in the PsHsp18.1 

sequence. Dimer and dodecamer are shown. 
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Ser residues and one Thr residue, are labeled even after only 5 min of labeling the 

complex. Time-dependent labeling is only seen for K65, which is modified after 15 min, 

and K127, which is not labeled until 30 min. Lys 28, which is found in the a2 helical 

region of the N-terminal arm, was unlabeled in these samples, although this residue was 

labeled when biotin labeling was performed at 45 oC for 30 min (Table 3.3). 

In contrast to sHSP complexed with MDH, in free sHSP only 6 Lys residues are 

biotinylated after 5 min, and there is a time-dependent increase in labeling at positions 

T51, K73, K96, K99, K124, T140, K148, K77 and S93 (Fig. 3.16 C, D and Table 3.2). 

K99 in the b6 loop and K148 in the C-terminal extension are only labeled after 15 min, 

while the other five residues are labeled after 5 min. The C-terminal extension is involved 

in stabilizing the oligomer (van Montfort et al., 2001), and since free sHSP is primarily 

oligomeric, the Lys maybe in an unfavorable position for labeling.  Further, residues in 

the b6 loop S93, K96 and K99 are either not labeled or labeled at later time points, which 

is in contrast to 5 min labeling of all three residues when the sHSP is complexed with 

MDH.  

One experiment was also performed in an attempt to assess the difference in Lys 

accessibility of the PsHsp18.1 dimer vs dodecamer. For this purpose, sHSP alone was 

biotin-labeled at either 45 oC, conditions under which the protein is primarily dimeric, or 

room temperature, where the protein is primarily dodecameric, for 5, 15, or 30 min. 

(Table 3. 4). The results are consistent with greater Lys accessibility in the dimer than in 

the dodecamer, and also provide hints that sHSP in complex is also differentially labeled 

compared to the dimer form. 
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Overall, the pattern of Lys labeling between complexed and free sHSP indicates 

there are indeed significant differences in the sHSP structure that is stabilized in sHSP-

substrate complexes. It is clear that free sHSP is more resistant to labeling compared to 

sHSP in complex. The sHSP in complex with substrate may have a “looser” or more 

extended conformation that exposes more residues for labeling. 

Biotin labeling of free and complexed substrate (MDH) 

Results of biotin labeling data for MDH either in complex with PsHsp18.1 or in 

its native state (before heating with sHSP) are shown on the linear amino acid sequence 

and MDH atomic structure in Fig. 3.17. All residues in the C-terminal region (from K273 

including S285) are labeled within 5 min in both the native and partially-denatured MDH. 

In contast, differential labeling is seen for the N-terminal region of MDH. Although 

within the first 50 N-terminal residues there are only three potential modification sites, 

K2, K21 and T37, these are differentially modified in the free vs. complexed MDH (S17, 

which could also be modified, was only detected in experiments reported in Appendix C-

Table 1). In native MDH, K2 and T37 are labeled after 15 min, and no labeling is 

observed for K21 within the 30 min time period tested. In contrast, all three residues are 

labeled within 5 min in MDH complexed with sHSP. The N-terminal region of MDH 

consists of two b-strands buried in a groove (Fig. 3.18). This orientation may limit 

accessibility of biotin. Further, the N-terminal region is part of the MDH dimer interface; 

therefore, in the native form the N-terminal region may be less solvent exposed.  
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 Overall, MDH in sHSP-MDH complexes is modified similarly to PsHsp18.1, in 

that all but two residues are labeled in the first 5 min K132 and K255 are the only 

exceptions, with modification occurring only after 30 min. Similar to native sHSP, native 

MDH shows a time-dependent increase in labeling of three residues, K2, T37 and S252. 

It is difficult to make conclusions about the status of S252 as it was not consistently 

detectable. Four residues, K21, K217, K141 and K304 are found to be biotinylated only 

either in bound or native MDH, but not in both (Table 3.1). K21 is biotinylated in the free 

MDH only. This is consistant with previous data where K21 was never observed to be 

biotinylated in native MDH (Appendix D, Table 1) and indicates that compared to the 

native form, the N-terminal region of bound MDH is considerably more solvent exposed. 

Further, K2 and T37, which are part of the N-terminal arm, are only labeled after 15 min 

in the free form. This also supports that this region is less solvent exposed compared to 

the bound MDH. HX studies, which probed the solvent accessibility of the amide 

hydrogen showed that the N-terminal region of MDH is >80 % solvent exposed 

compared to native MDH, which is only 20-40% solvent exposed (Cheng et al., 2008). 

These biotin labeling results, which probe the side chain accessibility, are consistent with 

the results from the HX studies.   

Two residues, K141 and K217 are found to be modified only in MDH bound to 

sHSP and not in the free form, However, during optimization experiments (Appendix C, 

Table 1), K141 was modified in native MDH. Similarly, K304 which is not modified in 

bound MDH but is modified in native MDH, was detected to be modified when bound to 

sHSP in the optimization experiments (Appendix C, Table 1). These results emphasize 
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the need to repeat these experiments using the optimized conditions, before more 

substantial conclusions can be drawn.  
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Fig. 3.17. Free MDH and MDH in complex with PsHsp8.1 are differentially labeled.  

Mapping biotin-modified residues on the MDH linear sequence and atomic structure. A) 

& B) MDH amino acid sequence and atomic structure highlighting residues which are 

biotinylated in the MDH in complex with sHSP after 5 min of labeling, red; 15min of 

labeling, cyan; 30 min of labeling, blue and no modification after 30 min of labeling, 

green. C) & D) MDH amino acid sequence and atomic structure highlighting residues 

which are biotinylated in the free (native) MDH. 
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Fig. 3.18. Modeling the partially-denatured form of MDH stabilized in the sHSP-

substrate complex.  

Data from HX (Cheng et al., 2008) and limited proteolysis (presented here) of MDH in 

complex with PsHsp18.1 was used to generate the model. A) Regions of MDH that 

exchange >80% deuterium are shown in light blue with the hydropohobic residues 

highlighted in dark blue with side chains indicated in stick representation. Regions 

exchanging between 0-80% deuterium are shown in cartoon representation colored green. 

B) Surface representation of the entire MDH molecule with hydrophobic residues in blue 

(left). Surface representation of the MDH core that is protected in sHSP-MDH 

complexes, residues 31 to 269. Red oval indicates the region occupied by the two N-

terminal b-strands and � -helix and the black oval represents the region occupied by the 

C-terminal � -helix (refer to Fig 3.5 for complete MDH secondary structure). 
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 DISCUSSION 

 

The structural arrangement of sHSPs and substrates within the sHSP-substrate 

complex is poorly defined due to the heterogeneity of interactions. Given the difficulty in 

generating high resolution structural data of the complex, I utilized two low resolution 

methods, limited proteolysis and chemical modification combined with mass 

spectrometry to generate information about the architecture of the sHSP-substrate 

complex. 

Insights into the structure of MDH protected in the sHSP-substrate complex 

 Current models of sHSP substrate protection indicate that a partially-denatured 

form of the substrate is stabilized by sHSPs until the substrate can be passed along to 

ATP-dependent chaperones for subsequent refolding (Lee et al., 2000; Mogk et al., 

2003). Proteinase K digestion of MDH in complex with PsHsp18.1 showed that bound 

MDH was rapidly degraded, while native MDH was highly resistant to the enzyme (Lee 

et al., 1997). My data further support this model and provide information on accessibility 

of specific trypsin protease sites within the sHSP-MDH complex. In complex with 

PsHsp18.1, MDH was accessible to both trypsin and chymotrypsin (Figs 3.6, 3.7 and 

3.8), while native MDH is resistant to bother proteases. Mapping the trypsin cleavage 

sites on MDH revealed that cleavage occurred at C-terminal sites to produce three MDH 

fragments that are stable during at least 60 min of digestion (Fig 3.9). This result suggests 

that other trypsin sites in the MDH core remain inaccessible either because that part of 
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the protein is still highly folded, or the sites are occluded by bound sHSP. A recent HX 

study of PsHsp18.1 and TaHsp16.9 in complex with MDH revealed that the N-and C-

terminal regions of MDH undergoes rapid deuterium exchange, while the core exchanges 

< 80% indicating the persistence of structure. The differences in deuterium accessibility 

in the N-terminal region vs. trypsin accessibility may result from the fact that HX probes 

the amide hydrogen, while trypsin probes the solvent accessibility of the side chain. The 

N-terminus of MDH is buried in the dimer interface. Combining the HX results and the 

limited proteolysis data presented here we can begin to generate a potential structure and 

interaction surface for the partially-denatured form of MDH bound to sHSP. Thermal 

denaturation of MDH at 45 oC results first in loss of structure in the N-and C-terminal 

regions exposing buried hydrophobic surfaces (Fig. 3.18 A). The sHSPs detect the 

exposed hydrophobic surface of MDH and form hydrophobic interactions preventing the 

denaturing MDH molecules from binding to each other and aggregating (Sharma et al., 

1998 and van Montfort et al., 2001). The observation from HX data that both termini of 

MDH are solvent exposed (Cheng et al., 2008), even while they are predicted to interact 

with sHSPs, may result from a rapid on/off interaction that maintains the substrate, in a 

release-ready state, for hand-off ATP-dependent foldases (Lee et al., 2000; Mogk et al., 

2003).  

Another result of interest is that the trypsin and chymotrypsin data (Fig. 3.6, 3.7 

and 3.8) show that all three plant sHSPs, PsHsp18.1, AtHsp18.1 and TaHsp16.9, appear 

to protect a similar form of partially-denatured MDH, regardless of complex size or the 

chaperone efficiency of each sHSP (Figs. 3.6, 3.7 and 3.8). A similar result was observed 
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in the HX studies of complexes formed between MDH and PsHsp18.1 or TaHsp16.9. The 

deuterium exchange pattern of MDH amide hydrogens was independent of the sHSP with 

which it was complexed (Cheng et al., 2008). Taken together, these data point to an 

important principal of sHSP-substrate interactions; sHSPs do not dictate the thermal 

unfolding pathway of client proteins, instead they stabilize a minimum unfolded state, 

which still contains a core structure. It is imaginable that this version of a partially-

denatured protein requires less energy to refold by the ATP-dependent chaperones. In 

contrast, if a more extended substrate conformation were protected the substrate might be 

targeted for degradation via the proteasome. Rationale for protecting such a conformation 

would be to prevent aggregate accumulation, which poses a greater threat to cell viability.  

Insights into the structure of sHSPs in the sHSP-substrate complex 

In contrast to native MDH, native sHSPs are highly susceptible to protease 

cleavage as evidenced by the proteolytic fragments in sHSP uncomplexed to MDH (Figs. 

3.6, 3.7, 3.8). This most likely is a direct result of the structural flexibility of the N and C-

terminal regions of sHSPs and the dynamic nature of the dodecamer (van Montfort et al., 

2001; Jiao et al., 2005; Haslbeck et al., 2005). However, a comparison of proteolytic 

fragments resulting from sHSPs in the presence and absence of complex reveals 

differences in cleavage patterns (Figs. 3.6, 3.7, 3.13). For all three sHSPs, AtHsp18.1, 

PsHsp18.1, TaHsp16.9, a specific protease fragment is detected when the sHSP is in 

complex with MDH and not in the free sHSP. Because this fragment contains an intact N-

terminus this result can be interpreted as indicating that the N-terminal arm of each of the 
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sHSPs interacts with MDH. A similar result was recently reported for aB-crystallin 

complexed to chemically denatured a-lactalbumin, suggesting that aB-crystallin also 

interacts with the substrate protein via the N-terminal arm (Aquilina and Watt, 2006). 

In PsHsp18.1 complexed to MDH, a unique fragment corresponding to sHSP 

interacting with MDH via the C-terminal extension is detected in the 60 min time point, 

(R11-G158) (Fig. 3.13). The C-terminal region of sHSPs is proposed to be flexible, 

especially in the dimeric, substrate-binding form of the molecule where the C-terminal 

extension is not involved in oligomeric contacts. I had previously observed that Bpa 

incorporated at I146 of the PsHsp18.1 C-terminal extension results in strong substrate-

specific cross-links to all substrates tested (Chapter 2). In total, limited proteolysis results 

show that sHSPs interact with MDH via the flexible N and C-terminal regions. 

Interestingly, full-length sHSP is protected for an extended period of time when 

complexed to MDH, indicating that a population of sHSP is completely incorporated in 

the sHSP-substrate complex. Friedrich et al. (2004) reported a related result. They found 

that once a sHSP-substrate complex was formed only a certain population of sHSP would 

exchange out of the complex. They concluded that two populations of sHSPs are found in 

the complex, one that is directly interacting with the substrate and cannot exchange out of 

the complex, and another population of sHSPs, which can be exchanged with free sHSP. 

The limited proteolysis data support the presence of both of these populations of sHSPs 

in the complex. Further, the data suggest that in complexes sHSPs and substrate are both 

internal as well as on the periphery. It is tempting to envision a complex with all the 

substrate surrounded by sHSP, similar to a shell, however this does not appear to be the 
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case. Even though the sHSP-substrate complex is heterogeneous, the data presented here 

indicate that certain populations dominate long enough to be observed by limited 

proteolysis.  

Interpreting biotin modification results 

Results from the biotin modification studies are difficult to interpret, no doubt 

also due to the heterogeneity of the sHSP-substrate complex. Chemical modification has 

been successfully used to study interaction surfaces between proteins, and between 

proteins and nucleic acids (Sharp et al., 2006; Nikfarjam et al., 2006; Schloten et al., 

2006). However, most of these systems have defined interaction surfaces (Nikfarjam et 

al., 2006; Schloten et al., 2006). The sHSP-substrate complex is difficult to analyze in 

this manner for a number of reasons. First, it is not possible to separate protection of 

surfaces involved in oligomerization from those involved in substrate binding. Second, 

there may be a.lack of a specific binding surface between sHSP and substrate preventing 

a single pattern of biotin modification. Third, sHSP-substrate interactions are proposed to 

involve hydrophobic surfaces and biotin labeling only measures the modification 

efficiency of a hydrophilic, surface exposed residue, Lys. In spite of these drawbacks, 

new information about sHSPs and substrates can be extracted from these biotin 

modification studies.  

The observation that the C-terminal Lys residues of native and partially-denatured 

MDH are labeled similarly within 5 min is in direct contrast to limited proteolytic data 

showing that trypsin does not cleave native MDH at the C-terminal region. One 
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explanation for this apparent contradiction may be that while biotin modifies the e-amino 

group of Lys trypsin recognizes the whole Lys side chain and must have access to the 

peptide bond. The backbone may not be readily accessible in the native MDH compared 

to the side chain. HX data further confirm that the amide hydrogens of the native MDH 

are not solvent exposed, exchanging <20% deuterium, compared to partially-denatured 

MDH in complex with sHSP, which exchanges >80% deuterium in the C-terminal region 

(Cheng et al., 2008).   

The N-terminal region of native MDH appears to be slightly more protected from 

biotin modification compared to the same region in partially-denatured MDH in the 

sHSP-substrate complex. Two reasons could account for this difference; 1) In the native 

MDH the N-terminal b-strands are buried and the exposed a-helix is stabilizing the dimer 

and therefore is not solvent exposed; or 2) In the partially-denatured form the N-terminal 

region is solvent exposed and lacks substantial secondary structure.  

In total, I have successfully utilized two low resolution techniques, limited 

proteolysis and chemical modifications combined with MS to probe the sHSP-substrate 

complex to define conformational differences between the free and bound form of sHSPs 

and substrates. My data show that a similar partially-denatured conformation of substrate 

is protected by three different plant sHSPs regardless of complex size. In addition either 

the nature of the interaction or the conformational changes occurring in sHSPs when 

bound to substrate result in differences in proteolytic cleavage pattern for sHSPs.  
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CHAPTER FOUR: DEFINING THE CHARACTERISTICS OF THE sHSP 

N-TERMINAL ARM RESPONSIBLE FOR CHAPERONE EFFICIENCY 

 

INTRODUCTION 

sHSP chaperone efficiency is defined as the ratio of sHSP required to completely 

protect denaturing substrates from irreversible aggregation. The most efficient sHSPs are 

those which are able to protect a susbtrate at an equal or lower weight of sHSP to 

substrate. Interestingly, the ability of related sHSPs to protect a given substrate may vary 

considerably, indicating that the amino acid sequence alone does not define chaperone 

efficiency. In vitro, differences in substrate protection efficiencies have been clearly 

demonstrated for closely related sHSPs from the same organism, including bovine aA- 

and aB-crystallin and sHSPs from Drosophila melanogaster, Saccharum officinarum 

(sugarcane) and Arabidopsis thaliana (Datta and Rao, 1999; Morrow et al., 2006; Tiroli 

and Ramos, 2007; Bretschneider et al., unpublished & Chapter 4). Therefore, the exact 

properties of sHSPs that confer efficient substrate captureand protection remain to be 

defined.  

As mentioned in Chapter 3, PsHsp18.1 and TaHsp16.9 share 66% sequence 

identity, with the N-terminal arm being the region of highest sequence divergence. A 

chimera study examined the contribution of the conserved a-crystallin domain (ACD) 

and the variable N-terminal arm to chaperone function. Four chimeric proteins were 
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made: 1) PsHsp18.1 N-terminal arm + TaHsp16.9 ACD, 2) TaHsp16.9 N-terminal arm + 

PsHsp18.1 ACD, 3) residues 1-10 of PsHsp18.1 + residues 5-151 of TaHsp16.9, and 4) 

residues 1-4 of TaHsp16.9 + residues 11-158 of PsHsp18.1. Results showed that the 

ability to bind and protect CS and Luc from heat-induced aggregation appears to reside 

primarily in the identity of the N-terminal arm, while the ability to protect MDH resides 

in both domains (Basha et al., 2006). Crystal structures of the two available oligomeric 

sHSPs have missing density for the N-terminal arm, indicative of structural flexibility 

(Chapter 1). Structural flexibility combined with sequence variability makes the N-

terminal arm an ideal candidate for substrate interactions. My crosslinking studies 

(Chapter 2) complemented these data, providing direct evidence for substrate interaction 

with the N-terminal arm and differential interaction of Luc and MDH with the ACD.  

Here, I have combined in silico analysis with experimental results to probe 

properties of the sHSP N-terminal arm that could contribute to chaperone efficiency. 

Results suggest that increased flexibility in a variable hinge region within a distal part of 

the N-terminal arm (closer to ACD) may contribute to increased chaperone efficiency. 

Further, I formulated the hypothesis that if regions of the N-terminal arm displayed 

increased flexibility this would allow the N-terminal arm to assume multiple substrate-

binding conformations by variable clustering hydrophobic residues. The specific 

composition of the hydrophobic clusters would be unique to each sHSP depending on the 

amino acid sequence of the protein. Also, the degree of flexibility in the N-terminal arm 

would dictate the orientation of each hydrophobic cluster, providing different sHSPs with 
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unique substrate-binding surfaces. Preliminary data from molecular dynamics simulations 

that were designed to test this hypothesis are presented here.  

MDH protection data from the chimera study described above (Basha et al, 2006), 

suggests that the chaperone efficiency of sHSPs is not limited to the N-terminal arm. I 

hypothesized that the rate of susbtrate aggregation may play a role in defining chaperone 

efficency as well. Results generated from altering the rate of substrate aggregation are 

also discussed. In total, this chapter provides evidence indicating that flexibility and 

sequence variability of the N-terminal arm, combined with the rate of substrate 

aggregation, may determine the efficiency with which individual sHSPs are able to 

recognize, bind and protect denaturing substrates.  
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MATERIALS AND METHODS 

Construction of expression plasmids for wt and N-terminal variants of 

AtHsp18.1 

AtHsp18.1 was PCR-amplified from genomic DNA using the primers 

5’GCAACGACATATGTCTCTCATTCC3’ and 

5’TATTTCGAATTCATCTTCATATTCAAT3’. PCR product was ligated into the pJC20 

vector at Nde1 and Eco R1 sites. AtHsp18.1 PSENP, PS and ENP variants were 

generated using the Strategene quick change method (Strategene, La Jolla, CA). The 

AtHsp18.1 ENP variant was created with primers 

5’CCACTCTTGCGTTTGTAAACGCTGGGTTTTCACGAGCGGTTGAAGCG3’ and 

5’CGCTTCAACCGCTCGTGAAAACCCAGCGTTTACAAACGCAAGAGTGG3’ to 

substitute ENP for DVA. The AtHsp18.1 PS variant was created with primers, 

5’CGCCATCTTCTGCGCCGTCAAACGCTTCAACCGCTCG3’ and 

5’CGAGCGGTTGAAGCGTTTGACGGCGCAGAAGATGGCG3’ to substitute PS for 

LA. The AtHsp18.1PSENP variant was created using a mixture of all 4 primers. The 

sequence of all constructs was verified by DNA sequencing (Genomic Analysis and 

Technology Core, University of Arizona). 

Protein purification  

Wild-type PsHsp18.1, wild-type AtHsp18.1, AtHsp18.1PSENP, AtHsp18.1PS, 

and AtHsp18.1ENP were expressed as recombinant protein in Rosetta  E. coli cells, using 
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the respective pJC20 plasmids, and purified to >95% homogeneity by conventional 

methods (Lee et al., 1998). Protein concentrations were determined using the Bio-Rad 

protein assay (Bio-Rad Laboratories, Hercules, CA). The expected molecular masses of 

AtHsp18.1 and the three AtHsp18.1 N-terminal variants were confirmed by LCMS 

(micro QTOF, Waters, Milford, MA), which revealed that the N-terminal Met was 

removed from all five proteins. All concentrations refer to monomer.  

Size exclusion chromatography (SEC) 

Dodecameric stability of AtHsp18.1 and AtHsp18.1 N-terminal variants at room 

temperature was assessed by applying 100ul of 12 mM protein onto a TSKgel 

G5000PWxL column with an effective size separation of 103 -106  Daltons (Tosoh 

Biosciences, Montgomerryville, PA) at a flow rate of 1ml/min with a mobile phase of 25 

mM Na phosphate, 25 mM KCl, pH 7.4. sHSP-substrate complexes were made by 

incubating 12mM each of AtHsp18.1 N-terminal variants with 1mM Luc for 8.5 min at 42 

oC. Complexes were cooled on ice and centrifuged for 15 min at 13,000 rpm. 100ml of 

complex species was loaded on the column using the buffers and flow rate specified 

above. PsHsp18.1-Luc complexes were used as the control for comparison of complex 

shape and size.  

Aggregation protection assay 

To determine chaperone efficiency of AtHsp18.1 N-terminal variants, 2 mM of 

Luc (Promega, CA) or 6 mM MDH (Roche, Germany) were incubated for 8.5 min at 42 
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oC or 120 min at 45 oC, respectively, with the indicated molar ratios of sHSP. Substrate 

solubility was assayed as described in Chapter 2. To determine how the kinetics of 

aggregation affected efficiency of chaperone protection, 2 mM of Luc or 2 mM of MDH 

were incubated for 120 min at 36.5 oC or 10 min at 51 oC, respectively, with the indicated 

molar ratios of sHSP.   

Molecular dynamics simulation  

An all atom MD simulation of a monomeric subunit of TaHsp16.9 (1GME, 151 

amino acids) was performed using NAMD (Phillips et al., 2005) with CHARRM force 

field parameter files http://www.pharmacy.umaryland.edu/faculty/amackere/force 

fields.htm. Explicit solvent conditions were used placing the TaHsp16.9 monomer in a 

water box of appropriate dimensions (Jorgensen et al., 1986). Temperature for the control 

simulation was 27 oC (300 oK), while the heated simulation was run at 55 oC (328 oK). 

The system was minimized for 2 ps with a 100 ps equilibration at 27 oC or 55 oC before 

data collection. Initial minimization and equilibration were performed on local 

computers. The minimized files were used as the starting files for a 50ns simulation 

through the University of Arizona ICE (Integrated Computing Environment), which 

comprises a large cluster of Silicon Graphics Altix machines (8 cpus per node) 

(http://www.sgi.com/products/servers/altix/ice/). The run started with a further 

equilibration step of 500 ps without sampling, at either 27 oC or 55 oC. The run was 

performed at 1ns time step intervals for a total of ~275 hrs using 16 parallel CPUs. Visual 

Molecular Dynamics (VMD, http://www.ks.uiuc.edu/Research/vmd/) was used for 
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subsequent visualization and generation of Ca contact maps to determine distances 

between the individual amino acids of the N-terminal arm (46 amino acids) in reference 

to each other and between amino acids of the N-terminal arm and C-terminal extension. 

Protein flexibility prediction 

 Protein flexibility prediction tools found in the DisProt protein disorder prediction 

database (http://www.ist.temple.edu/disprot/predictors.php) were used to determine the 

presence of flexible regions in sHSPs. Final analysis was done using PreLink 

(http://genomics.eu.org/spip/PreLink) (Coeytaux and Poupon, 2005).  
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RESULTS 

 

To date, the TaHsp16.9 structure provides the only high resolution information on 

N-terminal arm structure in a sHSP oligomer. In an attempt to obtain strucutural data on 

diverse N-terminal arms, ten closely related class I cytosolic sHSPs were cloned and 

purified to generate material for crystallography studies. Included in this study were two 

sHSPs from rice (Oryza sativa (OsHsp17.3 & OsHsp18.0)), five sHSPs from tobacco 

(Nicotiana tabacum (NtHsp18.3, NtHsp18.0, NtHsp18.9, NtHsp19.8 & NtHsp18.2) and 

Arabidopsis thaliana AtHsp18.1. All proteins except AtHsp18.1 were cloned by S. 

Bretschneider. I purified all proteins following the established purification protocol for 

sHSPs (Lee et al., 1998). Regrettably, none of the proteins generated diffraction quality 

crystals.  

Closely related sHSPs show significant differences in chaperone activity 

The availability of these ten purified sHSPs made it possible to test them for 

differences in chaperones activity, with the potential to correlate activity with N-terminal 

arm sequence properties. The ability to protect the model substrates, MDH and Luc, from 

heat-induced aggregation was tested for each sHSP listed above. All proteins protected 

MDH at a molar ratio of 1:1. In contrast, only NtHsp18.3 protected Luc equivalently to 

PsHsp18.1 at a molar ratio of 4:1 (sHSP:Luc). AtHsp18.1 required a ratio of 24:1 

(sHSP:Luc), while all others only partially protected Luc at 36:1 (sHSP:Luc) (Fig 4.4 and 

data not shown).  
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Amino acid sequence alignment identifies a highly variable region of the 

sHSP N-terminal arm 

The main differences between these ten sHSPs are found within the evolutionary 

variable N-terminal arm. Therefore, I hypothesized that the amino acid sequence or a 

property linked to the sequence composition of the N-terminal arm may contribute to 

chaperone efficiency. The N-terminal arm residues of a select group of the sHSPs 

described above, along with PsHsp18.1 and TaHsp16.9, were compared in a clustal W 

sequence alignment. The alignment shows that there is a highly variable region between 

residues corresponding to aa 30 through 42 of PsHsp18.1 (Fig 4.1). To determine if a 

property of this region (eg. hydrophobicity, charge, flexibility) might correlate with 

activity), I queried multiple databases. PreLink, a program which predicts unstructured 

regions, classified this variable region in PsHsp18.1 as having a higher structural disorder 

compared to the rest of the N-terminal arm or even the rest of the protein 

(http://genomics.eu.org/spip/PreLink (Coeytaux and Poupon, 2005). PreLink classifies 

sequence segments as unstructured if they have small or no hydrophobic clusters and a 

sequence bias towards Pro, Gly, Asp, Ser, residues, which are found with a higher 

probability in unstrucutured regions vs. strucutured regions (Coeytaux and Poupon, 

2005). All cytosolic class I sHSPs mentioned above were tested using the PreLink server 

to determine if they showed a similar lack of structure within the variable region (data not 

shown). 
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Figure 4.1. Clustal W sequence alignment of the N-terminal arm of Class I cytosolic 

sHSPs from diverse plant species.   

A. Sequences of the N-terminal arm from Triticum aestivum (wheat) TaHsp16.9 (S21560 

with one amino acid correction, T7S), Pisum sativum (pea) PsHsp18.1 (P19243 with one 

amino acid correction, P37L), Arabidopsis thaliana AtHsp17.8 (AAF795699) & 

AtHsp18.1 (BAB09509), Nicotiana tabacum NtHsp18.3 (AAD49336) & NtHsp18.0 

(CAA50022), Oryza sativa OsHsp17.3 (BAA02160) & OsHsp18.0 (AAP06884). 

Sequences were aligned using the default parameters of Clustal W (Thompson et al., 

1997). Secondary structure are assigned from the TaHsp16.9 atomic structure (PDB 

1GME). The highest variability within the N-terminal arm exists in a region which maps 

to residues 30-46 of PsHsp18.1 (underlined).  
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Figure 4.2. Clustal W sequence alignment of PsHsp18.1 and AtHsp18.1. 

A) PsHsp18.1 and AtHsp18.1 show 92% sequence similarity and 74% sequence identity. 

Similarity in the N-terminal arm (aa 1-53 for PsHsp18.1 and aa 1-54 for AtHsp18.1) is 

89%, while identity is 59%. The most variability is found in a stretch of sequence 

between amino acids 30 to 46. Arrows mark the a-crystallin domain. B) Alignment of the 

N-terminal arm residues of PsHsp18.1 and AtHsp18.1 highlighting the five amino acids, 

PSENP from PsHsp18.1, which were substituted for LADVA of AtHsp18.1. Due to an 

initial sequencing error, the Leu at position 37 in PsHsp18.1 was labeled as a Pro.    
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Although the N-terminal arm is the most variable region of the sHSP, PsHsp18.1 

and AtHsp18.1 share remarkable similarity in this region, with 89% similarity and 59% 

identity of the N-terminal arm residues (amino acids 1-53 for PsHsp18.1 and 1-54 for 

AtHsp18.1). The most sequence diversity is found within the variable region identified in 

in Fig. 4.1 and 4.2B. This observation suggested the hypothesis that the structural 

flexibility seen in the variable region of PsHsp18.1 is a significant determinant of sHSP 

chaperone efficiency. Therefore, I performed in silico analysis to determine which 

PsHsp18.1 residues within the variable region made the biggest contribution to predicted 

structural flexibility. The PsHsp18.1 sequence initially used to generate the predicted 

structural flexibility, had a Pro instead of Leu at position 27, due to a sequencing error in 

the Genbank sequence. This one substitution resulted in a 3-fold increase in flexibility for 

the variable region. In-silico substitution of AtHsp18.1 residues LA (residues 27-28) and 

DVA (residues 35-37) with PS (residues 27, 28) and ENP (residues 34-36) from 

PsHsp18.1 resulted in increased predicted flexibility for the variable region of 

AtHsp18.1. Thus, this in silico analysis supports the hypothesis that PsHsp18.1 and 

AtHsp18.1 have significant differences in N-terminal arm flexibility, determined at least 

in part by amino acid sequence of the highly variable N-terminal arm region.  
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Substitution of PsHsp18.1 residues, PS and ENP, results in increased 

chaperone efficiency of AtHsp18.1  

To test if increasing the predicted flexibility in the variable region would increase 

the chaperone efficiency of AtHsp18.1, I created three AtHsp18.1 N-terminal variants 

with amino acid substitutions from PsHsp18.1: AtHsp18.1PS, AtHsp18.1ENP and 

AtHsp18.1PSENP. All three proteins were purified to >95% homogeneity and their 

oligomeric stability was examined by SEC at room temperature (Fig. 4.3). AtHsp18.1 PS 

and ENP variants were stable dodecamers. In contrast AtHsp18.1PSENP was ~80% 

dodecameric with ~5% high molecular weight species that appear as a lagging shoulder. 

The remaining 15% of the protein elutes between 9-10 min indicative of a dimeric 

species. Overall, the AtHsp18.1PSENP variant has a lower room temperature 

dodecameric stability under the buffer conditions used, than wild type AtHsp18.1 or 

PsHsp18.1 (Fig. 4.3).  

Chaperone activity of all three variants was measured by the ability to protect Luc 

from heat-induced aggregation. Luc protection was tested at molar ratios of 3:1, 6:1,12:1, 

24:1 and 36:1 (sHSP:Luc) and incubation for 8.5 min at 42 OC, conditions which result in 

complete aggregation of Luc in the absence of sHSP (Basha et al., 2006). After 

incubation, soluble and pellet fractions were analyzed by SDS-PAGE. Interestingly, the 

AtHsp18.1PSENP variant was able to completely protect Luc at a molar ratio between 

3:1 and 6:1 similar to PsHsp18.1 (Fig. 4.4). However, contrary to what was expected 

from the flexibility predictions, the AtHsp18.1ENP variant was far less efficient at Luc 

protection than PsHsp18.1, requiring a ratio of ~30:1 to achieve complete protection, 
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essentially equivalent to wild type AtHsp18.1 (Fig 4.4). The AtHsp18.1PS variant was 

more efficient than wild type, but still less efficient than PsHsp18.1, completely 

protecting Luc at 12:1. Interestingly, all variants protect MDH at a ratio of 1:1, equivalent 

to PsHsp18.1  
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Figure 4.3. Oligomer stability of AtHsp18.1 N-terminal variants.  

SEC was used to examine the stability of the native structure of AtHsp18.1 N-terminal 

variants at room temperature. Each protein (100 ml of 12 mM) was injected into the 

column. The bottom two chromatograms show PsHsp18.1 and AtHsp18.1, both 

dodecamers with a retention time of 7.8 min. AtHsp18.1PS and ENP are stable 

dodecamers, while AtHsp18.1 PSENP is mostly dodecamers with some high molecular 

weight species eluting at 7-8 min (arrow) and some low molecular weight species eluting 

at 9-10 min (arrow).  
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Figure 4.4. Chaperone activity of AtHsp18.1 N-terminal variants. 

Panel A: Coomassie stained SDS-PAGE of soluble and pellet fractions of Luc after 

incubation with the indicated molar ratio of different sHSPs incubated for 8.5 min at 45  

oC. Panel B: SEC of soluble sHSP-Luc complexes formed at a 12:1 ratio as in Panel A. 
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Figure 4.5. AtHsp18.1 N-terminal variants protect MDH equivalently to wild-type 

AtHsp18.1. 

The ability of AtHsp18.1 N-terminal variants to protect MDH from heat-induced 

aggregation is similar to wild-type with all variants protecting MDH at a molar ratio of 

1:1.   
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(Fig. 4.5). Thus, the flexibility of the variable region as predicted by Prelink cannot 

entirely account for the functional differences between these sHSPs. 

Investigating the theoretical conformational space occupied by the 

TaHsp16.9 N-terminal arm 

Although altering the flexibility of the variable region between amino acids 32-46 

on AtHsp18.1 could increase the chaperone efficiency of the protein in Luc protection, 

the direct correlation between predicted flexibility of the variable N-terminal arm region 

and increased chaperone efficiency was not fully supported by all mutants tested. 

Therefore, the unique properties of the N-terminal arm that contribute to efficiency 

remain undefined. 

In addition to overall flexibility, I reasoned that the conformational space 

occupied by the N-terminal arm may have an effect on the chaperone efficiency of the 

protein. For instance, clustering of N-terminal arm hydrophobic residues would provide a 

surface for interaction with exposed hydrophobic patches on the substrate. Further, 

clusters of charged residues could dictate interactions by charge-based attraction or 

repulsion. Increased flexibility could contribute to the ability of the N-terminal arm to 

present different conformations of such clusters, and the number of conformations 

available would also depend on specific amino acid sequence. Therefore, the problem of 

determining the features of sHSPs responsible for chaperone efficiency is complex. 

These considerations indicate that further understanding of the conformational 

properties of the N-terminal arm need to be defined in order to develop the next 
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generation of hypotheses about the determinants of chaperone efficiency. Therefore, I 

initiated molecular dynamics simulations as an approach to understanding the possible 

conformational space properties that might control chaperone efficiency.  

As a first test of this approach, I performed two 50 ns molecular dynamics (MD) 

simulations, a control simulation at 27 oC (~RT) and a heated simulation at 55 oC using 

the simplified system of a TaHsp16.9 monomer (1GME). In both simulations the 

conserved a-crystallin domain is relatively stable, corroborating CD spectra showing the 

� - sheet secondary structure persists at high temperature (van Montfort et al., 2001b). 

However, shortening of the b strands is seen at both temperatures (Fig 4.6). Compared to 

the starting monomer, the backbone root mean square deviation (RMSD) for the a-

crystallin core (aa 46-135) is 7.08 Å for the 55 oC simulation and 4.52 Å for the 27 oC 

simulation. The higher RMSD values for the 55 oC simulation result from increased 

movement in the b6 loop. b6 loop flexibility may be an artifact of using the monomer for 

the simulations, since the b6 loop is stabilized in the dimer by strand exchange with b2 of 

the partnering monomer. The C-terminal extension is highly flexible in both simulations, 

with an RMSD of 10.56 Å for residues 136-151 at 27 oC and 12.85 Å at 55 oC. Fexibility 

of the N-terminal arm 45 residues is not as significant with an RMSD difference of only 

8.6 Å at 27 oC and 7.7 Å at 55 oC between the starting and ending structures.  
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Figure 4.6. Cartoon of beginning and ending structures of the TaHsp16.9 monomer 

at 27 0C and 55 0C from 50 ns MD simulations. 

N-terminal arm of the TaHsp16.9 monomer is colored in green, ACD red, C-terminal 

extension blue. The sidechains of the N-terminal arm hydrophobic residues are 

represented as sticks. A unique contact between the C-terminal extension and N-terminal 

arm (open box) is seen in the 55oC t=49 ns structure. The C-terminal hydrophobic 

residues of the structure are represented in sticks to show that potential hydrophobic 

clusters may be formed when the flexible C-terminal extension interacts with the N-

terminal arm.  
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To determine how amino acid clustering differed between control and heated 

sHSPs, contact maps were generated that measured distances between the Ca atoms of 

N-terminal arm residues (Fig. 4.7). Interestingly, stable contacts occur in the heated 

simulation that are absent in the RT simulation. Further, the contacts in the heated 

simulation were between aa 2-5 and 7 of the tip of the N-terminal arm and aa 29-30 in the 

variable region. Another persistent contact found throughout the heated simulation was 

the extreme end of the C-terminal extension contacting the N-terminal arm (Fig. 4.6). 

Interestingly, over the course of the 50 ns simulation the C-terminal extension fluctuates 

between two forms, either bound to the N-terminal arm or, a free and flexible. The latter 

form could potentially rapidly sample the immediate vicinity, perhaps contacting 

unfolded substrates. 

Kinetics of aggregation alters efficiency of substrate protection 

An interesting observation from the above experiments was that although altering the N-

terminal arm sequence impacted the efficiency of Luc protection, all variants were 

equally effective in protecting MDH. Luc and MDH are significantly different proteins in 

sequence and structure such that it is difficult to suggest how these properties might 

determine the difference in protection. However, Luc and MDH also differ dramatically 

in rate of aggregation during heat denaturation, a property that is directly relevant to 

preventing their irreversible aggregation. In the absence of sHSPs MDH completely 

aggregates in 120 min at 45 oC, compared to Luc  
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Figure 4.7. Caaaa contact maps of the beginning and ending structures of the high 

temperature simulation reveals unique clustering of amino acids in the N-terminal 

arm of the TaHsp16.9 monomer.  

Ca contact maps are used to show the distance between the N-terminal arm residues in 

reference to each other in the starting and ending structures. X and Y axis shows all even 

numbered residues (from aa 2 to 46). The diagonal axis in black shows the distance of 

each residue with itself (0 Å). Dark grey squares depict residues which are within a 3 Å 

distance. Light grey boxes are residues within a 4 Å distance. White space indicates 

residues which are 5 Å or farther from each other. Panel A: Contact maps from the 27 oC 

simulation. No detectable stable amino acid clustering is seen at this temperature. Panel 

B: Contact maps of the 55 OC simulation reveals stable contacts in the N-terminal arm 

(open squares). These contacts are between amino acids 2-5 and 7 and amino acids 30-32 

in the variable region of the N-terminal arm. 
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which requires 8.5 min at 42 oC. Thus, Luc is a fast-aggregating substrate compared to 

MDH. Therefore, I hypothesized that the difference in rate of substrate aggregation was a 

significant determinant of the efficiency with which sHSPs could protect substrate, and 

that high N-terminal arm flexibility would likely facilitate protection of more rapidly 

aggregating substrates. 

 This hypothesis predicts that increasing the rate of substrate aggregation should 

reduce chaperone efficiency. To test this idea, conditions where MDH aggregates more 

rapidly were defined. It was determined that at 51 oC MDH completely aggregates after 

10 min in the absence of sHSPs. To test if this increased rate of MDH aggregation 

negatively affected chaperone efficiency, MDH was incubated with either AtHsp18.1 or 

TaHsp16.9 (Fig 4.8B). Consistent with the hypothesis, AtHsp18.1 and TaHsp16.9 were 

only able to fully protect MDH at an increased ratio of ~12:1. This is in contrast to the 

ability of AtHsp18.1 and TaHsp16.9 to completely protect MDH at ratios of 1:1 and 2:1, 

respectively, when MDH aggregates during 120 min at 45 oC. 

 A similar experiment was performed with Luc where conditions were 

established to slow Luc aggregation to ~120 min, the same amount of time required to 

completely aggregate MDH at 45 oC. After testing multiple temperatures, it was 

determined that at 36.5 oC Luc completely aggregates in 120 min in the absence of 

sHSPs, and this temperature was used for further experiments. TaHsp16.9, AtHsp18.1 

and PsHsp18.1 were tested at different ratios for their ability to protect Luc denatured for 

120 min at 36.5 oC (Fig. 4.8A). Interestingly, at this temperature TaHsp16.9 is able to 

completely protect Luc at a ratio of 12:1. This is in contrast to the  
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Figure 4.8. Efficiency of substrate protection can be altered by changing the kinetics 

of substrate aggregation.  

A) TaHsp16.9, AtHsp18.1 and PsHsp18.1 protect Luc when heated for 120 min at 36.5 

oC. Open boxes highlight the ratio of sHSP:Luc where complete protection occurs. B) 

TaHsp16.9 and AtHsp18.1 protect MDH heated for 10 min at 51 oC. Open boxes 

highlight the ratio of sHSP:MDH where complete protection is detected. 
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36:1 ratio required when Luc aggregates in 8.5 min at 42 oC. A similar increase in 

efficiency is seen with AtHsp18.1, where complete protection is achieved at a ratio of 

12:1 compared to 24:1 when Luc aggregates rapidly at 42oC. Further, the chaperone 

efficiency of PsHsp18.1 is increased from 4:1 to 3:1 when Luc aggregates over 120 min 

at 36.5 oC (Fig. 4.8A).  

 These data support the idea that the rate of substrate aggregation plays a role in 

the chaperone efficiency sHSPs. Thus, under conditions which slow the aggregation rate 

of Luc, less efficient chaperones should be able to fully protect Luc. Alternatively, the 

sequence compatibility between the sHSP and substrate, and not the dynamics of 

substrate capture, may be contributing to efficient Luc protection by sHsp18.1. 
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 DISCUSSION 

 

The functional role of the sHSP N-terminal arm in substrate protection is well 

documented (Chapter 1 & 2). However, the exact properties of the N-terminal arm that 

contribute to chaperone efficiency remain unknown. I initiated mutagenesis along with in 

silico studies to determine the properties of the N-terminal arm which could be essential 

for efficient chaperone activity. Further, I sought to determine if kinetics of substrate 

aggregation played a role in chaperone efficiency. Results from these diverse experiments 

provide an important foundation for future work aimed at defining sHSP-substrate 

recognition and mechanism of action. 

Flexibility of the variable region in the sHSP N-terminal arm and chaperone 

efficiency 

Intrinsically disordered or flexible regions of proteins provide ideal protein-

protein interaction surfaces (Tompa, 2002). Limited proteolysis and HX studies provide 

experimental evidence that the sHSP N-terminal arm is solvent exposed (Cheng et al., 

2008; Jaya et al., in prep). The inability to resolve any of the 24 N-terminal arms in Mj 

Hsp16.5 and six of the 12 N-terminal arms in TaHsp16.9 crystal structures suggest that 

the region is structurally disordered (van Montfort et al., 2001b, Kim et al., 1998). 

However, I found that most structure prediction programs do not characterize the N-

terminal arm as being disordered. Regardless, ProLink flexibility prediction software 

isolated a variable region in the distal portion of the N-terminal arm showing increased 
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flexibility compared to the rest of the N-terminal arm. This increased flexibility appeared 

to correlate with the ability of PsHsp18.1 to efficiently protect Luc compared to closely 

related sHSPs, which do not show simlar flexibility in this reigion. Surprisingly a five 

amino acid switch in AtHsp18.1, predicted by Pro Link to increase flexibility of the distal 

portion of the N-terminal arm, converts AtHsp18.1 into a more efficient chaperone 

towards Luc. Compared to the wildtype the efficiency of AtHsp18.1PSENP towards Luc 

is increased by > 4 fold. This is the first time that a small change in amino acid sequence 

has resulted in such a dramatic increase in chaperone activity, and provides further data 

on the importance of the N-terminal arm in substrate protection. However, predicted 

flexibility could not be correlated with the activity of smaller amino acid 

substitutions.Therfore, the basis for the effectiveness of the five amino acid substitution 

remains to be determined. The properties of the N-terminal arm that influence chaperone 

activity need further investigation 

Factors contributing to efficient sHSP- substrate interactions   

I investigated the effect of predicted flexibility in the variable region of the N-

terminal arm and the rate of substrate aggregation on sHSP efficiency. Although both 

factors appear to have an effect, clearly sHSP efficiency is dependent on multiple other 

attributes of both sHSP and substrate. Some of these may include; sequence 

specificity/complementarity between sHSPs and substrates, rate of sHSP activation 

including kinetics of oligomer dissociation or other structural change (Fig. 4.9 A), and the  
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Figure 4.9. Factors contributing to sHSP chaperone efficiency. 

Multiple factors may contribute to an efficient sHSP-substrate interaction. A. Rate of 

sHSP activation to a substrate-binding competent state. Atleast two different kinetic steps 

are involved: 1) Rate of sHSP activation by dissociation or structural change preceeding 

substrate binding 2) Rate of substrate binding (i.e. potential conformations which the N-

terminal arm may need to acquire). B. Free energy diagrams illustrating substrate binding 

conformations with different energy barriers between the conformations. The red curve 

describes the energy of the theoretical substrate-binding conformations occupied by the 

PsHsp18.1 N-terminal arm, whereas blue and black energy curves represent those of 

AtHsp18.1 and TaHsp16.9 respectively. C. Ability of the sHSP N-terminal arm to acquire 

few vs. many substrate binding conformations.       
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rate of interconversion between substrate binding conformations. All sHSPs may have 

similar substrate-binding conformations separated by different energy barriers. A sHSP 

with a low energy barrier between conformations will be able to rapidly convert to a 

substrate binding form (Fig 4.9 B) and the number of available substrate binding 

conformations may vary between sHSPs. An efficient sHSP may have a larger number of 

conformations accessible by the N-terminal arm, allowing the freedom to interact with 

multiple substrate conformations. In contrast, the N-terminal arm of an inefficient 

chaperone may only be able to access a limited number of conformations, which may be 

insufficient to recognize the multiple conformations of a denaturing substrate (Fig. 4.9 

C). Further assessing conformational space variability requires NMR studies (Gsponer et 

al., 2008; Lange et al., 2008), another difficult task given the large oligomeric size of 

sHSPs. However, molecular dynamic (MD) simulation studies are gaining popularity as a 

reliable method to computationally observe protein motions (Sanbonmatsu et al., 2007). 

I performed 50ns all atom MD simulations of the TaHsp16.9 monomer in explicit 

solvent at room temperature and 55 oC to observe the dynamics of the N-terminal arm. In 

the 55 oC simulation specific amino acids of the N-terminal arm are involved in unique 

contacts (Fig. 4.7). Intriguingly, these interactions involve amino acids at the tip of the N-

terminal arm with those of the variable region. This type of interaction may indeed create 

unique substrate binding surfaces depending on the sequence of the variable region. Even 

though these initial data provide tantalizing evidence that amino acid clustering in the N-

terminal arm of sHSP may play a critical role in substrate interactions, further simulations  
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with dimeric or higher order forms of the sHSP, as well as comparisons of efficient and 

inefficient chaperones are needed to explore this hypothesis. 

 The observation that the N-terminal arm of sHSPs may acquire multiple 

conformations supports a conformational selection model of substrate binding (Bosshard 

et al., 2001). In contrast to the induced fit model of protein-protein interactions in which a 

protein undergoes a conformational change after initial interaction with a binding partner, 

conformational selection is based on the presence of a large population of binding 

competent conformations. A binding partner may preferentially interact with one of the 

many conformations, driving the equilibrium in favor of the selected conformation 

(Boehr et al 2008). The concept of a flexible binding partner occupying a large 

population of dynamic conformational space is an intriguing notion when considering 

such promiscuous proteins as sHSPs. The ability to assume multiple high energy 

conformations may allow the N-terminal arm of sHSPs to protect multiple partially-

denaturing substrates, that would arise in vivo during cell stress. Partially-denaturing 

proteins most likely do not have specific structural features other than the exposed 

hydrophobic surfaces.  

Another curious characteristic of the sHSP N-terminal arm is the relatively high 

Pro content. Because the backbone conformation of Pro is restricted by the side-chain the 

backbone f  angle can only populate a limited rotational space, although similar 

constraints are not seen for the y  angle (Williamson, 1994). Further, the sidechain 

conformation of Pro places restrictions on the conformation of the residue preceding Pro, 

making increased Pro content a feature common to protein-protein interaction surfaces. 



 249 

The N-terminal arm of PsHsp18.1 has six Pro residues, AtHsp17.8, four; AtHsp18.1,4; 

NtHsp18.0, NtHsp18.3, OsHsp18.0, OsHsp17.3 each have five and TaHsp16.9, has three 

(Fig. 4.1). Two of these Pro residues are conserved among the plant sHSPs studies here 

(Fig. 4.1). The number of Pro residues alone does not correlate with differences in 

chaperone activity, but perhaps the residue proceeding Pro or overall sequence context 

may account for differences, if the residue is indeed restricted to a specific conformation. 

This idea should be investigated further.  

The sHSP-substrate interaction is also reminiscent of aspects of the fly-casting 

mechanism of protein-protein interactions (Shoemaker et al., 2000). The fly-casting 

mechanism suggests that a partially unstructured protein has a higher capture radius for a 

partner protein compared to a structured protein. The unfolded protein forms weak 

contacts at a longer distance, sufficient to “reel” in the binding partner. The interaction 

between the two proteins may be strengthened once they are in close proximity. Certain 

aspects of this model apply to sHSP-substrate interactions. We know that the N-terminal 

arm of sHSPs is in a structurally flexible state. It could act to reach out and rapidly “grab” 

denaturing proteins before the exposed substrate hydrophobic surfaces interact with each 

other. We also know that the interaction between sHSP and substrate in the sHSP-

substrate complex is weak. In the presence of ATP-dependent chaperones sHSPs are able 

to release the substrate for subsequence refolding (Mogk et al., 2003). sHSPs may have 

evolved to rely on a conformational selection and fly-casting method of substrate 

interactions which is energetically weaker than the induced fit model. 
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Altering the kinetics of substrate aggregation affects chaperone efficiency 

 Along with properties of the N-terminal arm, I found that altering the rate of 

substrate aggregation can alter sHSP chaperone efficiency, with efficiency inversely 

correlated with the rate of substrate aggregation. Under slow aggregating conditions the 

ratio of sHSP monomers required for complete protection of Luc by AtHsp18.1 and 

TaHsp16.9 was decreased by > 2-fold (Fig. 4.8 A). TaHsp16.9 is still 4-fold less efficient 

than PsHsp18.1 or NtHsp18.3. However, by slowing the aggregation rate of Luc less 

flexible sHSPs may have more time to assume substrate-binding conformations. One 

reason that the efficiency of AtHsp18.1 and TaHsp16.9 is still lower may be that the 

sequence of the sHSP plays an additional role. One way to test this is to take the 

PsHsp18.1 N-terminal arm sequence and create multiple variants containing random 

sequence versions of the N-terminal arm, or at least of the highly variable region. If the 

positions of these amino acids affect chaperone efficiency it would be expected that some 

variants would fail to protect at wild-type ratios. On the other hand, if the amino acid 

composition, as opposed to the amino acid sequence, is responsible for efficient Luc 

protection, all the variants would be expected to protect more or less as efficiently as wild 

type. However, since the N-terminal arm is involved in stabilizing the oligomer, 

randomization of amino acids may disrupt the oligomer, and a more targeted approach is 

likely necessary. 

  When the rate of MDH was increased, TaHsp16.9 and AtHsp18.1 were only able 

to fully protect MDH at the high sHSP:MDH ratio of 8:1. There appears to be a 

correlation between the rate of substrate aggregation and efficiency of substrate 
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protection. However, it is clearly evident that multiple other factors contribute to 

chaperone efficiency of sHSPs. 

 In total these results suggest a sHSP-substrate binding relationship in terms of 

the aggregation rate of the substrate. Although it is not possible to derive specific values 

for the rate of substrate aggregation, a relative term of fast and slow aggregation can be 

used. These terms fit well within our non-equilibrium assay system, which measures final 

aggregation state of substrate.  
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CHAPTER FIVE: SIGNIFICANCE AND FUTURE DIRECTIONS 

 

 The results in this dissertation have generated a more detailed view of the 

mechanism of sHSP-substrate binding and of the organization of sHSPs and substrates in 

sHSP-substrate complexes. Further, I have attempted to understand the properties of the 

sHSP N-terminal arm that may contribute to chaperone efficiency and the effect of 

substrate aggregation rate on the ability of sHSPs to protect substrate. The impact of my 

results on some of the remaining questions and future studies in the field are discussed 

below. 

Identifying sHSP interaction sites on substrate  

As discussed in the introduction, little information is available on the direct 

interaction sites between sHSPs and substrate. Although it is generally accepted that an 

aggregation prone, molten globule state of the substrate is stabilized by sHSPs, high 

resolution structural information of the sHSP-substrate complex is lacking due the 

heterogeneity of complex assembly. How sHSPs recognize partially-denaturing 

substrates and why they bind to different forms (i.e. early vs. late unfolded) of 

destabilized substrate remain a mystery. Identifying sHSP recognition sites on the 

substrate will resolve some of these outstanding questions. 

As discussed already, the hydrogen/deuterium exchange profile of bound and free 

sHSP is equivalent, indicating that there are no differences in the amide hydrogen 

environment on the sHSP in the substrate-bound vs. free form (Cheng et al., 2008). 
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However, limited proteolysis, which probes the side chain environment, shows that 

bound sHSP is protected for longer periods of time than the unbound protein (Jaya, this 

work, Chapter 3). This apparent discrepancy may be attributed to the complex 

heterogeneity and fast on/off kinetics of the sHSP-substrate interaction. Although the 

sHSP-substrare complex is stable, individual side chain or backbone interactions in the 

complex may be transient, potentially confounding the identification of sHSP interaction 

sites on the substrate.   

The PsHsp18.1 site-directed Bpa variants are a valuable tool to capture direct 

sHSP-substrate interactions. As detailed in Chapter 2, we have established a collaboration 

with the Sinz group in Halle, Germany, to identify substrate-specific cross-linked 

peptides. Unfortunately, to date we have been unsuccessful in identifying cross-linked 

peptides. This failure may be attributed to the fact mass spectra were generated by 

MALDI-TOF/TOF-MS and the mass accuracies were in the 30 ppm range. The low 

accuracy makes it difficult to identify cross-linked peptides among multiple peptides with 

apparently similar masses. Recently, using my samples, the Sinz group was able to obtain 

high quality spectra with accuracies of <3ppm using an LTQ Orbitrap system (Thermo 

Scientific, Waltham, MA). Currently a graduate student in the Sinz group is analyzing the 

data using a combination of the cross-link identification software GPMAW, and Virtual 

MS lab. We are also investigating the option of analyzing the data via a pipeline 

generated by the Goodlett group at the University of Washington (Singh et al., 2008). 

The latter method utilizes the freely available program Popitam 



 254 

(http://www.expasy.ch/tools/popitam/) which is designed to identify peptides with post-

translational modifications of any defined mass using MS/MS data.  

Alternatively, we have begun to explore the option of generating site-directed Bpa 

variants in the substrate, using the model substrate MDH. We have obtained cDNA 

clones of MDH and have designed three constructs, two containing a N- or C-terminal 

His tag for ease of protein purification, along with a native construct. Currently DNA is 

available for an N-terminal His-tagged construct with MDH incorporated into the pJC20 

expression vector, which has been used successfully for sHSP expression. Once the 

modified MDH is expressed and purified, the presence of intact native secondary and 

tertiary structure will need to be verified. This can be accomplished by circular dichroism 

(CD) and tests of the specific activity of interconversion of  L-malate and oxaloacetate 

using b-NAD as a coenzyme. It is imperative that the native tertiary fold is maintained, 

since sHSPs protect a partially folded conformation. Because Bpa is a Phe analog, I 

would initially target the 11 Phe residues found at positions throughout the molecule and 

that exhibit different extents of HX when bound to the sHSP, including F90 (>80% 

deuterated in 5 sec), F130 (40-60%), F141 (40-60%), F155 (20-40%), F193 (>80%), 

F233 & F235 (0-20%) and F252, F262, F281 and F309 (>80 %). These Phe residues are 

located in regions that are solvent exposed as well as inaccesible in the sHSP-substrate 

complex. An interesting result would be to find that regions of MDH that are solvent 

exposed (as measured by HX) are the same regions that bind to sHSP. This would further 

support the idea that sHSPs bind substrate via short-lived interactions that are best 

detected if covalently captured. If Phe residues are not amenable to Bpa substitution, I 
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would choose other hydrophobic residues for substitution based on the MDH structure 

(PDB:1MLD). A control consisting of MDH alone cross-linked during the heat 

denaturation process would be informative. If MDH-MDH cross-linking was seen at 

positions where MDH also formed sHSP crosslinks it would indicate that the same 

surfaces involved in substrate aggregation are involved in binding sHSP. This is the 

predicted outcome, as the model for sHSP-substrate binding suggests that sHSPs interact 

with hydrophobic surfaces exposed during substrate denaturation. In the absence of 

sHSPs the hydrophobic surfaces of substrate interact leading to aggregation (van 

Montfort et al., 2001a). 

Determining the structure of sHSP-bound substrate  

HX (Cheng et al., 2008) and limited proteolysis data (Chapter 3) indicate that the 

sHSP-bound substrate has a stable core, while both the N- and C- termini are solvent 

exposed. A similar result is seen for destablized T4L mutants, however the structure of  

the sHSP bound T4L mutant is closer to the denatured state than to the native state 

(Claxton et al., 2008). A confounding factor of heat-induced chaperone assays is the 

inability to perform the necessary control of heating the substrate alone for comparison to 

substrate heated in the presence of sHSP, because in the absence of sHSP, thermally-

denaturing MDH interacts with itself to form an insoluble aggregate. However, I 

performed limited proteolysis on the insoluble MDH aggregate and, interestingly, the 

pattern of proteolysis was similar to the sHSP bound substrate (data not shown). This 

may be due to the fact that the same surface that is buried in the sHSP-MDH complex is 
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inaccessible in aggregates, and the N- and C-terminal regions are exposed in both the 

soluble sHSP-MDH complex as well as the insoluble aggregates.  

It is not possible to heat MDH alone and perform experiments to determine the 

thermal unfolding path of the protein as heating results in aggregation. To overcome this 

problem and gain insights into the thermal unfolding path of MDH, I suggest performing 

a virtual experiment in the form of a heated molecular dynamics simulation using the  

MDH atomic strucuture (PDB:1MLD). This will shed light on the unfolding path of the 

protein at 45 oC, the temperature at which sHSP-MDH complexes are formed, and predict 

the regions of the protein which unfold first in response to increased temperatures. This 

combined with the HX data will generate a more complete picture of a potential 

hydrophobic core that may be protected by sHSPs in the complex.  

sHSP chaperone function in vivo 

Identifying native substrates protected by sHSPs will further define the role of 

these chaperones in the quality control pathway. Published, as well as ongoing studies, 

have identified potential sHSP substrates protected in vivo (Basha et al., 2004; Haslbeck 

et al., 2004; Basha et al., unpublished). Potential substrate proteins identified to date 

belong to a broad set of biochemical pathways and have a wide range of strucutural 

properties. Therefore, substrate specificity has not been identified either in vivo or in 

vitro. In the case of Hsp42 and Hsp26, the two cytosolic sHSPs in Saccharomyces 

cerevisiae, it was determined that both proteins suppressed aggregation of about one third 

of the cytosolic proteins, and 90% of the substrates identified were protected by both 
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sHSPs. Accordingly, 10% of the proteins are unique to either chaperone, which suggests 

substrate specificity. However, the identity of these proteins was not determined and the 

authors suggest a general protective function of sHSPs in maintaining overall proteome 

stability in S. cerevisiae (Haslbeck et al., 2004).  

 Further in vivo sHSP functional studies are required to answer a number of 

outstanding questions. What is the significance of multiple genes coding for sHSPs in the 

same cellular compartment? Apart from a role as general proteome protectors, are sHSPs 

partial to a subset of proteins involved in essential cellular functions? How do sHSPs pass 

substrate to the ATP-dependent chaperone system?  

It is also worth considering that the in vitro interactions of PsHsp18.1 and model 

substrates reported in this dissertation do not address the critical issue of how sHSPs 

function as molecular chaperones in the context of the crowded cellular environment. 

Establishing an assay to capture direct interactions between sHSPs and in vivo substrates 

under stress conditions would generate information on sHSP-dependent substrates, 

especially if this is a relatively small subset of the proteome. PsHsp18.1 Bpa variants 

would be an ideal starting place. A useful preliminary study would include co-expressing 

PsHsp18.1 Bpa variants in E coli with one of the model substrates, either MDH or Luc, 

and determining if the same pattern of interactions are captured in the context of the 

crowded cellular environment as have been seen in vitro. Further co-expressing all three 

proteins, PsHsp18.1 and model substrates MDH and Luc, and determining if sHSP have a 

substrate specific interaction under heat-denaturing conditions will provide insight into 

whether sHSPs have substrate preference or interact with both substrates equally. 



 258 

Although neither MDH nor Luc are native substrates, I believe valuable in vivo substrate 

binding data can be obtained in experiments like these.  

A similar assay may be used with ATP-dependent chaperones to investigate the 

mechanism of substrate hand-off to the refolding machinery. These experiments may 

benefit from Bpa-labeled substrates, as data suggests that the Hsp70 system interacts with 

substrate, rather than the sHSP to extract substrate from sHSP-substrate complexes 

(Mogk et al., 2003). The hypothesis tested is, do ATP-dependent chaprones recognize the 

partially-denatured substrate or do these chaperones interact with sHSPs? This could be 

tested by forming the sHSP-substrate complex first in the presence of Bpa-labeled sHSP 

and then in the presence of Bpa-labeled substrate. The components of the Hsp70 

chaperone machinery would be added to the complex, allowed to react for a defined time 

and then the interaction captured by photocrosslinking. If Hsp70 interacts with substrate, 

the substrate carrying the Bpa probe should be covalently linked to Hsp70. If however, 

the sHSP interacts with Hsp70, a covalent interaction may be seen between the sHSP-Bpa 

variant and Hsp70. Multiple sHSP and substrate variants will need to be tested, as it is not 

possible to predict potential binding surfaces.  
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APPENDIX A: CHEMICAL CROSS-LINKING 

 
Initial studies aimed at defining the sHSP-substrate interaction sites were 

performed with chemical cross-linkers. A summary of cross-linkers tested, their 

properties and the experimental outcome is presented in Table 1. 1-Ethyl-3-[3-

dimethylaminopropyl]carbodiimide hydrochloride (EDC), a 0 Å heterobifunctional cross-

linker which forms covalent interactions via carboxyl to primary amines and 

Bis(Sulfosuccinimidyl)glutarate-d0 and d4 (BS2G-d0 & d4), a 7.3 Å, amine reactive 

cross-linker were chosen for subsequent experiments. Appendix A, Fig 1A shows a 

western analysis of a cross-linked mixture using PsHsp18.1 and the model substrate Luc. 

A defined cross-linked species consisting of both sHSP and Luc is captured under 

substrate denaturing conditions. This species has an apparent molecular weight of ~96 

kDa. The entire cross-linked mixture was analyzed by a MALDI/TOF on MS mode 

cross-links consist of 1sHSP+1Luc, 2sHSP+1Luc, 1sHSP+2Luc and 2sHSP+ 2Luc. A 

pipeline for identifying cross-linked peptides is shown in Fig. 2. At the time, sufficient 

resources were not available to analyze and identify cross-linked peptides, therefore 

chemical cross-linking was temporarily halted to investigate a cross-linking method 

based on site-specific incorporation of the photoactive probe, Bpa (Chapter 2). Since 

then, considerable advances in analyzing and identifying cross-linked peptides generated 

with chemical cross-linkers have been made, and it is worth revisiting this option. This 

may present additional information that cannot be obtained with Bpa crosslinking. 
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Table 1. Summary of  chemical cross-linkers tested to  identify the sHSP-substrate 

interaction and their properties.   

Multiple cross-linkers with varying specificities and distances were tested to capture the 

sHSP-substrate interaction. The cross-linkers of choice were BS2G and EDC. BS2G is 

available as heavy (deuterated, d4) and light (d0) analogs which are reacted 

simultaneously to yield cross-linked peptides that differ by 4 mass units. Peptide masses 

differing by 4 units unambiguously identify a crosslinked peptide. EDC has the 

advantage of being a zero-length, heterobifunctional cross-linker allowing the capture of 

protein-protein interactions found at very close proximity.  
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Table 2.1 Summary of sHSP-substrate cross-linking results.  
 
Cross-linker1 Reactive sites Length 

of linker 
(Å) 

Comments 

Glutaraldehyde Primary 
amines (Lys or 
N-term) 

11  Non specific high 
molecular weight 
(>200 kDa) species 

Cyanogen gas Replaces a salt 
bridge (Lys, 
Arg and Glu, 
Asp) 

0 No defined Cross-
linked product. Cross-
linked mixture is 
poorly separated over 
a 5-17% acrylamide 
gel. Coomassie Blue 
staining shows protein 
smearing similar to 
results analyzed by 
western blot. 

N-Succinimidyl iodoacetate (SIA) Amines to 
Sulfhydryls 

1.5 No substrate specific 
cross-links detected by 
western analysis. 

Sulfo-N-hydroxysuccinimidyl-2-
(6-[biotinamido]-2-(p-azido 
benzamido)-hexanoamido) ethyl-
1,3'-dithioproprionate (Sulfo-
SBED) 

Primary amine 
to any other 
functional 
group  

39.0 Non specific high mw 
species 

Sulfo-N-hydroxysuccinimidyl- 
Disuccinimidyl tartarate (Sulfo-
DST) 

Primary 
amines  

6.5 Low amount of 
substrate specific 
cross-linked product 

Bis(Sulfosuccinimidyl)glutarate-d0 
and d4 (BS2G-d0 & d4) 

Primary 
amines 

7.2 Deuterated linker. 
Gave a clearly defined 
cross-linked product. 
Ease of peptide 
identification by MS. 

1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide 
Hydrochloride (EDC) 

Carboxyl 
groups to 
primary 
amines 

0 Gives clearly defined 
CL product for 
multiple sHSP-
substrate 
combinations. No 
modification of sHSP 
or substrate necessary. 
Cross-links appear to 
be highly specific and 
few in number. 
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N-Sulfosuccinimidyl-6-[4´-azido-
2´-nitrophenylamino] hexanoate 
(Sulfo-SANPAH) 

Primary amine 18.2 Photoactivatable. 
Allows for a two step 
reaction where one 
protein is conjugated 
to cross-linker prior to 
forming a sHSP-
substrate complex. 
High molecular weight 
cross-linked product  

 
1 All chemical cross-linking reagents except glutraldehyde and cyanogen gas were 
purchased from Pierce (Thermo Fisher Scientific, Rockford, IL). Glutaraldehyde was 
purchased from Sigma (Sigma-Aldrich, St. Louis, MO). 
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Appendix A Fig. 1. Chemical cross-linking of PsHsp18.1-Luc complex yields defined 

sHSP-substrate cross-linked species.  

Western blot showing a specific cross-linked species between PsHsp18.1 and Luc. The 

molecular weight of oligomeric PsHsp18.1 is 216 kDa, the dimer is 36 kDa and the 

monomer is 18.1 kDa. The Luc monomer is 62 kDa. 12 uM PsHsp18.1 and Luc were 

mixed at a ratio of 12:1. The mixture, or each protein alone, were heated for 8 min @ 42 

oC and cross-linked with EDC at a ratio of 1:50 (total protein:EDC) at room temperature 

for the indicated amount of time. An untreated control of the mixture and each protein 

alone was prepared and cross-linked as indicated. The cross-linking reaction was 

quenched with SDS-sample buffer and separated by SDS-PAGE on duplicate 4-15% 

gradient acrylamide gels. A) Gels were probed with anti-Luc antibody and anti-

PsHsp18.1 antibody as indicated. The band present only in the heat-treated sample and 

not in the samples of substrate or sHSP alone was considered a cross-linked product 

(open boxes). B) Initial MALDI analysis of the undigested cross-linked complex reveals 

that the following cross-linked species are present; 1sHSP:1Luc, 2sHSP:1Luc, 

2sHSP:2Luc and 2 Luc.  
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Figure 2. Experimental scheme for isolating and identifying the intermolecular 

(between PsHsp18.1 and substrate) cross-linked peptides.  

Two different schemes are shown leading to either an in-gel or an in-solution digestion 

prior to analysis via MS.  
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APPENDIX B: SUMMARY OF PROTEOLYSIS EXPERIMENTS 

Table 1. Summary of proteolysis experiments to determine regions of sHSP and substrate protected in the presence and 

absence of a complex.  

 
sHSP+ 
substrate 

Conditions Analysis & Results: SDS-PAGE and MS (instrument)  

 
TRYPSIN- C terminus of Lys and Arg 
 
 
PsHsp18.(12 uM)  
+ MDH (5 uM) 

 
Trypsin: protein (w/w)1:10, 
1:50 and 1:100. Digestion: 
5,15,30,60,120,180 min. 
Optimal*: 1:50 trypsin: 
protein, 60min. 
Fragments of sHSP and 
MDH were identified by 
western analysis using 
PsHsp18.1 and MDH 
antisera.  

 
Finnigan LTQ Linear Ion trap (Thermo scientific, Waltham, MA) coupled 
to a Surveyor nanospray HPLC and autosampler. Separation on C18 
column (see Material and Methods for column dimensions) and data 
collected on MS mode. SDS-PAGE with Coomassie Blue staining. 
 
Results: 
sHSP; fragments were identified and cleavage sites mapped to sequence 
(data on Fig. 3.10).  
 
MDH; only the full-length mass was detected, fragments masses were not 
obtained.  

AtHsp18.1 (12 
uM)  
+ MDH (5 uM) 

            “ “ 

TaHsp16.9 (12 “ “ 



 268 

 

uM)  
+ MDH (4 uM) 

 
LYS C- C terminus of Lys 
 
PsHsp18.1 + 
MDH 
(12:5) 

 
Lys C: protein ratios of 
1:100, 1:50 and 1:20 
Digestion times: 5,15,30, 
60, 90, 120 min 
Optimal: 1:20 LysC: 
protein, 30 min  

 
Bruker Reflex III MALDI TOF (Bruker Daltonics, Bremen, Germany). 
SDS-PAGE with Coomassie Blue staining.  
 
Results: 
sHSP; one protected sHSP fragment in presence and absence of complex 
observed by SDS-PAGE. Fragment had m/Z of 17407.47 corresponding to 
cleavage at K152 (Fig 3.3B).  
 
MDH; None of the four MDH fragments were identified.  

 
AtHsp18.1 + 
MDH (12:5) 

        
         “ 

 
No MS data.  SDS-PAGE with Coomassie Blue stain. 
 
Results: 
 sHSP;  one protected fragment in the presence and absence of complex. 
AtHsp18.1 has a K152 similar to PsHsp18.1. (Fig. 3.3B). 
 
MDH; two protected fragments in complex and no proteolysis in the 
absence of complex.  

TaHsp16.9 + 
MDH (12:4) 

“ No MS data. SDS-PAGE with Coomassie Blue stain.  
 
Results: 
sHSP; no stable protected fragment. Full-length protein is protected for 
longer in complex. 
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MDH; two protected fragments in complex and no proteolysis in the 
native form. 

 
Chymotrypsin- C-terminus of bulky hydrophobics (Trp, Tyr, Phe). Leu, Met, Ala, Asp and Glu are 
cleaved at a lower rate. 
 
PsHsp18.1 + 
MDH (24:10) 

 
Tested: Chymotrypsin: 
protein ratios of 1:50, 1:100 
and 1:300 
Incubation times 15,30 and 
60min 
Optimal: 1:300 
chymotrypsin:protein. MS 
done on 15 and 30min 
samples. Limited 
proteolytic fragments were 
verified by western analysis 
using sHSP and MDH 
specific anti-sera 

 
Bruker Reflex III MALDI TOF and SDS-PAGE with Coomassie Blue 
stain.  
 
Results:  
sHSP; 15 min. time point data of sHSP in complex gives two fragments at 
18,165 (full-length) and 17367 (F7/F8-G158). sHSP not in complex gives 
three fragments at 18,165 (fl), 17,274 (F7/F8-G158) and 16,542( F16-
G158). 30 min time point data of sHSP in complex yields three fragments 
at 18,165 (fl), 17,367 (F7-G158) and 13,871 (L37-G158). sHSP not in 
complex gives two fragments at 17,367 (F7-G158) and 13,871 (L37-
G158).  
 
MDH; MDH in complex has two stably protected fragments, however 
these were not seen by MALDI. 
 

PsHsp18.1+ Luc 
(24:6) 

1:100 and 1:200 
chymotrypsin:protein 
(w/w) ratios with 15 and 
30min timepoints 

SDS-PAGE with coomassie stain.  
 
Results: 
sHSP;  full-length protein is protected in complex.  
Luc; unlike MDH, Luc undergo proteolysis in the native form. Four 
protected fragments migrating at similar positions are found in Luc in the 
presence and absence of complex. Two unique protected fragments are 
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found in the absence of complex 

 
AtHsp18.1 + 
MDH (24:10) 

 
Same conditions as above 
but no western data.  

SDS-PAGE followed by Coomassie blue stain. 
 
Results: 
sHSP; full- length sHSP is protected in complex. 
 
MDH; two stably protected fragments are seen for MDH.   
 

TaHsp16.9+  
MDH (24:8) 

“  “  

 
Arg C- C-terminus of Arginine 
 
 
PsHsp18.1 + 
MDH (12:5) 

 
Optimal concentration is 
1:50 ArgC:protein (w/w) at 
30 and 60min 

 
SDS-PAGE followed by Coomassie  Blue staining. No MS data. 
 
Results: 
sHSP; one protected fragment in the presence and absence of complex. 
Full-length form is protected in the complex 
 
MDH; no protected MDH fragments in complex however MDH in 
complex disappears overtime. No proteolysis of native MDH 
 

AtHsp18.1 + 
MDH (12:5) 

“  “  
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Glu C- C-terminus of Glutamic acid 
 
 
PsHsp18.1 + 
MDH (12:5) 

 
Optimal concentration is 
1:20 GluC:protein (w/w). 
30 and 60 min timepoints 
were tested. 

 
No MS data. SDS-PAGE with Coomasie Blue staining. 
 
Results: 
sHSP;  no protected fragment, in the absence of complex full length sHSP 
disappears rapidly. 
 
MDH; three protected MDH fragments with no full-length protein 
protected in complex even at 30min. No proteolysis of native MDH.  

AtHsp18.1 + 
MDH (12:5) 

            “        “ 
 
 

 
Thermolysin- C-term of hydrophobic residues 
 
 
PsHsp18.1 
+MDH (12:5) 

 
Optimal concentration is 
1:200 thermolysin: protein 
(w/w). 5,15, 30 min tested 

 
No MS data. SDS-PAGE with Coomassie Blue staining. 
 
Results: 
sHSP; No stable proteolytic fragments. Protein disappears overtime. 
 
MDH;  No stable proteolytic fragments. Protein disappears overtime. 
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* Optimal Concentration is defined as the ratio of protease:protein which resulted in stable proteolytic product detectable by 
Coomassie blue staining. 

 
AspN- N-terminus of Aspartic acid 
 
 
PsHsp18.1 
+MDH (12:5) 

 
Optimal concentration is 
1:100 AspN:protein (w/w). 
30 and 60 min tested  

 
No MS data. SDS-PAGE with Coomassie Blue staining.  
 
Results: 
sHSP; No stable proteolytic fragments. Protein disappears overtime. 
 
MDH; No stable proteolytic fragments. Protein disappears overtime. 
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APPENDIX C: INCLUSION LISTS OF BIOTIN MODIFIED PEPTIDES 

 
Table 1: Inclusion list of potential peptides generated from a trypsin/chymotrypsin double 
digest of sHSP. Although the inclusion list can be generated theoretically, the inclusion 
list used in these experiments was generated after analyzing the masses of peptides from 
three separate MS runs. I have found the latter inclusion list to be more complete as it 
takes into account other commonly occuring modifications such as cysteine 
carbamidomethylation (+57) and methionine oxidation (+16). Although a theoretical list 
can be generated which includes these modifications, the parameters used to generate the 
list would result in peptides with only carbamidomethylated cysteines or oxidized 
methionies. 
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Table 2: Inclusion list of potential peptides generated from a trypsin/chymotrypsin double 
digest of MDH. Unlike Table 1, only the observed masses are shown as this is the 
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parameter used for detection of modified peptides. The inclusion list was generated after 
analyzing the masses of peptides from three separate MS runs 
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APPENDIX D: OPTIMIZATION STUDIES FOR BIOTIN LABELING 

EXPERIMENTS 

Initial biotin labeling conditions 

The conditions under which sHSP and substrate complexes were generated were 

not altered as these resulted in complete protection of MDH from heat-induced 

aggregation while incorporating all of MDH and nearly all sHSP into the complex as 

determined by SEC (Fig 3.15). Briefly, 12 uM PsHsp18.1 was mixed with MDH at a 

molar ratio of 2.4:1 (sHSP:MDH) and incubated at room temperature or at 45 oC for 120 

min to form complexes. A sample fragmentation spectra for a biotin modified MDH 

peptide and the corresponding unmodified peptide is shown in Fig. 1. 

Four experiments were performed to optimize labeling conditions and determine 

the parameters under which maximal differences between free sHSP and substrate and 

sHSP-substrate complex could be obtained. The first experiment shown as #1 in Table 1 

and 2 were biotin labeled for 60 min at room temperature. Although modified sHSP 

peptides were detected, hardly any modified MDH peptides were detected by MS 

analysis. Therefore experiment #2 was performed with a longer labeling time of 105 min. 

This yielded sufficient modified peptides from both proteins. Experiment #3 was a 

timecourse designed to generate information on solvent accessibility of modifiable 

residues over a two hr time period beginning with 30 min and ending with 120 min with 

half hr increments. The MS results from this study showed that I was not getting 

consistent coverage of modified residues as these residues appeared and disappeared 
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from one timepoint to another. I would expect that a residue modified at 30 min would 

remain modified at longer timepoints, because the population modified should increase 

with time. Even if the population of modified residues did not increase with time, I would 

still expect to see the same modified residue over time, because timepoint aliquots were 

taken from the same reaction tube. This discrepancy lead us to generate an inclusion list 

which guarantees that a peptide found in low abundance (usually the case with modified 

residues) would be  fragmented if the mass matched one of the masses on the inclusion 

list (See Chapter 3, Optimizing condition for biotin labeling studies). This experiment 

also showed me that most of the modifiable sHSP residues were labeled by the 30 min 

time point and lower time points were needed to establish differences in labeling 

overtime. Experiment #4 was performed to determine if differences in biotinylation could 

be seen if labeling was done at 45 oC. 
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Figure 1. Example of a MDH peptide in the presence and absence of a biotin 

modified lysine.  

A) A Scaffold output file of peptide IQEAGTVVKAK (aa 206-217 with K215 containing 

an additional biotin group). Data is shown as relative intensity vs. M/Z. The biotinylated 

K is indicated as a addition of 226 in both the y (mass shift between y3 and y2 

corresponds to biotinylated lysince) and b ion (mass shift between b9 and b10) series. B) 

Fragmentation pattern of the corresponding unmodified peptide. The peptide shown only 

containes the aa 206 to 215 since the unmodified lysine is cleaved during trypsin 

digestion  
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Table 1 Summary of modified residues in MDH from a series of biotinylation studies 
 

Labeled 
@RT (1) 

Labeled 
@RT (2) 

Biotinylated for the indicated times @ 
RT (3)  

Labeled  
@45OC (4) 

Labled @ 
RT (4) 

Labeled 
@RT 
(4) 

602 105 30 60 90 120 5 15 30 30 30 

Position 
of K1 

ans all 
modifie
d 
residues C3 F4 C  F C F C F C F C F C C C C F 

K2   X X X X X X X X X X      
S17   X  X    X  X   X X   
K21     X  X  X  X  X X X X  
T37              X X   
T52      X            
K54     X X X X   X X  X X   
K67    X X X          X  
K81      X            
S117     X X X X X X X X      
S122        X  X  X      
K132                  
K133   X X X X X X X X X X X X X X X 
K141     X  X X X X X X     X 
K164   X X X X X X X X X X X X X X  
K182                  
S188      X  X          
K191     X  X X X X X X      
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Table 1 –continued 
 
K215  X X X X X X X X X X X X X X X  
K217     X  X   X X X X X X  X 
K245                  
S252          X  X      
K255        X          
K272   X  X X X X X  X X      
K273 X  X X X X X X X X X X X X X X X 
K283     X X X X X X X X  X X X X 
S285     X X X X X X X X  X X  X 
K290   X X    X X X X X     X 
K300    X X  X X X X X X X X X X X 
K304     X X X X   X X      
K305  X X X X X X X X X X X X X X X X 
K311 X  X X X  X X X X X X X X X X X 
 
1 Biotin has the capacity to modify primary amines of lysines, therefore all lysines in MDH are listed. In contrast, biotin is 
known to modify certain serines and threonines depending on the chemical environment of the OH side group (Gabant et al., 
2008). Only the modified serines and theronine are listed.  
2 The labeling times are listed in minutes  
3 C= sHSP+substrate complex formed by mixing sHSP+ MDH at a ratio of 2.4:1 and heating for 120 min at 45 oC 
4 F= Absence of complex, both proteins are mixed at a ratio of 2.4:1 and left at room temperature.   
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Table 2 Summary of modified residues in sHSP from a series of biotinylation studies 
 

Labeled 
@RT (1) 

Labeled 
@RT (2) 

Labeled @RT (3) Labeled @ 
45 oC (4) 

Labeled 
@ RT 
(4) 

Labeled 
@ RT (4) 

602 min 105  30  60 90 120 5 15 30 30 30 

Position 
of 
modifie
d 
residue1 C3 F4 C F C F C F C F C F C C C C  
S2 X X X X   X X X X X X      
K28                  
S50                  
T51     X             
K56 X X X X     X    X X X   
K65  X X X    X  X  X X X X   
K72    X X X X X X X X X X X X X X 
K73 X X X X X X X X X X X X X X X X X 
K77    X           X   
S93     X X  X X X X X      
K96  X  X X X X X X X X X X X X X X 
K99 X X X X X X X X X X X X X X X X X 
K112 RN 

D5 
RN
D 

RN
D 

R
N
D 

R
N
D 

R
N
D 

R
N
D 

RN
D 

R
N
D 

R
N
D 

R
N
D 

RND R
N
D 

R
N
D 

R
N
D 

RND RND 

K124 X X X X   X X X X  X X X X   
K127  X  X    X  X  X      
K129  X X X X X X X X X X X X X X X X 
K143        X    X      
K147  X X X    X    X X X X X X 
K148  X  X   X   X X X      
T149    X              
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K152   X               
S153  X              X X 
S157        X          
 
1 Sulfo-NHS-Biotin can modify the primary amines of lysines, therefore all lysines in PsHsp18.1 are listed. Biotin is known to 
modify certain serins and threonines depending on the chemical environment of the OH side group (Gabant et al., 2008). Only 
the modified serines and threonines are listed. 
2 Lebeling times are listed in minutes. 
3 C = sHSP + MDH complex formed by mixing sHSP and MDH at a ratio of 2.4:1 and heating for 120 min at 45 oC. 
4 F = Absence of complex, both proteins are mixed at a ratio of 2.4:1 and incubated at room temperature. 
5 RND, the peptide containing K112 is never detected by MS since the peptide contains only 4 amino acids.
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