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EXAMINATION OF THE DYNAMIC ASSEMBLY MECHANISM OF E. COLI CLPA 

ELIZABETH DURAN 

CHEMISTRY 

ABSTRACT 

E. coli ClpA is an AAA+ (ATPase Associated with diverse cellular Activities) 

chaperone that catalyzes the ATP-dependent unfolding and translocation of substrate 

proteins targeted for degradation into a protease, ClpP. ClpA, like many other AAA+ 

proteins, assembles into a hexameric ring competent for binding polypeptide substrate 

clients in the presence of ATP. Each ClpA protomer contains two nucleotide binding 

domains, NBD1 and NBD2. Recently, our lab applied hydrodynamic techniques to 

quantify the self-assembly mechanism of a closely related AAA+ chaperone, E. coli ClpB. 

Here we apply the techniques and analysis from that work to investigate the nucleotide-

linked self-assembly mechanism of ClpA. In this work, sedimentation velocity studies are 

used to quantitatively examine the ClpA self-assembly mechanism in the absence of 

nucleotide for wild type ClpA (ClpAWT) and various ClpA variants shown to be deficient 

at hydrolyzing ATP at one or both NBDs. We observe differences in the resulting self-

assembly equilibrium constants obtained for ClpAWT relative to that obtained for each 

ClpA variant. In that work we showed that changes to the primary sequence of the proteins 

could perturb the assembly mechanism. Sedimentation velocity studies were also 

performed on ClpA in the presence of ATP using variants deficient in ATP hydrolysis at 

both NBDs. The stoichiometry and affinity of nucleotide binding to NBD1 and NBD2 are 

revealed by examining the dependence of the apparent association equilibrium constants 
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on nucleotide concentration. In this work we show that in the presence of ATP, ClpA 

resides in a distribution of monomers, dimers, tetramers, hexamers, and dodecamers. 

Average stoichiometries and affinity for ATP binding to each oligomer are revealed from 

modeling the apparent equilibrium constant for dimerization, tetramerization, 

hexamerization, and dodecamerization of ClpA as a function of free nucleotide 

concentration.  
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CHAPTER 1 

INTRODUCTION 

 ATPases associated with diverse cellular activities (AAA+ proteins) carry out 

myriad regulatory and post-translational quality control functions necessary for proper 

proteome maintenance in all organisms (1-3). The functions catalyzed by many AAA+ 

enzymes center around the regulation of protein folding pathways to prevent or correct 

protein misfolding. In the densely packed environment within cells, proteins can unfold or 

misfold in response to cellular stress, such as exposure to extremes of temperature, pH, or 

chemical toxins. Left unregulated, the exposed hydrophobic regions of unfolded proteins 

can nonspecifically interact with various components of the crowded cellular environment 

leading to the formation of protein aggregates.  

In humans, protein aggregates have been linked to a number of intractable diseases 

such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and type II 

diabetes (4). To reverse or prevent the formation of toxic protein aggregates, cells of 

various organisms have evolved a number of protein quality control mechanisms involving 

AAA+ molecular chaperones. Detailed characterization of these molecular mechanisms is 

in large part spurred by an interest in developing effective therapeutics to prevent or delay 

the onset of protein aggregation-linked diseases.  

In this dissertation, we focus on the relevance of characterizing the self-association 

mechanisms of a subclass of AAA+ molecular chaperones to understand the molecular 
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basis for their protein quality control mechanisms of action. To this end, we first review 

the structure and function of three closely related AAA+ molecular chaperones: ClpA, 

ClpB, and Hsp104. These three proteins belong to a subclass of the AAA+ superfamily of 

proteins known as Clp/Hsp100 (5, 6). In this review, we identify the challenges inherent in 

studying the molecular basis of the two major protein quality control functions catalyzed 

by these molecular chaperones: protein unfolding and protein remodeling.  

As described in Chapter 2, characterizing the population of chaperone-associated 

complex that catalyzes substrate unfolding or remodeling is one important aspect of 

designing experiments to study ClpA, ClpB, and Hsp104. These proteins function as 

hexameric rings and often work with various binding partners (for review see Chapter 2 

and (3, 7, 8)). In addition, ATP hydrolysis drives both the oligomeric assemblies of these 

AAA+ chaperones as well as the substrate unfolding or remodeling reaction catalyzed by 

the chaperone. Therefore, in order to measure the concentration of the complex catalyzing 

substrate unfolding/remodeling, we need to determine the equilibrium constants for the 

protein-protein interactions involved in forming the complex. Specifically, this requires the 

equilibrium constant for the formation of the biologically active oligomer of the AAA+ 

protein and the equilibrium constant for the binding between that oligomer and any 

associated co-chaperones.   

In the second part of this dissertation, Chapters 3 and 4, we present strategies for 

quantifying the dynamic self-assembly mechanism of ClpA in the absence or presence of 

ATP. In addition, we examine whether changes to the primary sequence of the protein, that 

is introducing mutations often used to study these AAA+ molecular chaperones, perturbs 

the assembly mechanism. The hydrodynamic techniques and analysis described can be 



3 
 

broadly applicable to similarly complex assembly mechanisms of other AAA+ molecular 

chaperones. To understand the relevance of these pursuits, we briefly review the overall 

mechanisms of AAA+ unfoldases and disaggregases in the context of protein quality 

control.  

AAA+ Molecular Chaperone Catalyzed Protein Quality Control 

AAA+ molecular chaperones involved in protein quality control mechanisms 

function in two major pathways that either prevent or reverse the formation of protein 

aggregates. One of these is the targeted substrate unfolding and subsequent degradation by 

energy dependent molecular chaperone systems (7). In these systems, the AAA+ chaperone 

associates with a compartmentalized protease. Multiple rounds of ATP binding and 

hydrolysis catalyzes allows to chaperone to apply physical force on the substrate for the 

purpose of unfolding it (9-11). In the presence of the partner protease, unfolded substrates 

are handed off from the molecular chaperone to the protease for degradation.  This is 

achieved through a conserved structural homology in which the AAA+ motor protein 

flanks one of both ends of the proteolytic component.  

In prokaryotes the AAA+ proteins ClpA, ClpX, and ClpC interact with the protease 

ClpP forming ClpAP, ClpXP, and ClpCP complexes (12). Polypeptide substrates 

recognized and bound by the AAA+ motor are translocated into a central cavity of the ClpP 

protease for degradation. The same structural organization is found in archea where the 

AAA+ motor proteins PAN and Cdc48 interact with the 20S protease, and in the much 

more complex eukaryotic energy dependent protease, the 26S proteasome (13-15).  
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An alternative strategy for regulating the formation of protein aggregates, is 

achieved by AAA+ molecular chaperones that function as disaggregation machines 

capable of rescuing proteins from an aggregated state (16). The first of these disaggregases 

to be identified was the yeast molecular chaperone Hsp104 (ClpB in bacteria) (17, 18). 

Hsp104 in collaboration with the Hsp70 and Hsp40 co-chaperone system (DnaKJE co-

chaperone system in bacteria), has been shown to solubilize proteins from an aggregated 

state and restore their function once freed from the aggregate (17).   

Despite extensive research since the discovery of molecular chaperones involved 

in energy dependent protein degradation and disaggregation in the 1990s, the underlying 

molecular mechanisms remain incompletely understood. Key questions regarding 

polypeptide substrate recognition, the coordination of nucleotide binding and hydrolysis to 

polypeptide substrate processing, and the effects of co-chaperones on those activities 

remains unclear.  

One question that remains contested in the field is, what are the differences in the 

molecular mechanisms between substrate unfolding and substrate disaggregating 

chaperones? The structural similarities between AAA+ Hsp100 unfoldases (ClpA, ClpX, 

Cdc48) and the disaggregases (ClpB, Hsp104) have formed the basis for hypothesizing that 

protein disaggregation and unfolding proceed through a common mechanism whereby 

polypeptide substrate is completely threaded through the axial channel of the ring-like 

hexameric structure of the chaperone (5, 19). Yet, recently emerging asymmetric spiral 

hexamer structures captured with higher resolution techniques are revealing the possibility 

that the disaggregases undergo conformational switching between axial and asymmetric 

ring structures (20, 21). These findings may lend support for partial (non-processive) 
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threading as opposed to complete (processive) threading models for disaggregation. 

Findings from our lab support a model of non-processive translocation for ClpB catalyzed 

substrate processing. In this model, ClpB takes one to two steps on the polypeptide 

substrate before falling off (22). This mechanism would allow for the possibility of falling 

off and rebinding on several parts of an aggregate to achieve disaggregation. A similar non-

processive translocation mechanism is emerging from our lab for the disaggregation 

catalyzed by Hsp104 (Weaver, et. al., manuscript in preparation). The new structural data 

have spurred interest in re-examining of the complete threading model and created a need 

to develop experimental designs to test newly emerging hypothesis.  

Importance of Characterizing the Macromolecular Assembly State of AAA+ 
Molecular Chaperones 

Incomplete characterization of the assembly state of AAA+ chaperones remains a 

barrier to answering many of the remaining questions for understanding their molecular 

mechanisms. In previous studies on ClpB assembly, our lab has shown that ClpB resides 

in a dynamic equilibrium of various oligomers in the absence and presence of ATP (23, 

24). Using absorbance sedimentation velocity techniques, we similarly observe that ClpA 

resides in a mixture of oligomeric states in the absence of nucleotide (25, 26). Yet, most of 

the studies designed to characterize the molecular mechanism of polypeptide substrate 

recognition and processing by these AAA+ molecular chaperones do not account for the 

complex macromolecular assembly state.  

Previous characterizations of ClpA assembly have largely relied on gel filtration 

assays to characterize the formation the hexameric population. For example, Kress and co-

workers designed experiments to examine the ATPase activity of each NBD during ClpA 
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catalyzed substrate unfolding (27). For this purpose, they designed ClpA variants shown 

to be inactive in ATP hydrolysis at NBD1 or NBD2. In order to assess whether the 

mutations incorporated at each NBD disrupts ClpA assembly, the authors observe that the 

ClpA variants form hexamers capable of interacting with ClpP using analytical gel 

filtration assays. The problem with this analysis is that the observation of oligomers at a 

fixed concentration of protein and nucleotide does not preclude the possibility that the 

assembly is perturbed by the mutations. In this and a similar study designed to test the 

differences in ATPase activity of each ClpA NBD in the absence and presence of ClpP, the 

hexamer concentration is calculated by dividing the monomeric concentration by six (28). 

If the concentration of ClpA does not depend linearly on the concentration of ATP, then 

this method of determining the concentration would lead to an overestimate for the 

hexameric population. This in turn would lead to errors in the reported Michaelis-Menten 

parameters resulting from the steady state ATPase analysis. In order to investigate the 

nature of the ATP dependence for oligomerization of ClpA, we perform a 

thermodynamically rigorous examination on the self-assembly of ClpA in the absence and 

presence of ATP (Chapter 3 and Chapter 4, respectively).  
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ABSTRACT 

Cellular proteostasis involves not only the expression of proteins in response to 

environmental needs, but also the timely repair or removal of damaged or unneeded 

proteins. AAA+ motor proteins are critically involved in these pathways. Here, we review 

the structure and function of AAA+ proteins ClpA, ClpB, and Hsp104. ClpB and Hsp104 

rescue damaged proteins from toxic aggregates and do not partner with any protease. ClpA 

functions as the regulatory component of the ATP dependent protease complex ClpAP, and 

also remodels inactive RepA dimers into active monomers in the absence of the protease. 

Because ClpA functions both with and without a proteolytic component, it is an ideal 

system for developing strategies that address one of the major challenges in the study of 

protein remodeling machines: how do we observe a reaction in which the substrate protein 

does not undergo covalent modification? Here, we review experimental designs developed 

for the examination of polypeptide translocation catalyzed by the AAA+ motors in the 

absence of proteolytic degradation. We propose that transient state kinetic methods are 

essential for the examination of elementary kinetic mechanisms of these motor proteins. 

Furthermore, rigorous kinetic analysis must also account for the thermodynamic properties 

of these complicated systems that reside in a dynamic equilibrium of oligomeric states, 

including the biologically active hexamer. 

  



9 

INTRODUCTION 

The central dogma of molecular biology tells us that proteins are constantly being 

produced by the cell upon exposure to environmental stresses, nutrients, and metabolites. 

For example, if we expose cells to a source of lactose we know that synthesis of all of the 

proteins responsible for lactose metabolism will be upregulated in response. However, the 

central dogma does not address what happens to those gene products when the lactose is 

gone. Indeed, the cytosol is a protein rich environment. However, every protein that was 

produced to respond to stimuli cannot persist in the cytosol when the stimuli are removed 

and the protein is no longer needed. Rebinding of repressors and removal of the mRNA are 

two aspects of this. Yet stemming the flow of nascent protein does not address the manner 

in which they are removed when new and different proteins are needed.   

Generally, longer-lived proteins are sequestered into lysosomes for degradation. 

Shorter-lived proteins are degraded in the cytosol. The presence of a PEST region (region 

rich in proline, glutamate, serine, and threonine) has been associated with shorter protein 

half-lives.(1) The N-end rule, proposed in the 1980s and expanded upon since then, 

proposes that certain amino terminal residues promote ubiquitination in eukaryotes and 

proteolysis, two ATP-dependent processes occurring within the cytosol.(2) Over all, 

cytosolic proteins can have half-lives ranging from minutes, to hours, to days (for reviews, 

see(3, 4) ).  

Proteolysis in the cytosol is a potentially dangerous activity for the cell, so removal 

of proteins that are no longer required presents a challenge. The cell cannot have 

unregulated proteolysis running rampant in the cytosol. Unregulated proteolysis in the 
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cytosol would deplete necessary, active proteins. In fact, because dysregulation of cytosolic 

proteases is deadly to cells, it has been explored as an antibacterial strategy (5, 6).  

The challenge of regulating proteolysis in the cytosol is met by ATP dependent 

proteases, for review see (7). However, what is the requirement for ATP in ATP dependent 

proteolysis? Peptide bond cleavage is exergonic. Proteases do not require an energy source 

to catalyze proteolysis. For example, serine proteases, cysteine proteases, aspartic 

proteases, etc. simply bind to a polypeptide chain and cleave the peptide bond. AAA+ 

(ATPases associated with a variety of cellular activities) motors and ATP serve as the 

regulators of proteolytic activity in the protein rich environment of the cytosol.  

Across species, ATP dependent proteases are composed of a barrel shaped protease 

with proteolytic active sites lining the interior cavity (for review see (8, 9)). These active 

sites are accessible by a pore on each end of the barrel that is too small for folded proteins 

to enter without first being unfolded. Certain AAA+ hexameric ring motors associate with 

each end of the barrel and couple the energy from ATP binding and hydrolysis to 

processive translocation of a polypeptide chain through the axial channel of the hexameric 

ring and into the proteolytic cavity of the protease. Thus, the energy source in an ATP 

dependent proteolytic reaction serves to both unfold the protein and processively 

translocate the unfolded polypeptide chain into the proteolytic chamber.   

The 26S proteasome in humans and bacterial ClpAP are examples of ATP 

dependent proteases. ClpA is a AAA+ motor protein that contains two ATP binding sites 

per monomer and assembles into hexameric rings. These hexameric rings bind to one or 

both ends of the tetradecameric serine protease ClpP to form ClpAP. ClpA catalyzes 
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protein unfolding and translocation of the polypeptide chain into the proteolytic cavity of 

ClpP.   

Like proteases in the cytosol, enzyme catalyzed protein unfolding in the cytosol is 

potentially dangerous for the cell. However, this function emerges, or putatively emerges, 

in many biological contexts. For example, both ClpA and ClpX, another AAA+ motor that 

associates with ClpP, catalyze “protein remodeling” reactions in the absence of the 

proteolytic component, ClpP. ClpA remodels an inactive dimer of RepA into two active 

monomers (10) and ClpX remodels the highly salt-stable MuA transposase (11, 12) to 

induce dissociation from DNA. More recently, mitochondrial ClpX was reported to 

partially unfold ALA synthase in a tranlocation-depedent mechanism to facilitate pyridoxal 

phosphate cofactor binding during heme biosynthesis(13). Although it is well established 

that both ClpA and ClpX processively translocate a substrate into ClpP for the purposes of 

proteolytic degradation, it is not clear if the motors fully translocate a substrate during 

protein remodeling reactions. Thus, the question remains; do the motors need to fully 

translocate a substrate to catalyze such protein remodeling reactions? Furthermore, do they 

use the same elementary mechanisms to translocate substrates for proteolytic degradation 

as they do for protein remodeling reactions?   

The AAA+ motors Katanin (14) and Spastin (15) catalyze microtubule severing.  

Microtubule severing could also be classified as a protein remodeling reaction. It is thought 

that Katanin and Spastin catalyze this reaction by binding to unstructured tails on  and 

-tubulin (16). Then, using the energy from ATP, they either fully or partially translocate 
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the tubulin molecule through their axial channel. Once a monomer of tubulin is removed 

from the microtubule, a severing event occurs.   

The N-ethylmaleimide-sensitive fusion protein (NSF) is a AAA+ motor involved 

in vesicle fusion (17-20). Specifically, the protein is responsible for disassembly of tightly 

associated SNARE proteins. NSF may also catalyze partial or complete 

unfolding/translocation in the process of dissembling the SNARE complex. 

The AAA+ motors bacterial ClpB and yeast Hsp104 have the unique ability to 

recognize and disrupt protein aggregates in vivo. It has been hypothesized that these 

enzymes processively translocate a polypeptide chain out of a protein aggregate and 

through their hexameric ring structure (21, 22). However, more recent results suggest that 

complete translocation may not be the case (23).   

One common thread among Katanin, Spastin, NSF, ClpB, and Hsp104 is that they 

do not interact with a protease and they are not, themselves, proteases. Thus, they do not 

covalently modify the substrate on which they operate. This lack of proteolytic activity 

leads to a technical barrier in addressing the question of whether these enzymes pass a 

polypeptide chain through their axial channels fully or partially. This is, in part, because 

unfolding alone is not evidence for complete passage. A number of studies have used GFP 

and its variants to examine the unfolding reaction (24, 25). However, it remains unclear 

how much of the GFP tertiary structure needs to be unfolded before the fluorescence is 

extinguished. Thus, loss of fluorescence does not allow one to conclude that complete 

translocation has occurred.   
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Complete proteolytic degradation catalyzed by ClpP is the evidence for complete 

translocation catalyzed by ClpA and ClpX. Much of what has been learned about 

translocation catalyzed by ClpA and ClpX has been determined from observing proteolytic 

degradation catalyzed by the protease, ClpP, in ClpAP and ClpXP, respectively. However, 

this leads to the question; do the motors catalyze processive translocation the same way in 

the absence of the proteolytic component as they do in its presence? Determining the 

mechanism of complete translocation catalyzed by ClpA or ClpX without covalent 

modification of the substrate presents the same technical difficulties as those articulated 

for any of the other AAA+ motors mentioned so far, i.e. the substrate on which they operate 

is not covalently modified.   

This review is focused on efforts to examine polypeptide translocation catalyzed 

by AAA+ motors in the absence of proteolytic degradation. We have sought to develop a 

set of tools that would allow us to use transient state kinetics to examine the elementary 

kinetic mechanism of enzyme catalyzed protein unfolding and translocation. Specifically, 

we sought to determine the elementary rate constants as well as the step-size (distance per 

step) that define the elementary mechanism of translocation. To this end, the work began 

with developing strategies to examine ClpA since it was known to be a processive 

translocase. The work has continued by applying these approaches to the protein 

disaggregating machines ClpB/Hsp104. However, the work quickly revealed that in order 

to fully interpret the kinetic mechanistic observations a number of questions regarding the 

energetics of assembly and ligand binding required attention. These issues are discussed 

below, building on an overview of the structure of these proteins. 
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STRUCTURAL FEATURES OF CLPA, CLPB, AND HSP104 

Primary through tertiary structure 

ClpA, ClpB, and Hsp104 share similarities that have formed the basis for their 

classification. They are members of the AAA+ superfamily that are further classified as 

Hsp100 proteins for their roles in coupling ATPase activity to changes in the folding and/or 

assembly of substrate clients (Schirmer et al., 1996; Neuwald et. al., 1999). Hsp100 

members are partitioned into two classes based on the number of nucleotide binding 

domains (NBDs) contained per monomeric unit. Class I proteins, such as ClpA, ClpB, and 

Hsp104, contain two NBDs while Class II proteins, such as ClpX, contain a single NBD 

per monomer. In the presence of ATP, these proteins assemble into homohexameric ring-

like structures that perform their chaperone activity. ATP binding and hydrolysis occur at 

canonical Walker A and B motifs contained within each nucleotide binding domain (26).  

The protomer structures of ClpA, ClpB, and Hsp104 have been reported from 

various organisms in various nucleotide-bound states. In the case of ClpA, the monomer 

structure has been reported from Escherichia coli ClpA in the ADP-bound state (27). For 

the disaggregases, atomic resolution crystal structures have been reported for Thermus 

thermophilus ClpB in the AMPPNP-bound state (28) and for Chaetomium thermophilum 

Hsp104 in complex with ADP (29). Comparison of the available protomer structures 

(Figure 1A) as well as the primary sequences of the three motors, highlights their shared 

structural features. In general, each monomer is made up of an N-domain, nucleotide 

binding domains 1 (NBD1) and 2 (NBD2) joined by a linker region, and a C-terminal 

domain. The residues that separate the Walker A and Walker B motifs in each NBD have 

been modeled to form a loop that extends into the axial channel of the hexameric ring 
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structures. Evidence from multiple studies has implicated conformational changes of these 

residues with ATP hydrolysis at each NBD in the mechanism of polypeptide substrate 

translocation by ClpA, ClpB/Hsp104, as discussed below in Sections 3 and 4, as well as 

other AAA+ motors (21, 30-35). As shown in Figure 1B, single particle reconstructions of 

the hexamer structures for the three motors predict similar arrangements of each domain 

within the quaternary structure. This structural similarity, in part, formed the basis for the 

hypothesis that ClpA, ClpB, and Hsp104 operate on substrate proteins through a shared 

mechanism.  

ClpB and Hsp104 share an important structural feature that ClpA lacks. There is a 

middle domain (MD) located within the C-terminal end of NBD1 (Figure 1 A). In the 

tertiary structure, this region adopts a coiled-coil fold, made up of four α-helices, that 

extends approximately 85 Å from NBD1 (Figure 1 B). This domain is flexible and 

restriction of this flexibility has been shown to decrease disaggregation activity (28). MD 

flexibility has made its position and orientation within the hexamer difficult to assign in 

the multiple ClpB/Hsp104 structures available. The variable MD orientations in hexameric 

models have led to the hypothesis that nucleotide driven conformational switching of the 

MD may be an important part of the ClpB/Hsp104 disaggregation mechanism (36-38). 

Various studies have also shown the MD to be the binding target of ClpB/Hsp104 co-

chaperones, DnaK/Hsp70 (37-44).  

One other structural element distinguishes the protein translocase, ClpA, from the 

protein disaggregases ClpB/Hsp104: the presence or absence of a tripeptide motif requisite 

for the assembly with ClpP. ClpA hexamers interact with the protease ClpP through a 

conserved IGL/F motif nestled in a helix-loop-helix region near the C-terminal end of 
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NBD2 (45). ClpB and Hsp104 lack that IGL/F motif, and accordingly, do not naturally 

associate with ClpP or any known protease.  

Quaternary structure and nucleotide-linked self-assembly 

In the presence of nucleotide, ClpA, ClpB, and Hsp104 oligomerize to form homo-

hexamers that interact with client substrates and partner proteins. Structural models of the 

hexameric state have been reported for all three motors, in various nucleotide-bound states 

(27-29, 46-51). In most cases, the hexameric state is reported to be a planar, ring-like 

structure with a central axial channel as shown in Figure 1 C. In these models and single-

particle reconstructions, the NBDs from each protomer align side-by-side around the 

hexamer, forming a NBD1 tier and a NBD2 tier. Hexamer models that capture the 

orientation of the flexible N-domain, have a third N-domain tier above NBD1, as seen for 

the hexameric single particle reconstructions in Figure 1 C. ClpB and Hsp104 hexamers 

additionally have the MD protruding from the NBD1 tier.  

Recently, an alternative asymmetric spiral structure has been reported for the 

Hsp104 hexamer in the AMPPNP-bound state, and in the ATPγS bound state with casein 

bound as a substrate (50, 52) spurring interest and speculation about its structural 

implications for the disaggregation mechanism. Similarly, Ripstein et al. recently reported 

images of another AAA+ protein, VAT, which threads protein substrates through its axial 

channel into the proteasome for degradation, in transient, asymmetric conformations.(53) 

These asymmetric hexameric structures observed by cryo-EM are similar to the extended 

spirals reported previously in crystallographic studies (27-29)). These provocative 

asymmetric structures invite further investigation. Biochemical assays will be key in 
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determining how the asymmetric Hsp104 spiral structure fits into the disaggregation 

mechanism. This and other efforts to discern the mechanistic details of substrate processing 

by ClpA, ClpB, and Hsp104, will require the ability to precisely quantify the concentration 

of hexamers competent for polypeptide substrate binding.   

Many studies have established that ClpA and ClpB reside in a distribution of 

oligomers in the absence of nucleotide (54-58). Hydrodynamic studies from Maurizi and 

co-workers concluded that ClpA resides in a distribution of monomers and dimers in the 

absence of nucleotide and that ATP is required for assembly into hexamers (54). In later 

work, Kress et al. report that ClpA hexamerization occurs through a transient tetramer 

intermediate (59). Using hydrodynamic and thermodynamic techniques, it was later shown 

that ClpA resides in a distribution of monomers, dimers, and tetramers in the absence of 

nucleotide (60, 61) thereby showing that the tetramer was not a transient intermediate on 

the pathway to assembly but was significantly populated at thermodynamic equilibrium 

independent of path. Notably, in the presence of excess nucleotide, ClpA hexamers as well 

as lower order oligomers remain in solution (61, 62). However, a complete quantification 

of the nucleotide linked assembly reaction is still needed.   

On the other hand, the energetics of ClpB self-assembly in the absence and presence 

of nucleotide has been quantified (63, 64). ClpB, like ClpA, resides in a distribution of 

monomers, dimers, tetramers, and hexamers. An important distinction between the two 

motors is the observation that ClpB, unlike ClpA, forms hexamers in the absence of 

nucleotide. A rigorous, in-depth investigation of the self-assembly of Hsp104 is currently 

lacking in the field, however recent results suggest that, similar to ClpB, Hsp104 populates 

hexamers and lower order oligomers in both the absence and presence of nucleotide (65). 



18 

Taken together, these quantitative investigations of ClpA and ClpB self-assembly reveal 

that macromolecular assembly is thermodynamically linked to nucleotide binding. This has 

fundamental implications for the driving forces that tune the population of each oligomer 

in solution.  

Specifically, two thermodynamic driving forces govern the self-assembly of these 

enzymes into hexamers: the free monomer concentration and the free nucleotide 

concentration. As a result, assays performed on these enzymes in which the concentrations 

of protein or nucleotide change throughout the experiment, must account for the changing 

distribution of oligomers. Failure to do so can lead to conclusions about nucleotide 

processing at each NBD and NBD1-NBD2 interdependence that could otherwise be 

explained by changes in the macromolecular state.    

In much of the published work on ClpA, ClpB, and Hsp104 it has been generally 

assumed that in the presence of 1-2 mM nucleotide concentrations, all of the protein is in 

the hexameric state. This assumption is generally supported with size exclusion 

chromatography (SEC). However, SEC is a non-equilibrium technique, meaning that the 

equilibrium is perturbed by running the sample through the column. That is to say, the 

chemical potential of both the protein and nucleotide are changing throughout the 

experiment and therefore the distribution of oligomeric states is changing throughout the 

experiment. Moreover, the observation of hexamers in SEC does not rule out the presence 

of smaller oligomers. Further, it does not rule out the possibility that the self-association 

equilibrium has been perturbed upon introduction of a mutation in the protein.   
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It is clear from the self-association and polypeptide binding properties of ClpA and 

ClpB that smaller order oligomers do persist at saturating concentrations of nucleotide (61, 

62, 64, 66). For example, Figure 2 shows the fraction of ClpB oligomers populated in the 

presence of 100 μM and 2 mM nucleotide as a function of total [ClpB], simulated from the 

reported energetic parameters for ClpB assembly (63, 64). In the presence of 100 μM 

nucleotide (Figure 2 A), a 1 μM ClpB sample would be made up of approximately 6 % 

hexamers, while 94 % of the population would reside in a mixture of monomers, dimers, 

and tetramers. In the presence of 2 mM nucleotide (Figure 2 B), the same sample would 

reside in a distribution made up of 74 % hexamers and 26 % lower order oligomers. In fact, 

under these conditions, even at 10 μM ClpB, the hexameric state is not fully populated, 

with hexamers making up ~89 % of the total [ClpB]. This fact severely limits the ability to 

draw conclusions about the ATPase activity of the hexamer from steady state kinetic 

measurements where a different distribution of oligomers is present at each substrate 

concentration.  

The simplest explanation for why the assumption that all motor protein is in the 

hexameric state is problematic, is that the Michaelis-Menten equation is scaled linearly by 

the total enzyme concentration, i.e. Vmax = kcat x E0.  Recall, E0 is the total amount of enzyme 

in the experiment, which is controlled by the experimentalist, whereas, E is the free 

(unbound) enzyme concentration at any given time and its concentration is unknown by 

the experimentalist.  Thus, the maximum velocity is measured at saturating substrate 

concentration and divided by the known total enzyme concentration, E0, and the kcat is 

reported.   
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It is important to recall that Vmax = kcat x E0 emerges from two assumptions in the 

derivation of the Michaelis-Menten equation.  The first is that the substrate is in large 

excess over the enzyme.  The total substrate concentration relative to the total enzyme 

concentration is controlled by the experimentalist but, mathematically, it results in being 

able to assume [S]k1 is a constant in the first differential equation given by Equation (1) for 

Scheme 1. 
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Scheme 1 

The second assumption, which is based on the first is that because the substrate is 

in large excess of the enzyme, the concentration of ES is considered constant or “in the 

steady-state”.  If ES is constant, then the differential equation above is set to zero and 

solved algebraically for ES.  However to do this the free enzyme term must be replaced 

with E0 – ES.  This assumption is valid if and only if the [ES] is constant, which is our 

underpinning assumption.  Thus, under constant ES conditions the conservation of mass 

equation can be rearranged to E = E0 – ES.   

The assumption that the total enzyme, E0, is equal to the free enzyme, E, plus the 

bound enzyme, ES, only holds for a non-dissociating macromolecule.  Understandably, this 

was not pointed out by Michaelis and Menten.  However, we have not seen it expressly 

stated since.   
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The assumptions hold for self-associating systems that do not reside in dynamic 

equilibria, for example, if E forms only dimers and does not dissociate into monomers.  

Alternatively, if the experimentalist can maintain the concentration of the enzyme in large 

excess over the dimerization dissociation equilibrium constant then it may be possible to 

assume only dimers reside in solution.  However, one has to be certain that by doing this 

they do not simultaneously violate the assumption that the substrate is maintained in large 

excess over the enzyme concentration.   

If the dimer exists in a dynamic equilibrium between monomers and dimers, and 

concentrations of enzyme below the dimerization equilibrium constant are used, then the 

assumption is violated.  The issue is made much more complicated for ClpA and ClpB 

where we, and others, have shown that both enzymes reside in a mixture of monomers, 

dimers, tetramers, and hexamers(56, 61, 63, 64). Moreover, the populations of these species 

are governed by the free concentration of the substrate (nucleotide).  Consequently, the 

Michaelis-Menten equation will not be scaled by a simple relationship like kcat x E0.  This 

is because the simplest relationship that one can write down that relates the known total 

monomer concentration to the species that reside in solution for a system such as ClpA or 

ClpB is given by Equation (2). 
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where the subscript on E represents the oligomeric state and the subscript on S 

represents the number of nucleotides bound to that oligomer, represented with the counting 

index, i, There is no simple algebraic way to express Equation (2) to replace E in the 
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differential equation given by Equation (1).  Indeed, if no other oligomers are in solution 

then Equation (2) simplifies to Equation (3)  
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Equation (4) is typically applied to the analysis of steady-state ATPase experiments 

on ClpA and ClpB.  The total monomer concentration is divided by six, the Vmax is 

measured and divided by E0/6 and a kcat is reported. 
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But what does this parameter mean when we know that the system resides in a 

dynamic equilibrium and the total enzyme concentration is actually given by Equation (2)

? The answer may be that the kcat is not that meaningful because it has been acquired by 

dividing Vmax by a concentration that does not reflect the true hexamer concentration.  

However, the Vmax itself contains meaningful information.  Contained within the Vmax is 

information about the self-association equilibrium constants and the nucleotide binding 

constants. This is because the concentration terms in Equation (2) can be replaced with the 

appropriate self-association equilibrium constants and the nucleotide binding constants 

given by Equation(5). 
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where L2,0, L4,0, and L6,0 represent the self-association equilibrium constants for the 

formation of dimers, tetramers, and hexamers in the absence of nucleotide, respectively. 

The first subscript represents the oligomeric state and the second subscript represents the 

number of nucleotide bound, E and E0 are as above, and P1, P2, P4, and P6 are the partition 
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functions for nucleotide binding to the monomer, dimer, tetramer, and hexamer, 

respectively.  Each of the partition functions are functions of the nucleotide binding 

equilibrium constants and the free nucleotide concentration.  Although there are many 

forms that the partition functions could take, one example for binding to the monomer 

could be given by Equation (6), 

     2

1 1 1 21P K ATP K K ATP     (6) 

where K1 and K2 would represent the equilibrium constants for binding to NBD 1 

and 2, respectively.  This leads to the conclusion that if one observes differences in the Vmax 

for various point mutations in the enzyme, especially mutations in the ATPase active site, 

then there are three potential explanations.  The first is that the activity has been affected, 

which is the typical interpretation.  However, the second and third explanation are that the 

nucleotide binding affinity or the self-association equilibrium has been affected by the 

mutation.  If the mutation has perturbed the self-association equilibrium and/or the 

nucleotide binding affinity, then a series of comparisons on ATPase activity between 

variants and wild type enzymes at the same fixed protein concentration are not reporting 

on the same concentrations of hexamers catalyzing ATP turnover. Again, showing that 

hexamers still form upon introduction of mutation does not show that the self-association 

reaction has not been perturbed.  

The resolution to this problem is to employ a thermodynamically rigorous 

technique that would allow one to measure the equilibrium constants and accurately predict 

the concentration of the active species in solution (63, 64, 67).  In other words, define the 

thermodynamic parameters in Equation (5) and use them to interpret the 
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kinetic/mechanistic data.  In general, the apparent self-association constant for the ligand 

linked assembly of ClpB would be given by Equation(7),  
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where the numerator represents the summation of all of the nucleotide ligation 

states of hexameric ClpB in solution and the denominator represents all of the nucleotide 

ligation states in the monomeric state.  The curly braces on the right hand side of equation 

(7) are used as a shorthand notation for the summation on the left.  Equation (7) can be 

simplified to Equation (8) 
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where L6,0 is as above, the hexamerization equilibrium constant in the absence of 

nucleotide, and P6 and P1 are the partition functions for nucleotide binding to the hexamer 

and the monomer, respectively.  We showed, for ClpB(64), that the apparent 

hexamerization equilibrium constant is given by Equation (9) 
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Where the partition functions for nucleotide binding to the hexamer and the 

monomer in equation (8)  are given by the partition functions for the n-independent and 

identical sites model, a model that is commonly used to analyze ITC data and was applied 

to ITC data for ClpB binding ADP (46).  In this model 1 and 6 are the average step-wise 
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equilibrium constants for nucleotide binding, m1 and m6 are the stoichiometries of binding 

to monomers and hexamers, respectively.  In a thermodynamically rigorous and model 

independent analysis of our data we showed that 12 ATPS molecules were bound to 

hexameric ClpB and one ATPS was bound to the monomer.  L6,0 was determined in an 

analysis of assembly in the absence of nucleotide (63) and from an analysis of the 

dependence of L6,app on ATPS we determined 6 and 1 (64).   

What is most striking, telling, and predictive about equations (8) and (9) is that they 

are the simple product of two terms, the hexamerization equilibrium constant in the absence 

of nucleotide multiplied by the ratio of partition functions for nucleotide binding.  If one 

seeks to introduce a mutation into a protein like ClpB then these are the parameters to 

interrogate.  The mutation would have the ability to influence L6,0, which represents the 

intrinsic propensity of the protein to assembly into hexamers.  However, more likely, 

introduction of a mutation, especially one in the ATPase active site is likely going to 

influence the affinity for nucleotide.  It seems highly unlikely that the affinity for nucleotide 

binding to the hexamer, 6, would not change upon introduction of a mutation in the ATP 

binding site.  Whether the intrinsic propensity of the enzyme to assemble or the nucleotide 

binding affinity is perturbed Equation (9) predicts that the concentration of hexamers in 

solution will be effected.   

The unanswered question we now seek to address is how do partner proteins 

influence this equilibrium?  A hallmark of AAA+ protein unfoldases is that they interact 

with partner proteins.  ClpA interacts with the protease, ClpP and various adaptor proteins.  

ClpB interacts and collaborates with the KJE system and Hsp104 collaborates with Hsp70 
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and Hsp40.  Equation (9) predicts that if these protein-protein interactions perturb the 

nucleotide binding by either modulating the stoichiometry or affinity then this will perturb 

the hexamerization equilibrium constant and thereby the concentration of hexamers present 

in solution.  It is tempting to assert that partner proteins like ClpP and the KJE system 

would stabilize the hexamers.  However, for a ligand linked assembling system, Equation 

(9) informs us that the interaction could stabilize or destabilize.  In fact, since the nucleotide 

concentration in the cell is well above the affinity constant, here we hypothesize that the 

ability of partner proteins to modulate the nucleotide binding affinity allows for fine control 

over the concentration of hexamers present and available to do work.  With a detailed 

analysis of ClpB assembly, we now stand poised to determine how the KJE system 

influences self-association.  

Similarly, several groups have reported that the steady-state ATP hydrolysis rate 

for ClpA is reduced in the presence of ClpP (68, 69).  In addition to ClpP exerting allosteric 

control over the rate of ATP hydrolysis, again, Equation (9) predicts that this 

phenomenological observation could be due to many factors.  Our transient state kinetics 

experiments have suggested that ClpA uses only the NBD2 ATPase sites to catalyze 

processive translocation when associated with ClpP (70, 71).  This observation does not 

rule out the possibility that NBD1 is still binding to ATP.  However, when combined with 

the predictions from Equation 9 it does suggest that if the system goes from a stoichiometry 

of binding of 12 to 6 then this would perturb the hexamer concentration.  Thus, the 

reduction in the steady-state ATPase rate could be due to a two-fold reduction in the 

binding stoichiometry and thereby a reduction in the concentration of free hexamers.  

Alternatively, if ClpP does stabilize the hexameric form then one would have to conclude 
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that the elevated rate of ATP hydrolysis observed in the absence of ClpP must be due to a 

significant population of monomers, dimers, and tetramers rapidly hydrolyzing ATP.   

The coordination of NBD1 and NBD2 has been, and continues to be, an area of 

great interest in the field. The use of these and other similar variants, abolishing ATP 

binding (Walker A) or hydrolysis (Walker B or Sensor 1) have been used by many groups 

to investigate the coordination of the 12 ATP binding and hydrolysis sites within a the 

ClpA hexamer, as well as for the ClpB and Hsp104 hexamer. One common strategy is 

“mutant doping,” in which a variant is added to wild type protein in known ratios (42, 72-

75). Many conclusions have been drawn regarding sequential, probabilistic, or concerted 

ATP hydrolysis mechanisms.  Although the statistical distribution of the number of mutant 

protomers contained within a hexamer is valid, it may not hold if the mutation perturbs the 

assembly equilibrium.  Many of these studies suffer from the assumption that the entire 

population of protein resides in the hexameric state.  The most convincing among them are 

experiments where the signal is only sensitive to the hexameric form.  For example, it 

seems clear that ClpX invokes a stochastic model since the studies used a linked hexamer 

(76, 77).  Consequently, the issues surrounding assembly have been removed. 
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MECHANISMS OF POLYPEPTIDE TRANSLOCATION BY CLPA AND CLPAP 

ClpA mechanism in the absence of ClpP 

Horwich and coworkers showed that ClpAP could catalyze global unfolding of an 

SsrA tagged GFP construct (24).  This was done by incorporating the eleven amino acid 

SsrA tag, which is a known binding sequence for ClpA and ClpX, at the carboxy-terminus 

of GFP (78). When the GFP-SsrA construct was presented to ClpA in the presence of ATP, 

a slight decrease in fluorescence was observed. However, when the construct was presented 

to ClpAP in the presence of ATP, a near complete loss of fluorescence was observed. This 

was interpreted to mean that when ClpA unfolded the GFP in the absence of a protease, 

GFP was allowed to spontaneously refold. However, in the presence of the proteolytic 

component, GFP was degraded and thus complete loss of fluorescence was observed. 

To examine directional translocation catalyzed by ClpA, Horwich and coworkers 

developed a FRET based assay (79).  In this design, a donor fluorophore was placed in the 

central cavity of ClpP and an acceptor at various positions on model substrates all 

containing the SsrA sequence at the carboxy-terminus. If ClpA translocates the polypetide 

chain into the ClpP cavity from the SsrA sequence at the carboxy-terminus directionally to 

the amino-terminus, then FRET time courses would reveal this. FRET time courses were 

consistent with processive translocation from the carboxy-terminus to the amino-terminus. 

The results clearly showed that ClpA drives translocation of a polypeptide chain into the 

proteolytic chamber of ClpP.   

Until recently, the elementary kinetic parameters governing this translocation 

reaction had not been reported. Moreover, most of the mechanistic investigations available 
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were performed in the presence of ClpP. Thus, the critically important elementary kinetic 

mechanism for polypeptide translocation catalyzed by ClpA was missing from the field. 

Determining this mechanism required the development of techniques that would be 

sensitive to the elementary steps in polypeptide translocation in the absence of proteolytic 

degradation. Such approaches could then be broadly applied to a variety of enzymes that 

do not associate with proteases (see examples in the Introduction). This kinetic mechanism 

would include the elementary rate constants governing the reaction, kinetic step-size 

(amino-acids translocated between two rate-limiting steps), processivity (probability the 

enzyme will translocate vs. dissociate), and directionality (C to N vs. N to C).  

A single-turnover fluorescent stopped flow assay was developed to elucidate these 

kinetic parameters (80, 81). Figure 3 shows a generalized schematic representation of this 

rapid mixing assay. Synthetic polypeptide substrates containing the eleven amino acid 

SsrA binding sequence at the carboxy-terminus and a single cysteine at the amino-terminus 

were constructed. The sequence of the polypeptide was based on the Titin I27 domain 

because the long term goal was to move to full length tandem repeats of I27 as had been 

done for ClpX (82, 83). The cysteine was labeled with fluorescein-5-maleimide. ClpA was 

bound to the SsrA sequence in the presence of the slowly hydrolysable ATP analogue, 

ATPS. Upon ClpA binding, fluorescence quenching was observed. Fluorescence 

quenching has since been observed for binding by both ClpB and Hsp104 to their 

respective substrates (23, 65)   This sample was then loaded into one syringe of the stopped-

flow fluorometer, see Figure 3.  In the other syringe was loaded a large excess of ATP and 

unlabeled SsrA peptide to serve as a trap for ClpA, i.e. any free ClpA would rapidly bind 

to SsrA and not the fluorescently modified polypeptide (81). The large excess of trap 
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ensures single-turnover conditions with respect to the complex of ClpA bound to 

fluorescently labeled peptide.  

In the single-turnover fluorescence assay, the two solutions are rapidly mixed 

within 2 ms in a stopped-flow fluorometer and fluorescence is observed as a function of 

time. Fluorescence was observed to increase with time indicating that ClpA dissociated 

from the polypeptide chain. The question is; do the kinetic time courses yield information 

on translocation before ClpA dissociates? In principle, if ClpA is taking multiple steps 

before dissociating then the observed kinetic time courses should reflect the number of 

steps the enzyme takes before dissociation. Thus, if the length of the peptide is increased, 

the number of steps the enzyme takes before reaching the end should also increase. That is 

to say, if the time courses are sensitive to processive translocation, then the time courses 

should depend upon substrate length.   

To test the substrate length dependence of the kinetic time courses, time courses 

were collected as a function of polypeptide substrate length ranging from 30 to 50 amino 

acids (81). Observed was a lag (constant fluorescence) followed by an increase in 

fluorescence. This lag was observed to increase in duration with increasing substrate length 

indicating that ClpA remained on the polypeptide for an increasing amount of time with 

increasing substrate length. This observation is interpreted to indicate that ClpA is taking 

more steps with each increase in substrate length. Therefore, the single-turnover 

fluorescence stopped-flow assay is sensitive to processive translocation.   

To elucidate the elementary rate constants using transient state kinetics one needs 

to perturb the system. Variables like temperature, salt concentration and type, pH, etc. can 
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be used for this perturbation. For a molecular motor that couples ATP binding and 

hydrolysis to repeated rounds of translocation, the simplest perturbation is to vary the ATP 

concentration. The initial experiments are usually carried out at excess ATP so that it can 

be assumed that ATP binding is not rate-limiting. As the [ATP] is reduced, the observed 

rate constant will reflect ATP binding, or a step coupled to ATP binding. Importantly, 

because the motor-peptide complex is preassembled prior to rapidly mixing with ATP 

(Figure 3), the signal is insensitive to the changing population of ClpA hexamers 

throughout the ATP range assayed.  The kinetic time courses were collected as a function 

of ATP from ~125 M to 5 mM. As the [ATP] was reduced, the observed kinetic rate 

constant decreased. This is further evidence that the time courses are reporting on 

translocation since simple dissociation would not be predicted to be ATP concentration 

dependent.  

The kinetic time courses were subjected to global non-linear-least-squares (NLLS) 

analysis (80, 84). For ClpA, the enzyme translocated with a repeating rate constant, kt = 

(1.39 ± 0.06) s-1 and an overall rate of (19 ± 1) AA s-1 at saturating ATP with a kinetic step-

size of (14 ± 2) AA step-1. It is important to note that the kinetic step-size represents the 

average number of amino acids translocated between two rate-limiting steps and may or 

may not represent physical stepping. While similar strategies have been successfully used 

to examine helicase catalyzed DNA unwinding and single strand DNA translocation (85-

88), this was the first step-size reported for a polypeptide translocase (80, 81).   

The processivity is quantitatively defined as the rate constant for translocation 

divided by the summation of the rate constants for translocation and dissociation. For 

example, a translocating enzyme following the mechanism shown in Figure 4, where E∙P 
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represents the enzyme pre-bound to a peptide of length L, the enzyme can proceed forward 

with rate constant kt or dissociate with rate constant kd. I(L-m) represents the first 

intermediate that has been translocated by some distance m (step-size).   

The processivity is the probability given by equation (10) (80, 84). 

 t

t d

k
P

k k



  (10) 

When kd = 0, then P = 1 and every enzyme that binds will translocate to the end 

without dissociation. On the other hand, as kd increases, P approaches zero, which would 

describe an enzyme with low processivity (an enzyme that has a higher propensity to 

dissociate than reach the end of the polypeptide chain). The processivity described as a 

probability, P, can be related to processivity expressed in terms of the average number of 

amino acids translocated per binding event, N, given by Equation (11) (for a complete 

derivation of Equation (11) see Appendix B of (84). 

  m N
P e


   (11) 

It is tempting to assume that a hexameric ring motor that encircles the linear lattice 

on which it translocates would be highly processive.  However, this is not always true.  For 

example, the hexameric ring helicase, DnaB exhibits a processivity of P ~0.89 (89).  The 

proposed model is that the ring opens and substrate can ‘escape’ thereby resulting in a 

dissociation event.  However, this primary replicative helicase likely exhibits much higher 

processivity in the context of the fast moving replication fork, likely due to interactions 

with other proteins.  With respect to ClpB and Hsp104, both enzymes have been proposed 

to be in ‘rapid subunit exchange’ (72).  Thus, loss of a subunit in a hexameric ring could 

also result in a dissociation event.  Moreover, like DnaB, partner proteins are likely to 
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influence the processivity.  Regardless of the mechanism, there is a dearth of quantitative 

measurements of processivity for polypeptide translocases.   

In the initial examination of ClpA catalyzed polypeptide translocation with 

synthetic peptides, a measureable dissociation rate constant, kd, was not detected above 500 

M ATP. However, at 300 M ATP and below, a measureable dissociation rate constant 

was observed, allowing for the calculation of processivity. The processivity was 

determined to be P = (0.876 ± 0.006) at low [ATP]. Using equation (11) a processivity of 

~ 100 amino acids per binding event is predicted, which is 2-fold larger than the longest 

polypeptide used in this study. Thus, this is a preliminary estimate of the processivity at 

limiting [ATP] and methods allowing the examination of longer polypeptides are needed 

to rigorously test the processivity for this and related enzymes. Qualitatively,  the findings 

support the idea that ClpA is highly processive, confirming that reported by Maurizi and 

coworkers (90).   

Effect of ClpP on the translocation mechanism catalyzed by ClpA 

With a method in hand that is sensitive to polypeptide translocation in the absence 

of proteolytic degradation the question could be asked; does ClpAP translocate using the 

same mechanism as ClpA alone? A qualitative assessment of stopped-flow time courses 

had been reported previously that concluded ClpAP translocated faster than ClpA alone 

but rate constants were not reported (91).   

The single turnover stopped-flow method described above was employed to 

examine polypeptide translocation catalyzed by ClpAP. However, upon building a 

complex of polypeptide bound by ClpAP, a number of questions emerge. Hexameric ClpA 
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can bind to either apical surface of ClpP forming a 1:1 complex, or to both apical surfaces 

of ClpP forming a 2:1 complex, see Figure 5. Should the experimental design conditions 

examine 1:1 or 2:1 hexameric ClpA to tetradecameric ClpP? Similarly, if the 2:1 complex 

is examined, should both sides of the enzyme be bound with peptide?   

Based on activity measurements, Maurizi and coworkers reported an affinity for 

ClpA hexamer binding to ClpP tetradecamer to be ~4 nM (54).  However, the fact that 

ClpA resides in a distribution of oligomers was not taken into account. ClpA resides in a 

distribution of monomers, dimers, and tetramers in the absence of nucleotide (58, 60). 

However, even at concentration of nucleotide above 1 mM there remains a distribution of 

oligomeric states (61, 62). Thus, it cannot be assumed that all of the ClpA present in 

solution is in the hexameric state.  

For a macromolecule with two binding sites, one can be certain to ligate only one 

of the binding sites if the two-site macromolecule is maintained in large excess over the 

ligand. Thus, whether 1:1, 2:1 or a mixture of the ClpAP complexes are present in solution, 

by maintaining the complex in excess over the polypeptide only one peptide can be bound 

to any given ClpAP complex in the ensemble.   

To build a peptide pre-bound complex, 86 nM tetradecameric ClpP and 1 M 

monomer of ClpA were used in the presence of 150 M ATPS. Note that, unlike ClpA, 

ClpP forms stable tetradecamers (54)(E. Duran unpublished data). However, the question 

is; how much hexameric ClpA is present at 1 M monomer? To address this question, 

sedimentation velocity experiments measured the concentration of hexameric ClpA in the 

presence of 150 M ATPS at 1 M total ClpA monomer concentration. Under these 
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conditions, the hexameric concentration was determined to be 130 nM. It is important to 

note that if the 1 M total monomer concentration is divided by six, i.e. assume only 

hexamers are in solution, then one would predict 170 nM hexamers, an over estimate by 

30 % of the hexameric ClpA population. Under these conditions, a mixture of 1:1 and 2:1 

complexes is predicted. With that in mind, binding the complex to 20 nM peptide maintains 

ClpAP (whether 1:1 or 2:1 complex) in large excess over the peptide. Keeping the ClpAP 

complex in excess over the peptide concentration ensures that peptide is only bound to one 

ClpA hexamer in a given ClpAP molecule. That is to say, it would be thermodynamically 

unfavorable to have a doubly peptide ligated 2:1 ClpAP complex.  

Subjecting ClpAP to the same analysis as performed on ClpA alone revealed that, 

indeed, ClpAP does translocate with a faster overall rate of ~35 AA s-1 (71).  This is 

approximately 1.5 times faster than the ~20 AA s-1 observed for ClpA alone. The overall 

rate is the product of the step size and the elementary rate constant governing that step. 

One of the strengths of the transient state kinetic approaches used is that it is sensitive to 

these two additional parameters. Interestingly, the kinetic step size for ClpAP was observed 

to be ~5 AA step-1 in stark contrast to the ~14 AA step-1 measured for ClpA alone (81).  

Further, the rate constant governing translocation was found to be ~7 s-1, which is ~5-fold 

faster than the ~1.4 s-1 measured for ClpA (71).   

As stated above, the kinetic step-size does not necessarily represent physical 

movement. However, a recent single-molecule examination of ClpAP translocation reports 

steps of ~ 1 nm (92), which was reported to be consistent with the 5 AA step-1 reported 

from the single turnover experiments described above (71).  A single molecule experiment 

that would be sensitive to mechanical movement has not been performed on ClpA alone. 
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Such an experiment would either confirm or refute the measured ~14 AA step-1. Additional 

testing is necessary to determine whether or not this kinetic step-size represents mechanical 

movement.   

All in all, it is clear that ClpP exerts an allosteric influence on ClpA catalyzed 

polypeptide translocation. Thus, ClpA and ClpAP should be considered to be two different 

enzymes that translocate with two different mechanisms. Moreover, questions remain 

regarding the activities of the 2:1 and 1:1 complexes.   

The Walker A and Walker B motifs that form the ATP binding pocket are separated 

by a loop that extends into the axial channel of ClpA (27). It has been proposed that the 

loop cycles up and down as the ATP binding site cycles through bound ATP to bound ADP 

+ Pi and then release of ADP and Pi. This up and down motion is thought to drive 

translocation. Hinnerwisch and coworkers showed through crosslinking studies that 

polypeptide substrate crosslinked with the NBD2 loop in the central channel of ClpA (32). 

From these observations, Hinnerwisch and coworkers proposed that the NBD2 loop was 

responsible for mechanical pulling on the substrate polypeptide being translocated. They 

proposed a cycle of translocation to consist of ATP binding at NBD2 with the NBD2 loop 

in the up conformation, followed by ATP hydrolysis that drives movement of the NBD2 

loop to the down conformation and concurrent movement of the polypeptide substrate that 

is bound to the NBD2 loop. Consistently, synchrotron footprinting data showed that the 

NBD2 loop proceeds through a nucleotide-dependent conformational change (93). 

From examination of the ATP concentration dependence of the kinetic step-size 

and rate constant for ClpAP,  the observed step immediately follows ATP binding (71).  
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Coupling this observation with the Hinnerwisch model, the step detected in the single-

turnover experiments could be either ATP hydrolysis or a conformational change; a 

conformational change that may represent movement of the NBD2 loop. Since a single 

repeating step was detected in each cycle of translocation, loop movement may represent 

movement by ~5 amino acids.   

If the measured kinetic step-size for ClpAP truly represents mechanical movement 

by ~5 amino acids then why does ClpA alone exhibit a different kinetic step-size of ~14 

AA step-1? A potential answer to this question lies in the dependence of the overall 

translocation rate on [ATP] for ClpA and ClpAP. The translocation rate constant for ClpA 

alone exhibited a sigmoidal dependence on ATP. The isotherm could not be described by 

a simple rectangular hyperbola. Rather, it required analysis using a Hill model with a hill 

coefficient of ~2.5. In contrast, the translocation rate constant for ClpAP did not exhibit a 

sigmoidal dependence. Since ClpA contains two ATP binding sites per monomer and the 

single-turnover kinetic time courses are sensitive only to bound hexamer, the observation 

of a sigmoidal dependence suggests that there is cooperativity between multiple ATP 

binding sites that are involved in polypeptide translocation. On the other hand, since ClpAP 

did not exhibit any cooperativity, this indicates that the presence of ClpP relieves the 

cooperative interactions.   

With these observations in mind, Figure 6 illustrates a working model for both 

ClpA and ClpAP polypeptide translocation, incorporating known structural information 

and various biochemical/biophysical studies. Figure 6A illustrates ClpA, in the absence of 

ClpP, with both the NBD1 and NBD2 loops in the up conformation and ATP bound to both 

domains. The polypeptide substrate is shown in black and is making contact with both the 
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NBD1 and NBD2 loops. Crosslinking studies have shown that contacts between 

polypeptide substrate and ClpA were only observed with the NBD2 loop, but many various 

single site mutations throughout the NBD1 loop abolished translocation activity (32). 

Moreover, recent work indicates that both ATPase sites are involved in translocation 

catalyzed by ClpA in the absence of ClpP (81). These two observations implicate the NBD1 

loop in translocation. The next step would be for NBD1 to hydrolyze ATP and cause the 

NBD1 loop to move down and translocate (push) the substrate by up to 14 amino acids 

creating a polypeptide loop inside the axial channel of ClpA. The loop in the substrate can 

be accommodated in ClpA since it has been shown that ClpA forms a cavity between the 

NBD1 and NBD2 loops (94, 95). NBD1 would contain ADP and Pi in the ATP binding 

site and therefore the NBD1 loop would have a reduced affinity for the polypeptide, which 

would allow for rebinding by another NBD1 loop loaded with ATP in a neighboring 

subunit in the hexamer (61, 96). The NBD2 loop would cycle through multiple rounds of 

ATP hydrolysis coupled to translocation of the substrate by 2 – 5 amino acids per cycle 

with a rate constant of ~4 s-1. This will occur several times thereby shortening the loop 

inside the cavity of ClpA before NBD1 translocates another ~14 amino acids of the 

polypeptide into the cavity with a rate constant of 1.4 s-1.   

Figure 6B illustrates the working model for how ClpA translocates when associated 

with ClpP. Since the ATP concentration dependence of the rate of ClpAP catalyzed 

polypeptide translocation suggests reduced cooperativity between ATP binding sites, it is 

hypothesized that NBD2 drives translocation in the ClpAP complex. Repeating cycles of 

ATP binding and hydrolysis could occur at NBD1, but they do not limit the observed 

translocation. Therefore, this model predicts repeating cycles of ATP binding and 
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hydrolysis at NBD2 would lead to translocation of the substrate by distances of 2 – 5 aa 

step-1.  

The working model predicts that in the absence of ClpP, NBD1 should hydrolyze 

ATP with a rate constant of (1.39 ± 0.06) s-1 and NBD2 should hydrolyze ATP with a rate 

constant of (7.9 ± 0.2) s-1 in the presence of polypeptide substrate. Kress et al. examined 

the steady state rate of ATP hydrolysis catalyzed by ClpA both in the presence and absence 

of ClpP (69). Further, they made two variants of ClpA that are deficient in ATP hydrolysis 

at either NBD1 or NBD2, which allow for the examination of ATP hydrolysis at each 

domain in the absence of hydrolysis at the other domain, and in the presence or absence of 

ClpP and SsrA substrate. Interestingly, in the absence of ClpP and the presence of GFP-

SsrA, NBD1 hydrolyzes ATP with a rate constant of (0.8 ± 0.2) s-1, which is comparable 

to the rate constant determined for translocation of (1.39 ± 0.06) s-1determined using the 

single-turnover stopped flow experiments. Similarly, in the presence of ClpP and GFP-

SsrA, NBD2 hydrolyzes ATP with a rate constant of (6.3 ± 0.5) s-1, which is similar to the 

estimate of (7.9 ± 0.2)    s-1 (71).   

MECHANISM OF TRANSLOCATION BY CLPB/HSP104 

As stated above, ClpB/Hsp104 shares many structural characteristics with ClpA 

(see Figure 1) and therefore has been hypothesized to share a similar translocation 

mechanism. One important difference is the absence of an IGF/L loop in ClpB/Hsp104, 

necessary in ClpA for binding the protease ClpP. This structural difference intimates an 

important functional difference; ClpB/Hsp104 does not partner with any known protease 

(97). 
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A disaggregase such as ClpB/Hsp104 does not covalently modify its protein 

substrate. Disaggregation has been measured by monitoring changes in turbidity, 

solubility, and various staining techniques in vitro, thermotolerance development studies 

in vivo, and enzyme reactivation in vivo or in vitro (41, 74, 98-107). These macroscopic 

observations, while informative, do not report on the molecular level events involved in 

the mechanism. How can the molecular events in the translocation or disaggregation 

mechanism be studied in the absence of a covalent modification to the protein substrate? 

Early investigations of the ClpB/Hsp104 disaggregation mechanism addressed this 

challenge by building upon the structural similarities between ClpB/Hsp104 and E. coli 

ClpA. As discussed above, ClpA processively translocates protein substrates through its 

axial channel and into the protease, ClpP. The similarities in sequence, tertiary structure, 

and quaternary structure lead the Bukau group to engineer the IGF/L loop onto the C 

terminal surface of ClpB and Hsp104. This loop allows a non-native interaction with ClpP, 

resulting in degradation of the substrate, a measurable covalent modification (21, 22). The 

rationale was that if they could ‘force’ ClpB (Hsp104) to interact with ClpP and they 

observed proteolytic degradation, then this must mean that ClpB, like ClpA was 

translocating a substrate through the axial channel and into ClpP for proteolytic 

degradation. 

In these studies, the Bukau group showed that the non-native BAP (ClpB-ClpA-P 

loop) -ClpP or HAP (Hsp104-ClpA-P loop) -ClpP complex was indeed able to degrade 

substrate proteins. This observation was interpreted as evidence that BAP and HAP, and 

therefore ClpB and Hsp104, processively translocate entire proteins through the axial 

channel and into ClpP, just as is done by the processive translocase ClpA (21, 22). Notably, 
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additional studies of BAP-ClpP in which only portions of a substrate were unfolded lead 

the Bukau group to conclude, “partial threading of the unfolded substrate moiety through 

the central channel of ClpB is sufficient for efficient protein disaggregation in a 

physiologically relevant context” and that “partially threaded polypeptide chains are 

released from ClpB to be refolded” (108). Since these publications, however, many 

researchers in the field have often interpreted or summarized the Bukau results with less 

nuance, carrying forward only the “complete threading” model of polypeptide 

translocation.  

The current prevailing hypothesis in the field is that the BAP-ClpP and HAP-ClpP 

findings, together with the structural similarities to ClpA, are evidence of complete 

threading or processive translocation by ClpB and Hsp104. The dominant mechanistic 

model is the translocation of an entire full-length protein pulled out of an aggregate through 

the axial channel of the disaggregating motor. The exclusive portrayal of this complete 

threading/processive translocation mechanism for these disaggregases has been 

schematized throughout the literature (39, 109). Other primary research has also been 

interpreted as consistent with the complete threading model based largely on the 

BAP/HAP–ClpP results (104, 110). It should be noted, however, that some researchers in 

the field do point out the possibility of both complete and partial threading mechanisms 

(111).  

Another important challenge to the findings using BAP and HAP with ClpP is that 

recent work  has shown that BAP-ClpP degrades α-casein in both the absence and the 

presence of ATP (23). Thus, the degradation observed in this experimental design does not 

report strictly on the ATP-dependent translocation mechanism. Nakazaki and Watanabe’s 
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findings from their study of various mutations of TBAP-ClpP were interpreted as passive 

threading, independent of ATP hydrolysis (110). However these results could alternatively 

be understood to show that the TBAP-ClpP construct does not report exclusively on ATP-

dependent translocation (threading) since they found “no correlation between ATPase 

activities and degradation rates” (110). 

A complementary approach to the BAP-ClpP degradation experiments, one in 

which there is no forced interaction with a protease, is needed. The stopped-flow 

fluorometer experimental design, described above (Figure 3), developed for the study of 

ClpA in the absence of ClpP is one such complementary approach (81). Using this design, 

Li et al. demonstrated that ClpB is a non-processive translocase, taking only one or two 

kinetic steps before releasing the polypeptide substrate (23). This finding is at odds with 

the prevailing model of complete threading, by which one polypeptide chain is extracted 

from an aggregate. However, the Li et al conclusion is in good agreement with previous 

results of observed partial threading (108). Additional studies are needed to expand this 

work into Hsp104.  

Though Hsp104 and ClpB are both structurally and functionally similar, important 

differences have been observed. For example, both Hsp104 and ClpB can resolve 

disordered aggregates, however only Hsp104, not ClpB, can also resolve more structured 

amyloid aggregates (42). Hsp104 also has an additional function in prion curing not 

observed for ClpB (103). What mechanistic differences give rise to these observations? 

One possible contribution to the differences between the disaggregases is the 

differing roles of the two NBDs. The interplay between the NBDs within a hexamer is 
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complex and cooperative. Still, some distinctions between NBD1 and NBD2 have been 

drawn. Notably, nucleotide binding at NBD1 is necessary for stabilization of ClpB 

hexamers (74, 100, 112, 113). This role of NBD1 in oligomerization is conserved between 

ClpB and ClpA. Surprisingly, in Hsp104, nucleotide binding in NBD2 is required for 

stabilization of hexamers (114, 115).  

In both ClpB and Hsp104, like in ClpA, the tyrosines in the pore loops of both 

NBDs are important for substrate processing (21, 22, 31, 50, 52, 116). As the ATP 

hydrolysis cycle is carried out in either NBD, the pore loop is thought to move through 

space due to conformational changes induced by the nucleotide ligation state. The 

relatively large, planar surface of the tyrosine residue is thought to interact with the 

polypeptide substrate, pushing or pulling the polypeptide through the central channel. It’s 

possible that differences in nucleotide binding/hydrolysis induced pore loop 

conformational changes account for the functional differences that exist between ClpB and 

Hsp104 catalyzed protein disaggregation. Experimental designs that report on the 

molecular level events involved in ClpB/Hsp104 polypeptide substrate processing, in 

particular those sensitive to the coordination between pore loop movement and nucleotide 

ligation state during disaggregation, will be key in testing this hypothesis.   

Effect of DnaK/Hsp70 on ClpB/Hsp104 mechanism 

ClpB and Hsp104 were initially observed to disaggregate clients only in the 

presence of co-chaperones. These disaggregating motors are far more potent in 

collaboration with co-chaperones, although conditions have since been found in which 

ClpB and Hsp104 have innate disaggregation abilities. The co-chaperone system for E. coli 
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ClpB is made up of DnaK, DnaJ, and the nucleotide exchange factor GrpE (termed the KJE 

system). Yeast Hsp104 collaborates with the co-chaperones Hsp70 (analogous to DnaK) 

and Hsp40 (analogous to DnaJ). Like ClpB/Hsp104, DnaK/Hsp70 is an ATPase and a 

disaggregase that can function independently of co-chaperones. The full systems, 

ClpB/KJE and Hsp104/70/40, have ATPase and disaggregase activity greater than the sum 

of the components’ activities. There are three proposed possibilities that could explain this 

enhanced activity: (1) DnaK modifies the aggregate making a better binding site for ClpB, 

(2) DnaK accepts substrate from ClpB after the substrate has been completely translocated, 

or (3) the ClpB-DnaK complex has greatly amplified disaggregation activity relative to 

ClpB alone, possibly through a fundamentally different mechanism.   

Early attempts to identify which component of the system acted upon an aggregate 

or client first resulted in divergent findings. The Liberek group identified DnaK as the first 

actor. They found that DnaK, with DnaJ and ATP, remodeled aggregates to facilitate ClpB-

catalyzed disaggregation. Neither a transient tertiary complex with ClpB or additional roles 

for DnaK downstream of ClpB’s action were ruled out (117, 118). On the other hand, early 

work from the Bukau group concluded that ClpB acted first. Specifically, ClpB was 

observed to expose a substrate’s hydrophobic regions, which could then be recognized by 

the KJE system (107). The development of a ClpB trap mutant (double Walker B variant, 

able to bind but not hydrolyze ATP) also revealed that ClpBtrap outcompeted DnaK for 

binding to a model substrate and inhibited DnaK activity (101).  

Over time, the idea of a ClpB-DnaK (Hsp104-Hsp70) complex has come into favor. 

One compelling observation in support of this finding is that the activity of the co-

chaperones is species specific. ClpB works with DnaK but not Hsp70. Hsp104 works with 
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Hsp70 but not DnaK. This suggests a direct interaction between the chaperones. 

Furthermore, both the Wickner and Tsai groups engineered sets of chimeras in which 

domains from ClpB were replaced by the analogous domain from Hsp104 and vice versa. 

Both groups found that the M domain dictates which species formed a productive 

cochaperone partnership. For example, Hsp104 with the M domain from ClpB partnered 

effectively with the KJE system, not the Hsp70 system. This finding is consistent with the 

identification of the M domain as the binding site for DnaK (38, 39, 44).   

Binding affinities of 17 µM and 25 µM have been reported for T. thermophilus 

ClpB and DnaK (38, 102). For E. coli ClpB and DnaK, the Kd has been estimated in the 

range of 7-30  µM (119). Notably, while the ClpB-DnaK complex has been observed by 

co-elution assays (102, 120) and NMR (38), the ternary complex of ClpB-DnaK-client has 

not been observed. Furthermore, despite the Kd measurements and estimates in the range 

of ~20 µM, biochemical assays are often carried out with nanomolar to low micromolar 

concentrations of DnaK, conditions in which a significant population of the ClpB-DnaK 

complex is not expected (21, 37, 38, 42, 44, 108, 111). Nevertheless, in these cases 

observations are attributed to the interplay between ClpB and DnaK. Though the existence 

of a DnaK-ClpB or Hsp70-Hsp104 complex has become widely accepted, the role of co-

chaperones upstream and/or downstream of that complex remains under investigation. The 

convergence of evidence suggests that DnaK acts on the aggregate first, possibly targeting 

the client to ClpB, and then DnaK binds ClpB unleashing the disaggregating power of ClpB 

(21, 37, 39, 41). DnaK may also have additional roles in the proper refolding of the client 

after release from ClpB.  
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CONCLUSIONS 

The reviewed studies reveal important considerations for design and 

implementation of the experiments needed to address outstanding questions about ClpA 

and ClpB/Hsp104 catalyzed protein translocation, degradation, and disaggregation 

mechanisms, respectively. One major aspect of assay design is the ability to predict the 

population of degradation/disaggregation active complex present under the chosen 

experimental conditions. As work on ClpB has revealed, these proteins persist in a 

distribution of oligomers even at high nucleotide concentrations (Figure 2). Therefore, 

dividing the monomeric protein concentration by six will yield overestimates for the 

hexameric population present and available to interact with partner proteins and substrates 

in solution. Instead, quantification of the active hexamer population in a given assay will 

require a thermodynamically rigorous characterization of the energetics governing 

nucleotide-linked self-assembly. Although this work has been done for ClpB, the 

mechanisms of ClpA and Hsp104 ligand linked self-assembly remain to be examined.  

A related consideration in assay design is the effect of mutations on AAA+ motor 

self-assembly. Because the propensity of a protein to oligomerize is in part driven by its 

primary sequence, mutations of the sequence will have effects on its self-assembly. If 

unaccounted for, assay readout changes resulting from up- or downregulation of the 

hexamer population as a result of mutations, could be misinterpreted as up- or 

downregulation of “activity” in ATPase, reactivation, or other assays. Thus, when 

designing experiments for AAA+ motors and their corresponding variants, it is important 

to know whether the signal being monitored reports on events that could be controlled by 
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changes in the assembly state. Interpretations of those results should be tempered by 

possible contributions from variability in the assembly state.  

Single turnover translocation experiments have been designed to yield information 

about the molecular level events governing AAA+ motor activity without rigorous 

quantification of the self-assembly mechanism (23, 81). However, this was possible, in 

part, because only hexamers are bound to the polypeptide substrate.  If smaller oligomers 

contributed to the translocation signal then measures would have to be taken to account for 

this.  For example, as soon as ClpP is introduced to ClpA then one has to start asking how 

the distribution of 1:1 and 2:1 hexameric ClpA to tetradecameric ClpP influences the 

signal.  Similar techniques are being adopted to investigate the molecular level events 

governing the mechanism of ClpB/Hsp104 catalyzed disaggregation in the absence and 

presence of partner co-chaperones.  As work on ClpA and ClpAP revealed, ClpP induces 

a major change in the mechanism of ClpA catalyzed polypeptide translocation. It’s 

reasonable, then, to expect cochaperones like DnaK/Hsp70 to similarly affect the 

disaggregation mechanism of ClpB/Hsp104. Implementation of these transient state kinetic 

techniques will prove powerful in the deconvolution of cochaperone contributions to the 

disaggregation activities of ClpB/Hsp104 and functional differences between ClpB and 

Hsp104.  

By definition, motor proteins use an energy source to perform mechanical work. 

ClpA and ClpB/Hsp104 use the energy from ATP binding/hydrolysis to perform this 

mechanical work.  For any translocase there is interest in how far the translocase moves on 

its lattice, how much energy is required to make this movement, and how much force is 

exerted.  For ClpA we reported the first kinetic step-size for any AAA+ protein translocase 
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to be ~14 amino acids per step (81).  Similarly, we showed that ClpAP translocated with a 

reduced kinetic step-size of ~5 amino acids per step (71).  Consistently, a single molecule 

optical tweezer measurement reported a step-size of ~5 amino acids per step for ClpAP 

(92). Similarly, single molecule optical tweezer experiments showed that ClpXP 

translocated in 5 – 8 amino acid steps (121, 122).  In many cases, single-molecule and 

single turnover kinetics experiments can get around the limitations on the interpretation 

imposed by macromolecular assembly. Thus, going forward, the combination of single-

molecule and transient state kinetic experiments are going to be essential for addressing 

detailed mechanistic questions on AAA+ motors.   
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Figure 1. Structural comparison of ClpA, ClpB, and Hsp104. (A) Sequence alignment 

showing relative organization of N domain, NBD1, NBD2, and M domain in the AAA+ 

protomers compared. (B) Protomer crystal structures of E. coli ClpA (PDB ID code 1ksf) 

(Guo et al., 2002b), T. thermophilus ClpB (PDB ID code 1qvr– chain C) (Lee et al., 2003), 

and C. thermophilum Hsp104 (PDB ID 5d4w – chain A) (Heuck et al., 2016). E. coli ClpA 

and T. thermophilus ClpB N domains are shown in pink. C. thermophilum Hsp104 also 

has an N terminal domain, however its electron density was not resolved, likely due to 

flexibility. Nucleotide Binding Domain 1 (NBD1) is shown in blue for each protomer. In 

ClpB and Hsp104, the Middle Domain (M Domain) is shown in gold, extending in a coiled-

coil from within NBD1. Nucleotide Binding Domain 2 (NBD2) is shown in purple. Bound 

nucleotide is shown as black spheres. These images were prepared using PyMOL 

Molecular Graphics System, Version 1.8 Schrödinger, LLC (Schrodinger, 2015a,b,c). 

Adaptation of structural comparison presented in Doyle and Wickner (2009). (B) Single 

particle reconstructions of E. coli ClpA (EMD-1673) (Effantin et al., 2010), E. coli ClpB 

(EMD-2563) and S. cerevisiae Hsp104 (EMD-2561) (Carroni et al., 2014), hexameric rings 

from cryo-electron microscopy. ClpA and Hsp104 models were built from images of the 
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motor protein bound to ClpP. For Hsp104, this required use of HAP, the variant designed 

by the Bukau group to interact with ClpP. Top row shows views from the side. Note that 

the N terminal domain of ClpA was not defined in the electron density map, likely due to 

flexibility, similar to the observation from the crystallographic study of Hsp104. Bottom 

row shows views from the top, looking down through the axial channel. These images were 

prepared using UCSF Chimera (Computer Graphics Laboratory, University of California, 

San Francisco). 
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Figure 2. Species fraction plot as a function to total [ClpB] in monomer units. Species 

fractions were simulated using apparent equilibrium constants for the oligomerization of 

each ClpB n-mer (Ln, app) predicted in the presence of (A) 100 μM and (B) 2 mM ATPγS, 

as well as ClpB n-mer nucleotide binding constants, and stoichiometries reported in Lin 

and Lucius (2016). The equilibrium constants for the ClpB n-mer oligomerization in the 

absence of nucleotide (Ln,0) were used as reported in Lin and Lucius (2015b). The solid 

lines represent the fraction of monomer (red), dimer (green), tetramer (blue), and hexamer 

(black) present as a function of total [ClpB] in μM monomer. 
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Figure 3. Schematic of single turnover fluorescence stopped-flow experiment. ATPγS-

bound ClpA is pre-assembled with a fluorescently labeled, unstructured polypeptide 

substrate, fluor-peptide. The fluor-peptide bound ClpA complex (left) is then rapidly mixed 

with a solution of ATP and a non-fluorescent peptide (protein trap, right) held in large 

excess over the fluorescently modified peptide concentration. Upon mixing, any ClpA 

hexamers that dissociate from the fluorescently modified peptide will be swiftly bound by 

protein trap, ensuring the reaction monitored is single-turnover with respect to the fluor-

peptide bound ClpA complex. The mixture is excited at a specified fluorophore excitation 

wavelength (λEX), and fluorescence emission at an indicated fluorophore emission 

wavelength (λEM) is monitored as a function of time. 
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Figure 4. General scheme of a translocating enzyme mechanism. Translocating enzyme 

(E) in complex with a peptide (P) of length L, (E·P)L, will either translocate the peptide 

through a translocation rate constant (kt) to form an peptide intermediate translocated by a 

some distance m, I(L−m), or dissociate from the peptide through a dissociation rate 

constant (kd). The translocase proceeds through multiple translocation steps of a given step-

size (m) until the peptide is fully translocated. 
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Figure 5. Structural models of ClpA and ClpAP complex in various states of peptide 

ligation. Models of (A) hexameric ClpA, (B) 1:1 ClpAP, and (C) 2:1 ClpAP bound by one 

peptide or (D) bound by two peptides. Structures are shown as side views in complex with 

a cartoon of an unstructured polypeptide substrate (black). The single particle 

reconstruction of E. coli ClpA hexamer (EMD-1673) (Effantin et al., 2010) is shown with 

monomers colored in alternating red shades. In the ClpAP complexes, a molecular surface 

from the crystal structure of E. coli ClpP tetradecamer (PDB-2FZS) (Szyk and Maurizi, 

2006) is shown with protomers in the each heptameric ring colored in alternating shades of 

either light blue (top) or dark blue (bottom). The models shown here are not energy 

minimized. Images were prepared using UCSF Chimera (Computer Graphics Laboratory, 

University of California, San Francisco). 
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Figure 6. Proposed model of the movement of pore loops in NBD1 and NBD2 of ClpA 

in polypeptide translocation. (A) In the absence of ClpP, conformational changes in the 

pore loops of both NBD1 and NBD2 contribute to the translocation of polypeptide substrate 

through the ClpA axial channel. ATP binding and hydrolysis at NBD1 results in a pore 

loop conformational change that moves the incoming polypeptide substrate ~14 amino 

acids down the axial channel toward NBD2. This results in the formation of a polypeptide 

substrate loop in the axial space between NBD1 and NBD2. This loop is moved through 

the axial channel by multiple rounds of ATP hydrolysis cycles at NBD2 that lead to the 

translocation of 2–5 amino acids per cycle by the NBD2 pore loops. (B) In the presence of 

ClpP, polypeptide translocation is driven by NBD2 ATP hydrolysis induced 

conformational changes. Cycles of ATP binding and hydrolysis at NBD1, do not result in 

conformational changes that limit the observed ClpAP catalyzed translocation rate. 
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ABSTRACT 

 E. coli ClpA is an AAA+ (ATPase Associated with diverse cellular Activities) 

chaperone that catalyzes the ATP-dependent unfolding and translocation of substrate 

proteins for the purposes of proper proteome maintenance. Biologically active ClpA 

hexamers contain two nucleotide binding domains (NBD) per protomer, D1 and D2. 

Despite extensive study, complete understanding of how the twelve NBDs within a ClpA 

hexamer coordinate ATP binding and hydrolysis to polypeptide translocation is currently 

lacking. To examine nucleotide binding and coordination at D1 and D2, ClpA Walker B 

variants deficient in ATP hydrolysis at one or both NBDs have been employed in various 

studies. In the presence of ATP, it is widely assumed that ClpA Walker B variants are 

entirely hexameric. However, a thermodynamically rigorous examination of the self-

assembly mechanism has not been obtained. Differences in the assembly due to the 

mutation can be misattributed to the active NBD, leading to potential misinterpretations of 

kinetic studies. Here we use sedimentation velocity studies to quantitatively examine the 

self-assembly mechanism of ClpA Walker B variants deficient in ATP hydrolysis at D1, 

D2, and both NBDs. We found that the Walker B mutations had clear, if modest, effects 

on the assembly. In the absence of nucleotide, the assembly of each Walker B variant 

examined is best described by a monomer, dimer, tetramer, hexamer equilibrium. These 

data suggest that the Walker B mutation stabilizes a hexamer population in the absence of 

nucleotide, that is not present for analogous concentrations of wild type ClpA. Our results 

indicate that Walker B mutants, widely used in studies of AAA+ family proteins, require 

additional characterization as the mutation affects not only ATP hydrolysis, but also ligand 
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linked assembly of these complexes. This linkage must be considered in investigations of 

unfolding or other ATP dependent functions.   
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INTRODUCTION  

 Hsp100/Clp proteins are members of the AAA+ superfamily (ATPases Associated 

with diverse cellular Activities).  This superfamily includes molecular motors that play 

crucial and diverse roles in protein quality control pathways (1, 2). Some of the processes 

undertaken by AAA+ motor proteins to ensure proper proteome maintenance include the 

remodeling of toxic protein aggregates formed during cellular stress, regulation of protein 

complex assembly, and unfolding and degradation of substrates targeted for destruction (3, 

4). In these pathways, the AAA+ protein serves as the motor component, often within a 

larger protein assembly, coupling the energy from ATP binding and hydrolysis into 

physical movements of the substrate for a particular function. For example, the bacterial 

AAA+ motor ClpB (Hsp104 in yeast) works in collaboration with the DnaKJE system 

(Hsp70 and Hsp40 in yeast) to resolubilize protein aggregates. In a different pathway, the 

bacterial motors ClpA and ClpX associate with the ClpP protease to form energy-

dependent protein degradation machines with architectural similarity to the eukaryotic 26S 

proteasome (4-8).  

 The presence of one or two nucleotide binding domains (NBD) within Clp proteins 

have formed the basis for their subclassification into one of two classes (1). Class I AAA+ 

proteins such as ClpA, ClpB, ClpC, and Cdc48, contain two NBDs, D1 and D2, per 

monomer (9-12). In contrast, Class II AAA+ proteins, such as ClpX, HslU, Lon, and FtsH 

have a single NBD per monomer (13-16). Each NBD contains the canonical Walker A and 

B motifs that mediate nucleotide binding and hydrolysis, respectively (17). ATP binding 

is known to drive the oligomerization of Class I and II AAA+ motors into homohexameric 

rings with an axial channel.  
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 E. coli ClpA is a representative, well studied, Class I AAA+ molecular chaperone. 

In the presence of ATP, hexameric ClpA couples the energy obtained from ATP binding 

and hydrolysis to the translocation of polypeptide substrates down its axial channel. The 

tugging and pulling force of translocation causes the unfolding of polypeptide clients. ClpA 

hexamers translocate polypeptide clients in the absence of, or in complex with ClpP 

(ClpAP). Polypeptide substrates translocated by ClpAP are transferred from the axial 

channel of hexameric ClpA into a cavity formed by ClpP tetradecamers for proteolytic 

degradation. Multiple groups have reported that ClpAP translocates polypeptide substrates 

with a faster overall rate than ClpA alone (4, 18, 19). Despite this, it’s not completely 

understood how the twelve NBD sites within ClpA hexamers coordinate and couple ATP 

hydrolysis to polypeptide translocation in the absence and presence of ClpP. 

 In addition to protein unfolding and translocation, ClpA requires ATP binding to 

assemble into biologically active hexamers (20). Thus, a detailed understanding of how 

nucleotide binding and hydrolysis by ClpA is coordinated to polypeptide substrate 

unfolding and translocation requires the complete characterization of its assembly in the 

absence and presence of nucleotide. In the absence of nucleotide, ClpA has been shown to 

reside in a distribution of monomers, dimers, and tetramers (21, 22). More recent work 

shows that in addition to ClpA hexamers, lower order ClpA oligomers persist even at 

elevated nucleotide concentrations. Consequently, characterization of the biologically 

active hexamer population in the presence of nucleotide depends on quantification of the 

nucleotide linked assembly energetics.   

 ATP hydrolysis at each ClpA NBD has been studied using ClpA Walker B variants 

deficient in ATP hydrolysis at D1 or D2 (23, 24). From steady state ATPase assays using 
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ClpA Walker B variants, Weber-Ban and co-workers observe a lower ATPase activity at 

D1 relative to that of D2 (23). Moreover, in the presence of ClpP they observe polypeptide 

substrate-dependent differences in the rates of ClpA ATP hydrolysis at D1 and D2. More 

structurally ordered substrates required fully active D1 and D2 for degradation, while the 

ATPase activity at D1 was sufficient for degradation of less stable substrates.  

More recently, Baytshtok et. al. use ClpA Walker B variants to examine the 

energetic contribution of each NBD at unfolding a model substrate in the absence and 

presence of ClpP (24). They observed a decrease in the degradation activity of the model 

substrate using a ClpA variant with hydrolysis inactivated at D1, relative to that of ClpA 

with unaltered D1 and D2. Inactivating ATP hydrolysis at D2 resulted in total elimination 

of the substrate degradation activity. Although such differences are attributed to the effect 

of ClpP on the ATPase activity of each NBD, it’s also possible that changes in the assembly 

state due to the presence of the mutations are contributing to the observed differences. In 

all studies testing the steady state ATPase activity of ClpA Walker B variants, the 

concentration of ClpA hexamers is calculated by simply dividing the monomer ClpA 

concentration by six. That is, the lower order oligomers are not accounted for. If either the 

Walker B mutation or the presence of ClpP perturbs the assembly state of ClpA, differences 

in the population of hexamers catalyzing substrate turnover could be misinterpreted as 

differences in the ATPase activity of D1 and D2. 

Here we asked whether there are changes to the ClpA assembly state as a 

consequence of introducing an ATP hydrolysis inactivating mutation in the Walker B motif 

of D1, D2, or both D1 and D2. Using thermodynamically rigorous sedimentation velocity 

experiments, we describe the self-assembly mechanism of wild type ClpA (ClpAWT) and 
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each ClpA Walker B variant in the absence of nucleotide. We observe differences between 

the self-assembly mechanisms of ClpAWT and the Walker B variants. Our findings show 

that introduction of the E286A and E565A mutations, which have been shown to eliminate 

ATP hydrolysis but not binding in D1 and D2, respectively, perturb the intrinsic propensity 

of the protein to self-assemble.  

MATERIALS AND METHODS 

Buffers and Reagents 

  Reagent grade materials were used in the preparation of all buffers. Buffers were 

prepared using ultrapure water obtained from a Purelab Ultra System (Evoqua Water 

Technologies). ATP was obtained from Sigma-Aldrich. Buffer H500 contains 25 mM 

HEPES, pH 7.5 at 25 °C, 10 mM MgCl2, 2 mM 2-mercapthoethanol, 500 mM NaCl, and 

10 % (v/v) glycerol.     

Strains, plasmids, and proteins 

 The ClpAWT gene was cloned into pET 30a plasmid (pClpAWT) under control of 

the T7 promoter and the protein was isolated as previously described (21). Plasmids 

containing ClpAE286A and ClpAE565A genes (pClpAE286A and pClpAE565A, respectively) were 

created by inserting the indicated single point mutations to the ClpA gene within pClpAWT. 

The ClpAE286A/E565A plasmid (pClpAE286A/E565A) was created by inserting an E565A 

mutation into the ClpA gene of pClpAE286A. All single point mutations were done using the 

QuickChange II site-directed mutagenesis kit (Agilent Technologies). Primers for single 

point mutations were purchased from Integrated DNA Technologies. All mutations were 

verified by DNA sequencing. Cells containing pClpAWT, pClpAE286A, pClpAE565A, or 
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pClpAE286A/E565A were selected by growing in LB Miller growth media (Fischer Scientific) 

containing 30 µg/mL kanamycin. 

 ClpAWT knockout BL21(DE3) cells, ΔClpAWT-BL21(DE3), were constructed 

using recombineering (25). An ampicillin cassette was inserted in place of the ClpAWT gene 

in the BL21(DE3) genome. The knockout cells were selected using 25 µg/mL ampicillin 

in growth media. 

Electrocompetent stocks of ΔClpAWT-BL21(DE3) cells were transformed with 

pClpAE286A, pClpAE565A, or pClpAE286A/E565A using electroporation. ClpA Walker B 

variants were overexpressed in ΔClpAWT-BL21(DE3) cells by adding 1 mM IPTG during 

mid-log growth. Each Walker B variant was isolated using the same protocol as used for 

the isolation of ClpAWT, previously described (21).    

Sedimentation velocity experiments 

 Sedimentation velocity experiments on 6, 10, and 20 µM ClpAWT, ClpAE286A, 

ClpAE565A, and ClpAE286A/E565A were performed using an ProteomeLab XL-I analytical 

ultracentrifuge (Beckman Coulter, Brea, CA). For each experiment, 390 μL of sample or 

reference was loaded into each corresponding sector of a dual channel, Epon charcoal filled 

centerpiece. Samples were subjected to an angular velocity of 40,000 rpm and interference 

boundaries were collected every 30 seconds for the duration of sedimentation.  Protein and 

reference solutions incubated at 25 °C for 2 hours before centrifugal force was applied. 

 Interference scans were corrected for time stamp errors using REDATE Version 

0.1.7 (Chad Brautigam, University of Texas Southwestern Medical Center) (26, 27). Time 

corrected data was subsequently subjected to c(s) analysis using Sedfit version 14.4f (Peter 
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Schuck, NIH) as previously described (22, 28). The resulting c(s) distributions were 

integrated over the range of 1 – 25 S to obtain weight average sedimentation coefficients. 

Sedimentation coefficients, s, are corrected to s20,w to reflect standard conditions of infinite 

dilution in water at 20 °C, as previously described (22), using Eq. (1):  
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where ρ is the solution density, η the viscosity, and v the partial specific volume of the 

protein. ClpA partial specific volume was determined from its primary protein sequence to 

be 0.7405 mL g-1 using Sednterp (David Hayes, Magdalen College, Tom Laue, University 

of New Hampshire, and John Philo, Alliance Protein Laboratories) (29). A corrected value 

of  v = 0.7438 mL g-1 was used to correct for the presence of 10 % (v/v) glycerol in our 

buffer, as previously done (22, 28). This results in a sedimentation coefficient correction 

factor of 1.501.   

ClpA oligomer sedimentation coefficients used in global analysis of time difference 

curves 

 The sedimentation coefficient for ClpA monomer and hexamer in buffer H500 were 

determined experimentally. Sedimentation coefficient for other ClpA oligomers was 

approximated using Eq. (2): 

  
2/3

1ns s n   (2) 

 where n represents the number of protomers in a ClpA oligomer. Importantly, this 

approximation is limited by the assumption that all ClpA n-mers have the same frictional 

ratio (30). Using the experimentally determined s1 = 2.8 S leads to a calculated s6 = 9.2 S 
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from Eq. (2). This is 2 % different compared to the experimentally determined s6 = 9.4 S. 

Fits done using values for the s2 and s4 within a difference of 2 % do not change the 

equilibrium constants determined from global analysis of time difference curves. Table 1 

shows the sedimentation coefficients for each oligomer constrained in the global fitting.   

Global Analysis of sedimentation velocity time difference curves 

 SedAnal was used to transform sedimentation velocity data into time difference 

curves (31). Time difference curves for 6, 10, and 20 µM of ClpAWT, ClpAE286A, ClpAE565A, 

or ClpAE286A/E565A were subsequently subjected to global NLLS analysis to determine 

thermodynamic information from the self-assembly of each protein. For each 

concentration, every scan collected in the first 3 hours of sedimentation was included in 

the global analysis.   

 A set of path independent equilibrium equations were used to describe the data with 

each model tested (Table 2). The numbers used in the name of each model describe the 

oligomers present at stoichiometric equilibrium. For example, the 1-2-4 model consists of 

the path-independent stoichiometric reactions in Eq. (3) – (4): 
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ClpA ClpA   (5) 

where Ln,0 is the stoichiometric binding constant for the formation of a ClpA dimers and 

tetramers. Similarly, the 1-2-4-6 model consists of reactions in Eq. (3) – (5) describing the 
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association of ClpA monomers to form dimers, tetramers, and hexamers. Equilibrium 

constants and loading concentrations were floated parameters in the analysis.  

The goodness of fit between two models tested on the same data set was compared 

using the F-test, as previously described (32). A calculated F value, Fcalculated, was 

determined from Eq. (6):  
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where the analysis using a model that resulted in the lowest RMSD (RMSD1) was 

compared to the analysis using a different model (RMSD2). The Fcalculated was compared to 

a critical F value, Fcritical, of 1.00002. An Fcalculated value larger than Fcritical indicates a 

significantly worse fit compared to the best fit. 

Oligomer sedimentation coefficients, molecular weights, extinction coefficients, 

and density increments were constrained parameters in the analysis. Table 1 lists the 

sedimentation coefficients and molecular weight used. The fringe extinction used for ClpA 

and each variant is 3.192 fringes per mg/mL. Density increment was calculated using Eq. 

(7).   

 1 v   (7) 

RESULTS & DISCUSSION 

ClpA Walker B variants exhibit dynamic assembly in the absence of nucleotide 

 Figure 1 A shows the location of the Walker B motif in each NBD of the ClpA 

monomer crystal structure. Residues 281-287 (ILFIDEI) make up the Walker B motif of 
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NBD1 and in NBD2 it is residues 561-567 (LLLDEIE). Replacement of the catalytic 

glutamate within the Walker B motif of either NBD (Figure 1 A) with alanine abolishes 

ATP hydrolysis but maintains binding activity (23). Previous studies have established that 

nucleotide binding, but not hydrolysis, is required to assemble ClpA into hexamers (33-

35). Consistently, ClpA Walker B variants, have been shown to bind nucleotide and 

assemble into hexamers capable of binding ClpP. Multiple groups have examined the 

ATPase activity of ClpA Walker B variants deficient in ATP hydrolysis in one NBD in 

order to describe the ATPase activity of the functional NBD. 

The hexamerization equilibrium constant for a protein that requires nucleotide 

binding to form hexamers is given by Eq. (8) 

 6
6, 6,0 6

1

app

P
L L

P
   (8) 

Where L6,app denotes an apparent hexamerization constant that depends upon the nucleotide 

concentration. L6,0 is the hexamerization equilibrium constant in the absence of nucleotide, 

where the 6 represents hexamers and the zero represents zero bound nucleotides, and P1 

and P6 are the partition functions for nucleotide binding to the monomeric and hexameric 

state, respectively. The partition functions are functions of the nucleotide binding constant 

to each nucleotide binding site and the free nucleotide concentration.  For example, if both 

sites in the monomer bind with identical binding constants, then P1 would be given by Eq. 

(9), where K is the binding constant for binding to either D1 or D2, i.e. two independent 

and identical sites.   

   
2

1 1P K ATP    (9) 
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Upon inspection of Eq. (8) one can predict that introduction of a mutation in the 

nucleotide binding site will influence the hexamerization constant, L6,app, if the nucleotide 

binding constant, K, is affected by the mutation.  Even though the Walker B variants still 

bind nucleotide, it seems unlikely that in the presence of the mutation the affinity would 

be unchanged.   Further, L6,0 represents the ability of the protein to assemble in the absence 

of nucleotide.  We refer to this as the intrinsic propensity of the protein to assemble.  It also 

seems possible that the introduction of a mutation could perturb the intrinsic propensity of 

the protein to assemble, i.e. L6,0.   

Indeed, it has been frequently, shown using size exclusion chromatography at a 

fixed nucleotide concentration, that these variants do form hexamers (23).  However, the 

observation of hexamers under one set of conditions does not reveal the impact on the self-

association equilibrium.  Using a combination of hydrodynamic techniques, we previously 

showed that ClpA resides in a dynamic equilibrium of monomers, dimers, and tetramers in 

the absence of nucleotide (21, 22). If the self-assembly energetics are different for each 

Walker B variant, then a comparison, for example, of the steady state ATPase activity as a 

function of protein concentration would be reporting on different populations of oligomers 

turning over ATP at each fixed total ATP concentration. To determine if introduction of 

the mutation influences the intrinsic propensity of the protein to assemble, Walker B 

variants deficient in ATP hydrolysis at NBD1 (ClpAE286A), NBD2 (ClpAE565A), or both 

NBDs (ClpAE286A/E565A) were overexpressed and isolated as described (see Materials and 

Methods).  

As a necessary precursor to investigating whether abolishing ATP hydrolysis at 

either one or both nucleotide binding domains of ClpA perturbs assembly, we first 
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examined the association of wild type ClpA (ClpAWT) in the absence of nucleotide. 

Although we have done and reported this, our previous hydrodynamic studies on the self-

assembly of ClpAWT were carried out in the presence of 300 mM NaCl. However, under 

the solution conditions used in this study (25 mM HEPES, pH 7.5, 2 mM 2-ME) all Walker 

B variants exhibited poor solubility at 300 mM NaCl; a first indication that the 

conformation has been changed due to introduction of point mutations. Consequently, all 

hydrodynamic studies presented here on ClpAWT and Walker B variants were performed 

in the presence of 500 mM NaCl as described in Materials and Methods.  

Sedimentation velocity experiments were performed on 6, 10, and 20 μM ClpAWT 

monitoring interference. Figure 1 B shows a representative set of interference fringe 

boundaries collected for 6 µM ClpAWT by monitoring changes in fringe displacement as a 

function of radial position and time. Boundaries collected for 6, 10, and 20 µM ClpAWT 

were subjected to c(s) analysis in SedFit (Peter Schuck, NIH). Figure 1 C shows an overlay 

of the resulting c(s) distributions. Inspection of the c(s) distributions (Figure 1 C) reveals 

the presence of multiple peaks for each concentration, and a shift towards higher 

sedimentation coefficients with increasing protein concentration. These data are consistent 

with previous findings showing that ClpA resides in a distribution of oligomers in the 

absence of nucleotide.  

With these data in hand we asked the question, does the equilibrium distribution of 

ClpA oligomers change as a result of introducing the Walker B mutation at one or both 

NBDs? That is, do ClpA Walker B variants exhibit different assembly energetics relative 

to ClpAWT? To test this, analogous sedimentation velocity experiments were performed on 

6, 10, and 20 µM ClpAE286A, ClpAE565A, and ClpAE286A/E565A. As a first level of analysis, 
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weight average sedimentation coefficients (�̅�) were obtained and compared for ClpAWT and 

each ClpA Walker B variant. C(s) distributions for each concentration of ClpAWT (Figure 

1 C) were integrated over the entire sedimentation coefficient range to obtain a weight 

average sedimentation coefficient for each concentration. The same analysis was repeated 

on the c(s) distributions for 6, 10, and 20 μM of ClpAE286A, ClpAE565A, and ClpAE286A/E565A. 

Figure 1 D shows the resulting weight average sedimentation coefficients for ClpAWT-500 

(green), ClpAE286A (purple), ClpAE565A (blue), and ClpAE286A/E565A (pink) as a function of 

protein concentration. From Figure 1 D, it is clear that there are differences in �̅� for Walker 

B variants relative to ClpAWT.  

The population of each oligomer at any given protein concentration is defined by 

the equilibrium constants in the self-assembly mechanism. Consequently, one explanation 

for the observed differences in Figure 1 D is that the indicated mutations are perturbing the 

energetics of ClpA assembly. To examine this, we next sought to characterize the self-

assembly mechanism of ClpAWT and each Walker B variant.  

ATP binding drives assembly of ClpAE286A/E565A  

 In order to analyze the energetics of assembly for ClpA Walker B variants in the 

absence of nucleotide, the sedimentation coefficients of ClpAE286A/E565A monomer and 

hexamer were experimentally determined. Sedimentation velocity experiments were 

performed on 2 µM ClpAE286A/E565A in the absence of nucleotide and in the presence of 1 

mM ATP (Figure 2). The sedimentation velocity boundaries were subjected to c(s) analysis 

using SedFit. Figure 2 A shows the resulting c(s) distribution of 2 µM ClpAE286A/E565A in 

the absence of nucleotide. In the absence of nucleotide, ClpAE286A/E565A sediments as a 

single ideal species with s20,w = (4.3 ± 0.2) S. The reported error is the sedimentation 
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coefficient standard deviation obtained by integrating the c(s) distribution of three 

replicates. Veronese, et. al. report a sedimentation coefficient of s20,w = (4.5 ± 0.1) S for 

ClpAWT monomers in the presence of 300 mM NaCl and 10 mM MgCl2 (see Table 3, (21)). 

Thus, the peak present in Figure 2 A is consistent with ClpAE286A/E565A monomers. The 

apparent decrease in sedimentation coefficient for ClpAE286A/E65A relative to that reported 

for ClpAWT could be due to differences in the hydration of the sedimenting monomers in 

the presence of the higher salt used in this study.  

To characterize the sedimentation coefficient of the ClpAE286A/E565A hexamer in 

buffer supplemented with 500 mM NaCl, sedimentation velocity experiments were 

performed on various concentrations of ClpAE286A/E565A in the presence of 1 mM ATP. 

Figure 2 B shows an overlay of the resulting c(s) distributions of 2 μM (pink), 6 μM (blue), 

and 10 μM (orange) ClpAE286A/E565A in the presence of 1 mM ATP. In each case, there is a 

~4.3 S peak, consistent with the monomer population as well as a peak with s20,w = (14.6 ± 

0.2) S. The ~14.6 S peak does not shift with increasing ClpAE286A/E565A concentration, 

indicating that it represents the largest oligomer populated in the presence of ATP. Various 

studies show that nucleotide binding, in the absence of hydrolysis, drives the formation of 

ClpA hexamers capable of interacting with ClpP (23, 35). We previously reported a 

sedimentation coefficient of 15.5 S for peptide-bound ClpA hexamers populated in the 

presence of 1 mM ATPγS (28). Thus, the peak at ~14.6 S observed in Figure 2 B is 

consistent with a ClpAE286A/E565A hexamer population. Consequently, a hexamer 

sedimentation coefficient value of s20,w = 14.6 S.  
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Global analysis of ClpAWT sedimentation velocity data 

 ClpAWT has been reported to reside in a distribution of monomers, dimers, and 

tetramers in the absence of nucleotide in buffer supplemented with 300 mM NaCl (21, 22). 

It is possible that some of the intermediates populated in the presence of 300 mM NaCl are 

not significantly populated at the elevated salt concentration of 500 mM NaCl, examined 

here. To test this, the sedimentation velocity boundaries collected for ClpAWT in buffer 

supplemented with 500 mM NaCl were globally analyzed using the time difference curve 

method (see Materials and Methods).  

 The difference curves that result from sedimentation velocity experiments collected 

at 6, 10, and 20 µM ClpAWT in buffer H500 are shown in Figure S1. These data were 

subjected to global NLLS analysis to the stoichiometric binding models listed in Table 2. 

The first model tested assumes that monomers, dimers, and tetramers (1-2-4 in Table 2) 

are significantly populated at thermodynamic equilibrium. In this analysis the equilibrium 

constants for the path independent formation of dimers (L2,0) and tetramers (L4,0) is allowed 

to float, where the 2 and 4 in the subscript indicate dimer and tetramer, respectively, and 

the zero indicates no bound nucleotide. This model describes the data reasonably well, with 

an RMSD = 2.699 x 10-2 (Figure S1, red traces). The equilibrium constants result in values 

of L2,0 = (1.51 ± 0.05) x 104 M-1 and L4,0 = (8.9 ± 0.9) x 1013 M3 (average ± SD, n=3). 

Importantly, this model does not preclude the existence of other intermediates. For 

example, because ClpA forms hexamers in the presence of nucleotide, it is possible that a 

hexamer population exists, but is not sufficiently populated to detect in these experiments.  

 To determine if the analysis can detect additional intermediates, the difference 

curves shown in Figure S1 were subjected to global analysis to three additional models that 
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assume the presence of a hexamer population: a monomer-dimer-hexamer model (1-2-6), 

a monomer-tetramer-hexamer model (1-4-6), and a monomer-dimer-tetramer-hexamer 

model (1-2-4-6). The data are not well described by globally fitting to either the 1-2-6 or 

1-4-6 models based on resulting RMSD values of 1.654 x 10-1 and 5.866 x 10-2, 

respectively. Results from the F-test shown in Table 2 comparing each of these models to 

the 1-2-4 model supports that the 1-2-6 and 1-2-4-6 are significantly worse models at 

describing the observed difference curves. Global NLLS fit to the 1-2-4-6 model results in 

an RMSD = 2.704 x 10-2. Notice that this is only 0.00005 larger than the resulting RMSD 

for fitting the same data to a 1-2-4 model. Although both the 1-2-4 and 1-2-4-6 models 

describe the data well, the 1-2-4 model describes the data significantly better based on the 

RMSD and the F-test shown in Table 2.  

Table 3 shows the equilibrium constants that result from global NLLS analysis of 

ClpAWT fit to either a 1-2-4 or a 1-2-4-6 model (Ln,0 values reported as average ± SD, n=3). 

The resulting values of L2,0 and L4,0 from fitting to either model are within error of one 

another. Fitting to the 1-2-4-6 model additionally results in an equilibrium constant for 

hexamer formation, L6,0 = (4 ± 5) x 1022 M-5. Judging from the large uncertainty, this 

resulting parameter is not well constrained from globally fitting three replicate 

concentration dependent data sets. This suggests that there is not enough information in the 

data to describe the energetics of hexamerization, perhaps due to a very low population of 

hexamers present at the concentrations tested. Thus, a monomer-dimer-tetramer model is 

the simplest model to sufficiently describe the experimental observations for ClpAWT in 

the presence of 500 mM NaCl.   
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Determination of the self-assembly mechanism for ClpA Walker B variants 

 Sedimentation velocity data collected for 6, 10, and 20 μM ClpAE286A, ClpAE565A, 

and ClpAE286A/E565A were subjected to NLLS analysis using the difference curve method. 

Figure 3 (black) shows one representative set of difference curves for 6, 10, and 20 μM 

ClpAE286A/E565A. These difference curves were subjected to global NLLS analysis using the 

models previously tested on ClpAWT (Table 2). For each Walker B variant, based on the 

fitting RMSD and subsequent F-test shown in Table 2, the data are significantly better 

described by the 1-2-4-6 model compared to all other models tested. This observation 

suggests that hexamers are significantly populated for each of the variants, which is not the 

case for WT.  

Figure 3 (red traces) shows the difference curves from global NLLS modeling of 

the ClpAE286A/E565A data using the 1-2-4-6 model. Similarly, global NLLS analysis using 

the 1-2-4-6 model is shown for ClpAE286A (Figure S2) and ClpAE565A (Figure S3). In 

all cases, the experimental data are well described by the model.  

 The stoichiometric binding constants (Ln,0) resulting from NLLS global analysis of 

ClpAE286A, ClpAE565A, and ClpAE286A/E565A difference curves to the 1-2-4-6 model are 

summarized in Table 3. Note that three replicate sets of 6, 10, and 20 µM protein were 

subjected to global analysis for each variant. Consequently, the uncertainties reported in 

Table 3 for each parameter represent the standard deviation from three global fits. Table 3 

shows that all proteins examined, have similar dimerization equilibrium constants of L2,0 

~ (1.1 – 3.4) x 104 M-1. The resulting L4,0 for each protein also narrowly range within an 

order of magnitude difference of each other. The largest difference is found in the resulting 

values for L6,0. For example, the analysis of ClpAE286A/E565A results in a hexamerization 
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binding constant of (1.1 ± 0.5) x 1023 M-5. This is about an order of magnitude different 

from the resulting L6,0 for ClpAE565A of (1.4 ± 0.5) x 1024 M-5. In fact, the binding constants 

for the formation of dimers, tetramers, and hexamers is larger for the ClpAE565A variant, 

than either of the other two variants (ClpAE286A and ClpAE286A/E565A).  

To understand the impact of these differences, the equilibrium constants shown in 

Table 3 were used to model the weight average sedimentation coefficients as a function of 

the concentration of free ClpA ([ClpA]free), as done previously (21, 30). The dependence 

of the weight average sedimentation coefficient on [ClpA]free is described by Eq. (10) where 

sn is the sedimentation coefficient of each ClpA n-mer (Table 1). The total ClpA 

([ClpA]total) concentration is related to [ClpA]free by the conservation of mass expression 

shown in Eq. (11). The �̅� data shown in Figure 1 D were subjected to NLLS analysis by 

implicitly fitting to Eq. (10) and Eq. (11) using Micromath Scientist 3.0 (Micromath, St. 

Louis, MO).  
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 Figure 1 D shows the resulting binding isotherms (solid traces) overlaid with the �̅� 

values obtained experimentally. The binding isotherms describe the experimentally 

determined �̅� values obtained at each fixed [ClpA]total. As shown in Figure 1 D, differences 

in Ln,0 values (Table 3) between ClpAWT and each variant causes the binding curves to shift 

along the [ClpA]total axis relative to ClpAWT. For example, ClpAE286A has larger L2,0 and 

L6,0 values relative to the corresponding values of ClpAWT, and a L4,0 that is within error of 
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ClpAWT. These differences result in a binding isotherm for ClpAE286A (Figure 1 D, solid 

purple trace) that is shifted to the left on the [ClpA]total axis relative to ClpAWT (Figure 1 D, 

solid green trace). Consistently, the ClpAE565A binding isotherm is shifted further left 

compared to ClpAWT and ClpAE286A as a result of the larger Ln,0 values that describe 

ClpAE565A self-assembly. In all cases, the indicated Walker B mutations perturb the self-

assembly energetics of ClpAWT. Consistently, identical total concentrations of each protein 

will reside in a distribution of states made up of different fractions of each oligomer.  

To comparatively examine the impact of the Walker B mutation on the ClpAWT 

self-assembly, Eq. (3) – (5) were used to simulate the fraction of each oligomer populated 

as a function of [ClpA]total. Figure 4 shows the fractions of monomers (red), dimers (blue), 

tetramers (green), and hexamers (black) populated as a function of total concentration of 

ClpAWT, ClpAE286A, ClpAE565A, and ClpAE286A/E565A (Figure 4, panels A – D, respectively).  

These species fractions were simulated using the self-association binding constants 

reported for each protein in Table 3. The concentration dependent oligomer fractions of 

ClpAWT shown in Figure 4 A, are also plotted in Figure 4 B – D (broken traces) for 

comparison.  

Figure 4 C – D shows clear differences in the distribution of oligomers populated for each 

ClpA Walker B variant (solid traces) relative to ClpAWT (broken traces). In general, larger 

deviations between the fractions of oligomers populated occur with increasing ClpA 

concentrations. For example, a sample containing 15 µM ClpAWT would reside in a 

distribution made up of 63% monomers, 18 % dimers, and 19 % tetramers (Figure 4 A). In 

contrast, the same concentration of ClpAE286A contains a 6 % lower population of 

monomers, a 9 % greater population of dimers, a 10 % lower population of tetramers, and 
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a 6 % hexamer population (Figure 4 B, contrast solid and broken traces). At low 

concentrations (< 5 µM ClpAtotal) there is less deviation in the fractions of populated 

oligomers for the ClpA Walker B variants relative to ClpAWT. However, deviations in the 

fraction of monomers and dimers (red and blue traces, respectively) persist at all 

concentrations simulated.  

CONCLUSIONS 

 ATP hydrolysis by each NBD during polypeptide substrate unfolding and 

degradation has been examined with steady state ATPase experiments using the ClpA 

Walker B variants examined here (23, 24, 36). An inherent assumption of these ensemble 

ATPase assays is that the entire population catalyzing ATP turnover is in the hexameric 

state. Specifically, the concentration of hexamers is determined by simply dividing the total 

protein concentration by six. The justification for doing this is the observation of ClpA 

Walker B variant hexamers in analytical gel filtration assays done in the presence of 

nucleotide. However, that does not indicate the extent to which the self-association 

equilibrium has been perturbed. Because ATP binding drives the self-assembly of ClpA, it 

stands to reason that changes in the nucleotide binding pocket may perturb the enzyme’s 

intrinsic propensity to form hexamers in the absence of nucleotide. To test whether this is 

the case, we examined the self-assembly mechanism of ClpAWT and three ClpA Walker B 

variants in the absence of nucleotide (Figure 1).  

Our findings show that the self-assembly of ClpAWT is best described by a 

monomer-dimer-tetramer equilibrium (Figure S1). In contrast, the self-assembly of each 

ClpA Walker B variant tested in the same conditions is best described by a monomer-

dimer-tetramer-hexamer equilibrium (Figures 1, S2, and S3). The fact that hexamerization 
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must be incorporated to describe the self-association of the Walker B variants supports the 

hypothesis that the Walker B mutation changes the inherent propensity of the protein to 

oligomerize.  

Our results support a model by which the hydrolysis inactivating ClpA Walker B 

mutation upregulates hexamerization of ClpA. Table 3 shows the results from the global 

analysis of ClpAWT difference curves using the 1-2-4 and 1-2-4-6 models. Fitting to the 1-

2-4-6 model results in a worse fit and yields an unconstrained L6,0. Despite this, we cannot 

preclude the existence of ClpAWT hexamers under the conditions tested. However, if 

ClpAWT hexamers are present, we can conclude from the analysis that they are not 

significantly populated to be quantified by the methods used here. In contrast, the L6,0 that 

results from global analysis of each Walker B variant is about an order of magnitude larger 

compared to ClpAWT. Since the only change between ClpAWT and each Walker B variant 

is insertion of the indicated single point mutations (E286A or E565A), we conclude that 

the observed increase in L6,0 is a direct result of the indicated change to the protein’s 

primary sequence.  

The ClpA hexamer population is controlled by the concentration of ClpA and the 

chemical potential of ATP in solution, that is, the free nucleotide concentration. Given the 

results presented here, it is unlikely the case that nucleotide binding affinity is not also 

changed by primary sequence changes in the ATP binding pocket. If this were the case, the 

population of ClpA hexamers available to unfold polypeptide substrates for the D1 versus 

the D2 ClpA Walker B variant would be different. As a result, differences in the apparent 

ATPase activity would reflect changes in the assembly state, and not inherent differences 

in the ATP hydrolysis rate of each NBD ring of ClpA. Thus, a thorough examination of the 
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energetics of nucleotide linked assembly should be sought to correctly interpret the 

molecular basis of observed differences in the ATPase rates of ClpA Walker B variants. 
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Table 1 

Sedimentation coefficient and MW for ClpA oligomers used in global analysis of 

sedimentation velocity data 
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Table 2 

Comparison of models tested to globally describe ClpA assembly 
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Table 3 

Ln,0 results from global analysis of difference curves 
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Figure 1. Sedimentation velocity experiments of ClpAWT and ClpA Walker B 

variants. (A) ATP hydrolysis occurs in the Walker B motif within each ClpA nucleotide 

binding domain (NBD) shown in green and grey in the ClpA monomer crystal structure 

(PDB ID: 1ksf). Three ATP hydrolysis inactive ClpA variants were constructed containing 

an alanine replacement for the Walker B glutamate in NBD1 (ClpAE286A), NBD2 

(ClpAE565A), or both NBDs (ClpAE286A/E565A). Sedimentation velocity experiments 

monitoring fringe displacement as a function of radial position and time were collected for 

6 (B), 10, and 20 µM ClpAWT, ClpAE286A, ClpAE565A, and ClpAE286A/E565A. The resulting 

sedimentation velocity data was subjected to c(s) analysis. (C) An overlay of the c(s) 

distributions for various concentrations of ClpAWT shows a concentration dependent 

distribution of oligomers. Weight average sedimentation coefficients were obtained by 

integrating c(s) distributions across the entire c(s) range shown. (D) The resulting weight 

average sedimentation coefficients for ClpAWT (green), ClpAE286A (purple), ClpAE565A 

(blue) and ClpAE286A/E565A (pink) are plotted as a function of protein concentration. The 

solid traces represent simulation of weight average sedimentation coefficient using Eq. (10) 

- (11) and the equilibrium constants in Table 3 for each protein, respectively. 
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Figure 2. C(s) analysis of ClpAE286A/E565A in the absence and presence of 1 mM ATP. 

The c(s) analysis from sedimentation velocity experiments performed on (A) 2 µM 

ClpAE286A/E565A in the absence of ATP and (B) on 2 µM (pink), 6 µM (blue), and 10 µM 

(orange) ClpAE286A/E565A in the presence of 1 mM ATP.  
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Figure 3. Global analysis of difference curves from sedimentation velocity data of 6, 

10, and 20 µM ClpAE286A/E565A using the 1-2-4-6 model. Sedimentation velocity 

boundaries collected every 30 seconds for the first 3 hours of sedimentation were included 

in the fit. Every 16th difference curve, Δ fringes as a function of radial position (cm), is 

shown. The data are shown in black and the fit is shown in red. The fitting RMSD is 0.0274. 

Fitting residuals randomly distributed about zero, plotted below the difference curves for 

each concentration, indicate the data are well described by the model.  
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Figure 1: Species fraction simulation of ClpAWT, ClpAE286A, ClpAE565A, and 

ClpAE286A/E565A as a function of total protein concentration. Species fractions were 

simulated using the Ln,0 parameters shown in Table 3. Species fractions for the oligomers 

of each protein were simulated as a function of total ClpA concentrations. Fractions of 

monomers (red), dimers (blue), tetramers (green), and hexamers (black) are shown as a 

function of total (A) [ClpAWT],   (B) [ClpAE286A], (C) [ClpAE565A], and (D) 

[ClpAE286A/E565A] (µM). The species fraction simulations for ClpAWT shown in panel A 

(broken traces) are also shown in panels B – D to compare differences in the populated 

distribution of oligomers between ClpAWT and the indicated variant. 
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Supplementary Figure S1. Global analysis of difference curves from sedimentation 

velocity data of 6, 10, and 20 µM ClpAWT using the 1-2-4 model. Sedimentation velocity 

boundaries collected every 30 seconds for the first 3 hours of sedimentation were included 

in the fit. Every 16th difference curve, Δfringes as a function of radial position (cm), is 

shown. The data are shown in black and the fit is shown in red. The fitting RMSD is 

0.02699. Fitting residuals randomly distributed about zero, plotted below the difference 

curves for each concentration, indicate the data are well described by the model.   
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Supplementary Figure S2: Global analysis of difference curves from sedimentation 

velocity data of 6, 10, and 20 µM ClpAE286A using the 1-2-4-6 model. Sedimentation 

velocity boundaries collected every 30 seconds for the first 3 hours of sedimentation were 

included in the fit. Every 16th difference curve, Δ fringes as a function of radial position 

(cm), is shown. The data are shown in black and the fit is shown in red. The fitting RMSD 

is 0.03125. Fitting residuals randomly distributed about zero, plotted below the difference 

curves for each concentration, indicate the data are well described by the model.  
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Supplementary Figure S3: Global analysis of difference curves from sedimentation 

velocity data of 6, 10, and 20 µM ClpAE565A using the 1-2-4-6 model. Sedimentation 

velocity boundaries collected every 30 seconds for the first 3 hours of sedimentation were 

included in the fit. Every 16th difference curve, Δ fringes as a function of radial position 

(cm), is shown. The data are shown in black and the fit is shown in red. The fitting RMSD 

is 0.03305. Fitting residuals randomly distributed about zero, plotted below the difference 

curves for each concentration, indicate the data are well described by the model.  
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ABSTRACT 

Energy-dependent molecular chaperones are ubiquitous molecular machines involved in 

protein degradation and remodeling processes essential to cellular vitality. E. coli ClpA is 

a AAA+ (ATPase Associated with diverse cellular Activities) chaperone that catalyzes the 

ATP-dependent unfolding and translocation of substrate proteins targeted for degradation 

into a protease, ClpP. ClpA hexamers associate with one or both ends of ClpP 

tetradecamers to form either 1:1 or 2:1 ClpAP complexes based on the relative 

concentrations of each component. ClpA contains two nucleotide binding sites per 

monomer, NBD1 and NBD2, and self-assembly into hexamers is thermodynamically 

linked to nucleotide binding. Although extensive solution studies have been done on ClpAP 

catalyzed substrate degradation, the field is currently unable to quantitatively predict the 

concentration of ClpA hexamers available to interact with ClpP for any given nucleotide 

and total ClpA concentration. In this work, sedimentation velocity studies are used to 

quantitatively examine the self-assembly of a ClpA Walker B variant in the presence of 

ATP. In addition to the hexamerization, we observe the formation of previously unreported 

ClpA dodecamer in the presence of ATP. Apparent equilibrium constants for the formation 

of each ClpA oligomer was obtained from direct boundary modeling of the sedimentation 

velocity data. The energetics of nucleotide binding to NBD1 and NBD2 are revealed by 

examining the dependence of the apparent association equilibrium constants on free 

nucleotide concentration. This analysis is the first step in a detailed quantitative 

understanding of how the twelve nucleotide binding and hydrolyses sites within the 

hexameric ring coordinate ATP hydrolysis and coupling to polypeptide translocation.    
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INTRODUCTION  

 ATP-dependent proteases play critical and diverse roles in the proteome 

maintenance of prokaryotes and eukaryotes. Diverse cellular pathways such as heat shock 

response (1), post-translational protein triaging (2), and regulation of gram positive bacteria 

pathogenesis (3), depend on the activity of ATP-dependent chaperone systems. These 

processes involve the coordination of a AAA+ (ATPases Associated with diverse cellular 

Activities) molecular chaperone and a compartmentalized protease. The AAA+ chaperones 

uses cycles of ATP binding and hydrolysis to unfold targeted protein substrates and 

translocate them into a proteolytic compartment of the associated protease for degradation 

(4-6).   

E. coli ClpA is the AAA+ molecular chaperone component of the bacterial energy 

dependent chaperone system, ClpAP. It is sub-classified as a Class I Hsp100/Clp molecular 

chaperone due to the presence of two nucleotide binding domains (NBDs) within each 

ClpA protomer (7). Each ATP binding pocket of each protomer contains canonical Walker 

A and B motifs, where ATP binding and hydrolysis occur (8). ATP binding has been 

observed to drive the formation of ClpA hexamers, the functional oligomer of ClpA 

capable of interacting with polypeptide substrate and ClpP (9, 10). Structurally, ClpA 

hexamers have been modeled to be planar rings containing an axial channel where 

polypeptide substrates are translocated through for unfolding (8, 11).  

ATP binding and hydrolysis by ClpA is coupled to both oligomeric assembly and 

the translocation of polypeptide substrates through the axial channel of the hexameric ring.  

In the presence of ATP, Kress and co-workers showed that ATP binding but not hydrolysis 

drives the oligomerization of ClpA into hexamers (ClpA6) capable of binding polypeptide 
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substrate and tetradecameric ClpP (ClpP14) (9). In addition to driving oligomerization, ATP 

binding and hydrolysis drives the processive translocation of polypeptide substrates down 

the axial channel of ClpA hexamers (12). Repeated rounds of ATP binding and hydrolysis 

are proposed to modulate the conformational switching of a loop that connects the Walker 

A and Walker B motifs within each NBD that extends into the axial channel of ClpA 

hexamers (13). Using crosslinking studies Hinnerwisch and co-workers observe the NBD2 

axial loops to be in direct contact with a polypeptide substrate and find that translocation 

activity can be abolished by mutations in the NBD1 axial loops. Despite structural 

understanding of the translocation mechanism, how nucleotide is hydrolysis is coordinated 

to substrate unfolding within the 12 NBDs of a hexamer remains poorly understood.  

ClpA hexamers catalyze the unfolding and translocation of polypeptide substrates 

in the absence and presence of ClpP (14, 15). Multiple studies have shown that ClpP has 

an effect on the translocation rate of ClpA. Using a single turnover polypeptide 

translocation assay we observe that in the absence of ClpP, ClpA translocates polypeptide 

substrates at a rate of 20 aa s-1 (12). In contrast, when ClpP is present, we observe that 

ClpA translocates polypeptide substrates with a faster overall rate of 36 aa s-1 (16). Using 

a FRET assay to monitor ClpA catalyzed polypeptide unfolding, Baytshtok et. al. similarly 

observed differences for the catalytic rate of unfolding by ClpA in the absence and presence 

of ClpP.  

The molecular basis for the observations of ClpP modulating ClpA catalytic 

activities is not well understood. One proposed model for these observed differences is that 

ClpP changes the rate of the physical up and down movements of the ClpA axial loops. 

However, we hypothesize that an alternative and not necessarily mutually exclusive, 
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explanation is that ClpP perturbs the ClpA assembly state. Changes to the binding affinity 

or hydrolysis rate of ATP at each ClpA NBD could lead to differences in the population of 

ClpA hexamers available to catalyze polypeptide translocation in the absence or presence 

of ClpP.  

We have shown that in the absence of ATP, ClpA resides in distribution of 

monomers, dimers, and tetramers (17, 18). In addition, we observe that mutations in the 

binding pocket of ClpA perturb the self-association equilibrium constants for 

oligomerization in the absence of nucleotide (E.C. Duran, in submission). This leads to 

differences in the populations of oligomers present at equivalent concentrations of the 

ClpA variants examined. Given these observations, it’s possible that interaction between 

ClpA and ClpP, could lead to changes in either the protein-protein interaction between 

ClpA oligomers or the binding affinity of ATP at each NBD that perturb the ClpA assembly 

state. Testing whether ClpP modulates the macromolecular assembly state of ClpA requires 

the deconvolution of the affinity constants for the formation of hexamers and the affinity 

of ATP binding to the hexamer in the absence of ClpP. 

Having recently examined the self-association of ClpA in the absence ATP, in this 

study we sought to quantify the macromolecular assembly of ClpA in the presence of ATP. 

Surprisingly, we observe that the hexamer is not the highest order oligomer populated in 

the presence of nucleotide. We find that ClpAE286A/E565A resides in a distribution of 

monomers, dimers, tetramers, hexamers, and dodecamers in the presence of ATP. By 

quantifying the self-assembly equilibrium constants for the formation of each oligomer in 

the presence of varying ATP concentrations, we constructed binding isotherms that 

allowed us to separate ATP binding affinity from macromolecular assembly. The binding 
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isotherms for the formation of each oligomer as a function of ATP concentration were 

analyzed to determine the affinity and stoichiometry for ATP binding to each oligomer. 

We report binding constants for ATP binding each ClpA oligomer and observe that on 

average ClpA monomers, dimers, tetramers, hexamers, and dodecamers bind 1, 3, 6, 10, 

and 20 ATP molecules, respectively.  

MATERIALS AND METHODS 

Buffers and reagents 

  All buffers used in the experiments described were prepared using reagent grade 

materials and ultrapure water obtained from a Purelab Ultra System (Evoqua Water 

Technologies). The ATP used was purchased from Sigma-Aldrich. All experiments with 

purified protein were carried out in buffer H500 containing 25 mM HEPES, pH 7.5 at 25 

°C, 10 mM MgCl2, 2 mM 2-mercapthoethanol, 500 mM NaCl, and 10 % (v/v) glycerol.     

Protein isolation 

 ClpAE286A/E565A was overexpressed in E. coli ΔClpAWT-BL21(DE3) cells as 

previously described (Duran, et. al. in submission). After overexpression, the protein was 

isolated following the same isolation protocol as that used to isolated wild type ClpA, 

previously described (17). Purified stocks of ClpAE286A/E565A were in buffer supplemented 

25 mM Tris base (pH 7.5 at 4 °C), 100 µM EDTA, 2 mM 2-mercaptoethanol, 1 M NaCl 

and 50% (v/v) glycerol for long term storage at -80 °C. Prior to performing experiments, 

protein samples were dialyzed against buffer H500 at 4 °C. After dialysis, protein 

concentration was determined spectroscopically using a molar extinction coefficient of 

31,000 M-1 cm-1 at 280 nm.  
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Equilibrium dialysis  

 Equilibrium dialysis experiments were conducted to gradually equilibrate 

ClpAE286A/E565A samples with ATP. The experiments were carried out using a 3-chamber 

micro-equilibrium dialyzer system purchased from The Nest Group. In the 3-chamber 

system, a central chamber is separated from two adjacent chambers by a dialysis 

membrane. The central chamber was loaded with 500 µL of the protein solution and 

separated from the other two chambers with a 25 KDa molecular weight cut off (MWCO) 

cellulose membrane. Both external chambers were supplemented with 500 µL aliquots of 

an ATP solution. In this experimental design, the central chamber containing 

ClpAE286A/E565A was permeable to the exchange of ATP. On the other hand, 

ClpAE286A/E565A, with a molecular weight of ~84,100 g/mol per protomer, was kept 

within the central chamber by the 25 KDa MWCO dialysis membrane.  

 After protein and ATP solutions were placed in equilibrium dialyzers, the system 

was left to equilibrate at 25 °C with gentle shaking at 50 rpm. After a 14-hour incubation, 

the samples were removed from each chamber. The solutions taken from each external 

chamber of a given equilibrium dialyzer were combined and its ATP concentration was 

determined spectroscopically. This was taken to be the concentration of ATPfree for a given 

experiment. Similarly, a spectroscopic measurement of the protein and nucleotide solution 

recovered from the central chamber was used to determine the concentration of ATPtotal 

(ATPfree + ATPClpA-bound). The central chamber solutions containing ATP and protein were 

loaded into the sample sector of a dual sector analytical ultracentrifugation cell assembly. 

The matched ATPfree solution for a given sample solution was loaded into the reference 

sector. 
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Sedimentation velocity experiments  

 Interference sedimentation velocity experiments were collected for 6 or 10 µM 

ClpAE286A/E565A in the presence of various ATPfree concentrations. Importantly, each 

sedimentation velocity experiment was carried out on one fixed protein and nucleotide 

concentration. Experiments were collected in a ProteomeLab XL-I analytical 

ultracentrifuge (Beckman Coulter, Brea, CA). Protein and reference solutions were loaded 

into the respective sector of a dual channel, Epon charcoal filled centerpiece. 

Approximately 390 µL of either protein or reference solution was loaded into each sector. 

Interference boundaries were collected every 30 seconds at an angular velocity of 40,000 

rpm for the duration of sedimentation as previously described.  

 Absorbance sedimentation velocity experiments were collected for 6 µM 

ClpAE286A/E565A in the presence of 30 µM TNP-ATP. Boundaries were collected 

monitoring absorbance at 408 nm as a function of radial position and time. Samples were 

subjected to an angular velocity of 40,000 rpm and absorbance boundaries were collected 

every 4 minutes.   

 Time corrected sedimentation velocity was subjected to c(s) analysis in SedFit 

(Peter Schuck, NIH) or difference curve analysis SedAnal, as previously described (19-

21). Sedimentation coefficient values expressed in terms of s20,w, reflect standard 

conditions of infinite dilution in water at 20 °C as defined in Eq. (1), 
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where ρ indicates the solution density, η the solution viscosity, and v the partial specific 

volume of the protein. The partial specific volume of ClpAE286A/E565A was determined from 

its primary protein sequence to be 0.7405 mL g-1 using Sednterp (David Hayes, Magdalen 

College, Tom Laue, University of New Hampshire, and John Philo, Alliance Protein 

Laboratories) (22). A correction of  0.0033 mL g-1 was subsequently added to account for 

the presence of 10 % (v/v) glycerol included in the experimental buffer (H500) (18, 23). 

From Eq. (1), a correction factor of 1.501 is obtained to calculate s20,w from uncorrected 

sedimentation coefficient values.   

Analysis of sedimentation velocity time difference curves 

 Sets of time difference curves collected at fixed protein and ATP concentrations 

were model in SedAnal. Protein self-association was modeled using the monomer-dimer-

tetramer-hexamer-dodecamer stepwise assembly model (1-2-4-6-12 model) shown in Eq. 

(2) – (5),   
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where the curly bracket notation represents all ATP ligation states of a ClpA n-mer, while 

kf,n and kr,n represent the forward and reverse rate constant for n-mer formation, 

respectively. The forward and reverse rate constants are related to the stepwise equilibrium 
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constant (Kn) as shown in Eq. (6). Difference curves were analyzed by floating either both 

Kn and kr,n or by floating Kn while constraining kr,n.    
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 Sedimentation coefficients were constrained in the analysis of difference curves. 

Sedimentation coefficient values were previously obtained for the monomer (2.8 S), dimer 

(4.4 S), tetramer (7.1 S), and hexamer (9.4 S) as described (Duran, et. al., in submission). 

The sedimentation coefficient for the dodecamer was approximated to be 14.4 S (s20,w = 

21.6 S) using Eq. (7) as previously described (24). Note that this prediction is in agreement 

with the ~22 S population observed in c(s) distributions obtained in for 6 µM 

ClpAE286A/E565A in the presence of ATP (Figure 1, blue and purple traces). Importantly, the 

sedimentation coefficients constrained in the analysis of difference curve were not 

standardized to s20,w values.  

  2 3

1ns s n   (7) 

RESULTS 

ClpAE286A/E565A exhibits dynamic assembly in the presence of ATP 

 We have previously shown that ATPγS binding will drive the formation of ClpA 

hexamers competent for binding to peptide (23).  Although AMPPNP will drive the 

formation of hexamers, we found that substantially higher concentrations compared to 

ATPγS were required to do so, indicating weaker binding of AMPPNP. Moreover, 

AMPPCP, ADP, and ADP-BeF did not drive the formation of hexamers with polypeptide 

binding activity.  With these results in mind, we initiated a study to examine the ligand 
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linked assembly equilibrium using ATPγS and wild-type ClpA (data not shown).  

However, due to slow ATPγS hydrolysis these experiments are both irreversible and poorly 

reproducible.  To overcome this problem, we chose to examine the ligand linked assembly 

process using ClpAE286A/E565A, a Walker B variant that binds but does not hydrolyze ATP.  

Since this ClpA variant does not hydrolyze ATP we initiated an examination of the ligand 

linked assembly process using hydrolysable ATP.   

We recently examined the self-assembly mechanism and hydrodynamic properties 

of ClpAE286A/E565A in the absence of nucleotide. We observe that in the absence of 

nucleotide, ClpAE286A/E565A resides in a distribution of monomers, dimers, tetramers, and 

hexamers (E.C. Duran, in submission). As a next step, here we sought to quantify the ATP-

linked self-association reaction of ClpAE286A/E565A using sedimentation velocity 

experiments.   

Sedimentation velocity experiments were performed on 6 µM ClpAE286A/E565A in 

the absence of ATP or in the presence of 500 µM or 1 mM ATP. Figure 1 A shows a 

representative set of sedimentation boundaries collected for 6 μM ClpAE286E/E565A in the 

presence of 1 mM ATP monitoring fringe displacement as a function of radial position and 

time. The sedimentation boundaries collected in the absence and presence of ATP were 

subjected to c(s) analysis in SedFit (Peter Schuck, NIH). An overlay of the resulting c(s) 

distributions are shown in Figure 1 B.  

In the absence of nucleotide (Figure 1 B, black), the c(s) distribution of 6 µM 

ClpAE286A/E565A is dominated by a single species at s20,w = (4.1 ± 0.2) S. In our recent 

examination of the hydrodynamic properties of ClpA Walker B variants, we observe a 

sedimentation coefficient for s20,w = (4.3 ± 0.2) S for ClpAE286A/E565A monomers. Consistent 
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with those findings, Figure 1 B shows that in the absence of nucleotide, the distribution of 

6 μM ClpAE286A/E565A is largely in the monomeric state.  

When ATP is added to 6 μM ClpAE286A/E565A, Figure 1 B (blue and purple traces) 

there is a clear shift in the c(s) distribution towards larger sedimentation coefficients.  To 

examine the impact of nucleotide addition on the c(s) distribution of 6 μM ClpAE286A/E565A, 

weight average sedimentation coefficients (�̅�20,w) were obtained by integrating the c(s) 

distributions shown in Figure 1 B over the entire sedimentation coefficient range shown. 

In the absence of nucleotide a �̅�20,w ~ 4.5 S is obtained. In contrast, when ATP is present 

(Figure 1 B, blue and purple traces), the weight average sedimentation coefficient shifts to 

�̅�20,w ~ 13.1 S and 14.9 S for 500 μM ATP and 1 mM ATP, respectively. This is a clear 

indication that ATP binding drives the assembly of ClpAE286A/E565A towards higher order 

oligomers.  

Further inspection of Figure 1 B shows that in the presence of ATP, the distributions 

of 6 µM ClpAE286A/E565A contain peaks spanning a range of s20,w ~ 4 – 22 S. As expected, 

the peak at ~4.1 S consistent with ClpA monomers, decreases when ATP is present, relative 

to the c(s) distribution obtained in the absence of ATP. In addition, a broad reaction 

boundary at s20,w ~ 6 – 11 S and a peak at ~15 S emerge. The broad reaction boundary is 

consistent with the previously reported sedimentation coefficients of ClpAE286A/E565A 

dimers and tetramers. This likely indicates the presence of a mixture of dimers and 

tetramers at both ATP concentrations tested. Similarly, the ~15 S peak is consistent with 

our previously observed sedimentation coefficient of 15.5 S for peptide-bound wild type 

ClpA (ClpAWT) hexamers in the presence of ATPγS (23). These data support previous 

observations that ATP binding drives the hexamerization of ClpA. Yet we additionally 
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observe that oligomers smaller than the hexamer persist at thermodynamic equilibrium 

under conditions where ATP is in large excess over the macromolecule concentration. Thus 

quantifying the population of hexamers present at any given nucleotide concentration 

requires examination of the nucleotide linked assembly equilibrium, as previously done for 

the closely related AAA+ molecular chaperone, ClpB (25).  

Surprisingly, the hexamer is not the largest oligomer observed in the c(s) 

distributions determined for ATP-bound ClpAE286A/E565A shown in Figure 1 B. In addition 

to the features described above, there is a peak that emerges at s20,w ~22.5 S. A similar 23 

S species has been observed before from absorbance sedimentation velocity experiments 

performed on ClpAWT in the presence of ADP (23). Although the authors speculated this 

to be a ClpA dodecamer, there were not enough constraints in the absorbance 

sedimentation velocity data and sedimentation equilibrium data collected to model 

dodecamer formation. In absorbance sedimentation velocity experiments, sedimenting 

boundaries are collected on the order of minutes. As a result, boundary spreading due to 

the movement of sedimenting oligomers on that timescale leads to lower resolution data 

relative to interference boundaries. Thus, it’s possible that with greater temporal resolution 

in the sedimenting boundaries collected here (see Materials and Methods) the data contain 

enough information to characterize the energetics of dodecamerization.  

ClpAE286A/E565A resides in a monomer-dimer-tetramer-hexamer-dodecamer 

equilibrium in the presence of ATP 

 To investigate the ATP-linked assembly mechanism of ClpAE286A/E565A, we first 

sought to determine the ATP concentration dependence of the formation of each ClpA 

oligomer in the assembly pathway. To do this, sedimentation velocity experiments were 
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collected for 6 and 10 µM ClpAE286A/E565A at fixed nucleotide concentrations ranging from 

approximately 20 µM to 1 mM ATP. The resulting sedimentation boundaries were directly 

modeled using the time difference curve method (see Materials and Methods). From this 

analysis, apparent equilibrium constants (Ln,app) were obtained for the formation of each 

ClpAE286A/E565A oligomer as a function of ATP. Here Ln,app is defined as Eq. (8)     
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where Ln,0 represents the equilibrium constant for ClpA n-mer formation in the absence of 

nucleotide and Pn represents the partition function for ClpA n-mer binding ATP. 

Importantly, the partition function is only a function of free ligand, in this case [ATP]free. 

Thus, we devised an experimental strategy to be able to measure [ATP]free.  

Prior to subjecting ClpAE286A/E565A to sedimentation velocity, protein samples and 

ATP were equilibrated using equilibrium dialysis. For each reaction, protein and nucleotide 

samples were placed in separate chambers of an equilibrium dialyzer separated by a 

membrane permeable to nucleotide but not protein as described (see Materials and 

Methods). After a 14 hour incubation at 25 °C, the protein chamber contains the total 

concentration of ATP (ATPtotal) which is equal to the sum of the concentration of free and 

ClpA-bound ATP. Since all chambers are permeable to ATP, the chambers impermeable 

to protein contain equilibrium concentrations of ATPfree. The contents of each chamber 

were separated and the [ATP]free was measured spectroscopically. In addition to allowing 

us to directly measure the [ATP]free, gradually mixing in ATP and allowing the system to 

equilibrate over 14 hours was an experimentally rigorous way to achieve a reversible 

equilibrium.  



117 

 

The protein-nucleotide sample from the equilibrium dialysis experiment was then 

subjected to sedimentation velocity. The free ATP concentration, measured from the 

equilibrium dialysis experiments to be in the range of 17 µM to 1.1 mM remained constant 

throughout each sedimentation velocity experiment. Time difference curves were 

subsequently obtained from sedimenting boundaries collected at fixed protein and 

nucleotide concentrations. These data were subjected to NLLS analysis using a model that 

assumes the presence of monomers, dimers, tetramers, hexamers, and dodecamers (1-2-4-

6-12 model) at thermodynamic equilibrium (Eq. (2) – (5)). Figure 2 shows representative 

sets of difference curves for 6 and 10 µM ClpAE286A/E565A in the presence of 62.3 µM and 

68.5 µM ATPfree respectively, analyzed using the 1-2-4-6-12 model (Figure 2, green 

traces). For difference curves collected in the presence of ≥200 µM ATPfree, the measured 

[ATP]free was approximately equal [ATP]total. In these cases, difference curves for 6 and 10 

µM ClpAE286A/E565A at one fixed [ATP]free were globally analyzed using the 1-2-4-6-12 

model. In contrast, sets of time difference curves collected at one fixed protein and free 

ATP concentrations <200 µM were individually modeled using the 1-2-4-6-12 model.  

Stepwise equilibrium constants, K2, K4, K6, and K12 were obtained at each 

concentration of ATPfree, from the analysis of difference curves using the 1-2-4-6-12 model. 

These were used to calculate stoichiometric equilibrium constants, L2,app, L4,app, L6,app, and 

L12,app using Eq. (9) – (12), where ClpAn represents a ClpA n-mer. Table 1 shows average 

Ln,app and standard deviations from the independent analysis of three experimental 

replicates.  
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In sedimentation velocity experiments, dissociation rates are measurable if they occur in 

the range of ~10-2 – 10-5 s-1 (26). The Ln,app values in Table 1 were obtained assuming a 

dissociation rate constant of 0.01 s-1. This assumes that all oligomers exhibit instantaneous 

dissociation on the time scale of sedimentation.  To test whether oligomer dissociation 

occurs on the timescale of sedimentation, the kinetic rate constants for the dissociation of 

each oligomer, kr,n (Eq. (2) – (5)) were floated as fitting parameters in the analysis of 

difference curves.  

Table S1 shows Ln,app and kr,n values obtained when equilibrium and dissociation rate 

constants are floated parameters in the analysis of difference curves. The error reported in 

the table for each parameter is the standard deviation obtained from the independent 

analysis of three replicates. On average the reverse rate constants reported in Table S1 fall 

outside of the measurable range. This observation suggests that the oligomers either 

undergo instantaneous dissociation or are infinitely stable on the timescale of 

sedimentation (26).  

To examine the impact of assuming kr,n ≥ 0.01 s-1 on Ln,app, the apparent equilibrium 

constants reported in Table 1 and Table S1 are plotted as a function of [ATP]free in Figure 
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S1. Figure S1 shows that the Ln,app reported in Table 1 and Table S1 are within error. This 

observation suggests that there is no additional information obtained about the energetics 

of assembly by floating kr,n terms as fitting parameters. Thus all kr,n were constrained to 

0.01 s-1 in the analysis of difference curves.    

Model independent determination of the ClpAE286A/E565A ATP binding density 

 The ATP binding stoichiometry of each ClpAE286A/E565A oligomer was determined 

by model independent Wyman analysis (27). This strategy, has been previously employed 

by us to determine the ATPγS binding density of ClpB oligomers (25). As shown 

previously, Eq. (13) is obtained by first taking the log of Eq. (8) and subsequently taking 

the first derivative of the resulting expression with respect to the log([ATP]free). 
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  (13) 

�̅�n represents the extent of binding to the n-mer. Extent of binding is defined as the 

ratio of the concentration of ligand bound to the concentration of total macromolecule (28). 

In this analysis, �̅�n is the extent of binding to a ClpAE286A/E565A oligomer 

([ATP]bound/[An]total) and �̅�1 represents the extent of binding to ClpAE286A/E565A monomer 

([ATP]bound/[A1]total). The difference expressed in Eq. (13) is equal to the slope of a plot of 

log(Ln,app) as a function of the log([ATP]free), known as a Wyman plot (27).  

Four Wyman plots were constructed using the Ln,app values shown in Table 1. 

Figure 3 (A – D) shows the linear region of each plot fit to a line. The slopes obtained from 

the linear regression analysis, can be expressed as the system of linear equations shown in 

Eq. (14) – (17). 
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 2 12 1.2 0.1X X     (14) 

 4 14 2.4 0.3X X     (15) 

 6 16 4.7 0.4X X     (16) 

 12 112 9 1X X     (17) 

Equations (14) – (17) represent a system of four linear equations with five 

unknowns. The simplest way to solve this system of equations is to make assumptions 

about the monomer extent of binding and solve for the others. The reason for making 

assumptions about the extent of binding for the monomer is that each ClpA monomer 

contains two nucleotide binding sites. Consequently, there are only three possibilities for 

the stoichiometry of ATP binding the monomer. By constraining �̅�1 equal to either zero, 

one, or two, we can easily solve Eq. (14) – (17) to determine the extent of binding to dimers, 

tetramers, hexamers, and dodecamers.  

Table 2 shows the extent of binding to each oligomer obtained assuming a monomer 

extent of binding of zero, one, or two. Each ClpA oligomer contains 2n nucleotide binding 

sites. In the case of �̅�1 = 2, the extent of binding predicted for each oligomer is greater than 

the number of nucleotide binding sites present in each oligomer. From this analysis we can 

rule out a monomer extent of binding of two. In contrast, assuming a monomer extent of 

binding equal to either zero or one results in extent of binding values for all other oligomers 

that are less than the number of nucleotide binding sites present in each oligomer. With 

this in mind, we devised a sedimentation velocity experiment to determine whether 

monomers bind ATP.  
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ClpAE286A/E565A monomers bind ATP 

 To determine whether ClpA monomers bind nucleotide, sedimentation velocity 

experiments were performed on ClpAE286A/E565A in the presence of TNP-ATP. Here TNP-

ATP was used as a chromophore and its absorbance at 408 nm was monitored. Any peaks 

present in the resulting c(s) distributions reflect TNP-ATP bound species.  

 Figure 4 shows the c(s) distributions from 6 µM ClpAE286A/E565A in the presence of 

30 µM TNP-ATP (red).  For comparison the distribution from 6 µM ClpAE286A/E565A in the 

absence of nucleotide (Figure 1, black) is also shown in Figure 4. In the presence of TNP-

ATP, Figure 4 (red) shows a distribution at ~4 S consistent with ClpA monomers. 

Populations at ~7.5 S and ~14.6 S are also present when TNP-ATP is added, consistent 

with ClpA tetramers and hexamers. The ~4 S peak overlays well with the monomer 

population that dominates the distribution in the absence of nucleotide (Figure 4 and Figure 

1, black traces). Since the signal collected in the presence of TNP-ATP is only sensitive to 

absorbance from TNP-ATP, we conclude that ATP must bind monomers. Importantly, the 

additional peaks at ~7.5 S and ~14.6 S indicate that TNP-ATP drives assembly of 

ClpAE286A/E565A into higher order oligomers, analogous to ATP.  

 The results shown in Figure 4 allow us to rule out a monomer extent of binding 

equal to zero. A monomer extent of binding of two has also been ruled out from the model 

independent analysis discussed above. From data shown in Figure 4 and the results from 

the Wyman analysis, we conclude a monomer extent of binding equal to one. From Table 

2, we obtain extent of binding values of ~3, ~6, ~10, and ~21 for ATP binding to dimers, 

tetramers, hexamers, and dodecamers, respectively. With estimates for the stoichiometry 



122 

 

of ATP binding to each oligomer in hand, we next sought to determine the average affinity 

of ATP binding to monomers, dimers, tetramers, hexamers, and dodecamers.    

NLLS analysis of Ln,app as a function of [ATP]free  

 In order to determine the ATP binding affinity to each oligomer, binding isotherms 

were constructed by plotting log(Ln,app) as a function of ATPfree. Figure 5 shows the binding 

isotherms for L2,app, L4,app, L6,app, and L12,app on [ATP]free. In order to model the binding 

isotherms globally, we need a partition function that describes ATP binding to the 

monomer, dimer, tetramer, hexamer, and dodecamer, respectively (Eq. (8)).  

 The simplest way to model ATP binding to each oligomer is with a n-independent 

and identical sites model. This model assumes that ATP binding to each site within an 

oligomer is independent of the other sites and can be described by the same ATP binding 

constant. Equation (18) describes the general form of the partition function for a ClpA n-

mer binding ATP, assuming n-independent, identical sites. 

   1
nm

n n free
P ATP    (18) 

In Eq. (18), κn describes the average stepwise equilibrium constant for ATP binding a ClpA 

n-mer and mn represents its ATP binding stoichiometry. Substitution of Eq. (18) into Eq. 

(8), we arrive at a general model for Ln,app shown in Eq. (19). 
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 The binding isotherms shown in Figure 5 were subjected to global NLLS analysis 

using the logarithmic form of Eq. (19) for each Ln,app, shown in Eq. (20) –  (23).  
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2 1

2, 2,0 2 1log log log 1 2log 1
m m

app free free
L L ATP ATP        (20) 

          
4 1

4, 4,0 4 1log log log 1 4log 1
m m

app free free
L L ATP ATP        (21) 

          
6 1

6, 6,0 6 1log log log 1 6log 1
m m

app free free
L L ATP ATP        (22) 

          
12 1

12, 12,0 12 1log log log 1 12log 1
m m

app free free
L L ATP ATP        (23) 

 The Ln,0 terms were constrained in the NLLS analysis of Ln,app ATP binding 

isotherms. The self-association equilibrium constants, L2,0, L4,0, and L6,0 were recently 

determined for ClpAE286A/E565A in the absence of nucleotide (Duran et. al., in submission). 

In the absence of nucleotide, we do not observe ClpAE286A/E565A dodecamers and therefore 

could not experimentally measure L12,0. Instead we calculated an upper limit of L12,0 ≤ 1 x 

1050 M-11. We obtained this limit by generating species fractions for the formation of each 

ClpA oligomer using the experimentally determined L2,0, L4,0, and L6,0 while constraining 

L12,0 to finite values. A L12,0 = 1 x 1050 M-11 was determined to be the largest value for 

which a dodecamer would not be populated at 20 µM ClpAE286A/E565A, the highest 

concentration used to determine the energetic parameters for the self-association in the 

absence of nucleotide. Thus a value of L12,0 = 1 x 1050 M-11 was constrained in the global 

analysis of Ln,app binding isotherms (Figure 5).  

 The binding stoichiometry terms (m2, m4, m6, m12) and average ATP binding 

constants (κ1, κ2, κ4, κ6, κ12) were floated as fitting parameters in this analysis. Note that m1 

and κ1 are global parameters, while m2, m4, m6, m12, κ2, κ4, κ6, and κ12 are local parameters 

in the analysis. Given that we conclude a binding stoichiometry of 1 the monomer from the 
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results discussed above (Table 2 and Figure 4), m1 was constrained to 1 in the NLLS 

analysis of the binding isotherms. When all other mn and κn are floated parameters, the data 

are well described by the fit (Figure 4, red traces). The parameters obtained from NLLS 

analysis are summarized in Table 3.  

The error on each fitted parameter in the analysis was determined from the standard 

deviation of Monte Carlos simulations (1000 iterations). From this analysis we find that 

m4, m6, m12, κ2, κ4, κ6, and κ12 are well constrained (Table 3). However, we also find the 

binding stoichiometry of the dimer to be unconstrained. This is not surprising given that 

the L2,app does not have a clear ATP dependence for ATPfree concentrations < 200 µM (see 

Figure 5 and Table 2). That is likely due to the low population of dimers present at low 

ATP concentrations. 

With this in mind, the data were modeled again, constraining m2 = 3, the 

stoichiometry for ATP binding the dimer obtained from Wyman analysis (see Table 2). 

The resulting fitting parameters for m4, m6, m12, κ2, κ4, κ6, and κ12 (Table 3) are within error 

of that obtained when m2 is floated in the analysis, as expected given that m2 is not a well 

constrained parameter in the analysis. Comparing the resulting stoichiometries, the NLLS 

analysis done with m2 constrained results in stoichiometries for ATP binding dimers, 

tetramers, and hexamers that agree with the values obtained from the Wyman analysis 

(compare Tables 2 and 3).  

 The next level of complexity for modeling the Ln,app binding isotherms 

would be to incorporate cooperativity between the binding sites. A hallmark of cooperative 

binding is a sigmoidal dependence on ligand concentration and steep binding isotherms 

that span fewer than two log units. As shown in Figure 4, this analysis does not result in 
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steep binding isotherms that would indicate the ATP binding sites are cooperative. There 

is no justification in the data to warrant incorporating complexity to the model. From this 

we conclude that the simplest model of n-independent, identical sites is sufficient to 

describe the data.  

DISCUSSION 

 ATP binding has been shown to drive the formation of ClpA hexamers competent 

for binding to ClpP and polypeptide substrates (9, 12, 29). Thus, quantifying the hexamer 

population and the affinity of ATP binding to ClpA hexamers is an important aspect of 

determining the molecular basis for ClpA catalyzed substrate unfolding and translocation 

in the absence and presence of ClpP. Various groups have observed differences in substrate 

unfolding and/or translocation rate by ClpA in the absence versus the presence of ClpP (14, 

16, 29). We hypothesize that one explanation for these observed differences is that ClpP 

can tune the ATP binding affinity of ClpA hexamers thereby altering the population of 

hexamers catalyzing substrate translocation in the presence of ClpP relative to that in the 

absence of ClpP. With this in mind, we examined the ATP-driven assembly mechanism of 

ClpA.  

 In the current study, we chose to use a ClpA variant (ClpAE286A/E565A) previously 

shown to be ATP hydrolysis inactive to examine the assembly state in the presence of ATP 

(29). Previously determined equilibrium constants for the association of ClpAE286A/E56A in 

the absence of nucleotide were constrained in this analysis. Using an ATP hydrolysis 

deficient ClpA variant allowed us to slowly equilibrate the reaction of ClpAE286A/E565A with 

ATP over a 14 hours period without having to account for any changes to the [ATP] due 
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to ATP hydrolysis. This slow equilibration was achieved using equilibrium dialysis to 

ensure reversibility.   

 The self-association of ClpAWT in the presence of ATPγS has been previously 

examined using absorbance sedimentation velocity studies performed at 4 °C (9). In that 

study, a single ClpAWT oligomer, modeled as a hexamer, was observed in the presence of 

saturating [ATPγS]. Based on that observation, and the observation of ClpA hexamers in 

gel filtration assays performed at excess nucleotide concentrations, ClpA is often assumed 

to be completely hexameric in the presence of high nucleotide concentrations. In contrast 

to this, using a sedimentation velocity experiments with higher temporal resolution, we 

observe a distribution of ClpA oligomers at present at thermodynamic equilibrium for the 

range of [ATP]free tested.    

 The results in Figure 1 B show that while a dodecameric species is populated (~22 

S), it is not the dominant species. The distributions observed from c(s) analysis and 

predicted from the equilibrium constants reported in Table 1, predict that the hexamer is 

the most populated oligomer in the presence of ATP. However, in order to correctly 

calculate the concentration of ClpA hexamers at a given [ATP], we must account for the 

population of dodecamer and all other lower order oligomers present. The equilibrium 

constants determined from the analysis presented here (Table 1) allow us to do that.   

Analysis of the sedimentation velocity data obtained shows that in the presence of 

ATP, ClpA resides in a dynamic equilibrium of monomers, dimers, tetramers, hexamers, 

and dodecamers (Figure 2, Table 1). The populations of each oligomer depend on both the 

free nucleotide concentration and the protein concentration, as predicted from Eq. (8). We 

observe that the equilibrium constant for oligomer formation is not linearly dependent on 
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[ATP]free (Figure 5). The concentration of ClpA hexamers therefore cannot be determined 

by dividing the concentration of monomeric ClpA by six. Doing so would lead to an 

overestimation of the concentration of ClpA hexamers present and available to interact 

with polypeptide substrate and/or ClpP in solution.  

Steady state kinetic studies designed to examine the ATPase rate and coordination 

of ClpA NBDs must account for the assembly state. Kress and co-workers investigated the 

steady state ATPase activity of each ClpA NBD using Walker B variants inactive in ATP 

hydrolysis at NDB1 or NBD2 (29). In this study they observe that ATPase activity at NBD2 

increases in the presence of ClpP and decreases in the presence of another ClpA co-

chaperone, ClpS. However, this study does not account for the changing distribution of 

oligomers present at the various ATP concentrations used to measure the ATPase rates. 

Thus, while the rate of ATP hydrolysis at NBD2 may indeed be altered when ClpP or ClpS 

is present, it’s not possible to determine the effect of the co-chaperone without accounting 

for potential perturbations to the macromolecular assembly state.  

The methods used here allowed us to determine the binding stoichiometry and 

affinity of ATP for each ClpA oligomer observed in the self-assembly equilibrium. To our 

knowledge, this is the first report of these parameters for ClpA. With this information in 

hand, we can start examining the effect of binding partners such as ClpP on the ATP 

binding affinity and assembly state of ClpA. Moreover, these methods are broadly 

applicable to other complex AAA+ chaperones with ligand linked assembly mechanisms.   
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Table 1 

Equilibrium constants as a function of [ATP]free 
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Table 2  

Extent of ATP binding to each ClpA oligomer predicted from Wyman analysis 
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Table 3  

Results from NLLS analysis of Ln,app binding isotherms 
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Figure 1. C(s) distributions for ClpAE286A/E565A in the absence and presence of ATP. 

(A) Sedimentation velocity experiments performed on 6 µME286A/E565A monitoring fringe 

displacement as a function of radial position and time. Sets of sedimenting boundaries 

collected (black, open circles) were subjected to c(s) analysis (red, solid traces) to obtain 

c(s) distributions. (B) c(s) distributions are shown for 6 µM ClpAE286A/E565A in the absence 

of ATP (black) and in the presence of 500 µM (blue) and 1 mM ATP (purple).  
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Figure 2. Analysis of representative time difference curves fit to a 1-2-4-6-12 stepwise 

assembly model. Time difference curves obtained for (A) 6 µM ClpAE286A/E565A in the 

presence of 62.3 µM ATP and (B) 10 µM ClpAE286A/E565A in the presence of 68.5 µM 

ATPfree, were subjected to NLLS analysis using the 1-2-4-6-12 model. Sedimentation 

boundaries were collected every 30 seconds and all boundaries collected in the first 2 hours 

of sedimentation were included in the analysis. Every 10th boundary is shown. The data are 

shown in black open circles and the fit is shown in green. Fitting residuals randomly 

distributed about zero, shown underneath each plot, and fitting RMSD of (A) 0.0268 and 

(B) 0.0186, respectively indicate the data are well described by the 1-2-4-6-12 assembly 

model.  
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Figure 3. Wyman plots of log(Ln,app) as a function of log[ATP]free. The linear region of 

each plot of log of (A) L2,app (B) L4,app, (C) L6,app, and (D) L12,app as a function of 

log[ATP]free. The data in each plot were individually fit to a linear regression (red) resulting 

in slopes reported in Eq. (14) – (17).  
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Figure 4. C(s) distributions of 6 µM ClpAE286A/E565A in the absence and presence 

of TNP-ATP. Sedimentation velocity experiments were collected for 6 µM 

ClpAE286A/E565A in the absence of ATP monitoring interference (black) and in the 

presence of TNP-ATP monitoring absorbance at 408 nm (pink). Because protein does not 

absorb in the visible region of the UV-vis spectrum, peaks present in the distribution 

collected monitoring absorbance at 408 nm represent TNP-ATP bound ClpAE286A/E565A 

species.  
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Figure 5. Global analysis of Ln,app binding isotherms. (A) Log(L2,app), (B) log(L4,app), 

(C) log(L6,app), and (D) log(L12,app) as a function of [ATP]free were subjected to global 

NLLS analysis using Eq. (20) – (23). The black closed circles represent the data presented 

in Table 1. The solid red lines represent the result from NLLS analysis obtained by 

constraining m1 = 1 and m2 = 3. The best fit values obtained for m4, m6, m12, κ1, κ2, κ4, κ6, 

and κ12 are summarized in Table 3. 
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Supplementary Table S1  

Assembly equilibrium (Ln,app) and reverse rate (kr,n) constants as a function of 

[ATP]free 
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Supplementary Figure S1. Comparison of Ln,app binding isotherms collected by 

constraining kr,n and floating kr,n in the analysis of time difference curves. Binding 

isotherms constructed from equilibrium constants listed in Table 1 as a function of 

[ATP]free are shown as black closed circles. These were obtained by constraining oligomer 

dissociation rate constants (kr,n) in the analysis of difference curves. For comparison, Ln,app 

values obtained by floating the equilibrium constants and the reverse rate constants in the 

analysis of difference curves are also shown (blue, open circles). The apparent equilibrium 

constants obtained from each fitting strategy are within error or one another. 
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CHAPTER 5 

CONCLUSION 

In this dissertation we examine the importance of characterizing the nucleotide 

linked assembly mechanism of AAA+ molecular chaperones with respect to understanding 

the mechanism of polypeptide unfolding and remodeling. First we examine the structural 

similarities of three closely related Hsp100 AAA+ molecular motors: ClpA, ClpB, and 

Hsp104. In this review, we identify key considerations for designing experiments to 

examine the translocation mechanisms of these three, and closely related, AAA+ molecular 

chaperones. Chief amongst these considerations is accounting for the ATP-linked self-

assembly mechanism in the experimental design. In the second part of this work, we apply 

the analytical techniques discussed to examine the assembly mechanism of ClpA in the 

absence and presence of ATP.   

Challenges of Investigating Molecular Mechanisms of AAA+ Chaperones 

In Chapter 2, we highlight the challenges in studying the mechanisms of AAA+ 

motors and present a review of the work that has been done to meet these challenges with 

respect to ClpA, ClpB, and Hsp104. These proteins pose a unique challenge to the 

experimentalist because the product of the reaction they catalyze, either substrate unfolding 

or substrate remodeling, is not covalently modified in the course of the reaction. In 

addition, ATP binding and hydrolysis is coupled to oligomerization of the AAA+ motor 

and substrate unfolding or remodeling activities.  
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One solution to meet these challenges is to design assays to characterize the 

transient state kinetic mechanism of polypeptide substrate unfolding or remodeling. AAA+ 

molecular motors use ATP to perform exert physical force on the polypeptide substrate. 

Therefore, designing assays that relate the dependencies of elementary rate constants on 

nucleotide concentration can lead to direct insights about the substrate unfolding or 

remodeling mechanism. For example, by using a single turnover transient state kinetic 

assay our lab reported the kinetic step size for ClpA catalyzed translocation in the absence 

and presence of ClpP (29, 30).  Similarly, single turnover experiments like single-molecule 

techniques, can measure transient state kinetic parameters without convolution from 

coupling to macromolecular assembly (31-34).  

Another key consideration is to have a measure for the population of the AAA+ 

motor complex catalyzing substrate (ATP or polypeptide) turnover. This often requires 

characterization of the ligand linked assembly state in the absence and presence of ATP. 

As we’ve shown in Chapter 2 on the work reviewed for ClpB assembly, and in the current 

work on ClpA assembly presented in Chapter 3 and 4, these proteins exhibit a dynamic 

assembly mechanism in the absence and presence of ATP (23, 24). Thus the characterizing 

the energetics that govern the concentration of the active oligomer and the effect of partner 

proteins and/or mutations is crucial to interpreting the ATP-dependent parameters being 

assayed in any experiment. 

ClpA Assembly in the absence of nucleotide and presence of ATP 

 In the second part of this dissertation, we perform a thermodynamically rigorous 

examination of the assembly of ClpA in the absence (Chapter 3) and presence (Chapter 4) 

of ATP. Here we employ hydrodynamic techniques and analysis used to similarly 
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investigate the assembly of ClpB in the absence and presence of nucleotide (23, 24, 35). 

We find that ClpA, like ClpB, resides in a distribution of states in the absence and presence 

of nucleotide.  

 In the absence of nucleotide, we observe that wild type ClpA (ClpAWT) resides in 

a distribution of monomers, dimers, and tetramers. This is in agreement with previously 

published hydrodynamic study on ClpAWT using lower resolution techniques (25, 26). Here 

we report equilibrium constants for the formation of each oligomer obtained using higher 

resolution techniques.  

In the same study (Chapter 3) we additionally examine the effect of mutations on 

the self-assembly mechanism of ClpA in the absence of nucleotides. Specifically, we 

studied the effect of three mutations known to abolish the ATP hydrolysis activity at NBD1 

(ClpAE286A), NBD2 (ClpAE565A), and both NBDs (ClpAE286A/E565A).  We observe that the 

assembly data collected for each of the variants, was best described by a monomer-dimer-

tetramer-hexamer model. In addition, we observe differences in the self-assembly 

equilibrium constants determined for dimerization, tetramerization, and hexamerization of 

each variant. Together, these results highlight the importance of characterizing the effect 

of mutations on the assembly state.  

In Chapter 4, we examine the thermodynamic mechanism of ClpA assembly in the 

presence of ATP. In this analysis, we use equilibrium dialysis in the sample preparation to 

rigorously achieve a thermodynamically reversible equilibrium. From this approach we 

additionally obtain direct measure of the concentration of free nucleotide, the driving force 

for oligomerization. From direct boundary analysis of time difference curves, we obtain 

equilibrium constants for the formation of ClpA oligomers populated for a range of 
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measured [ATP]free. The apparent oligomerization equilibrium constants were modeled as 

a function of ATP to obtain binding stoichiometry and binding affinity for ATP binding to 

each ClpA oligomer. 

 In the presence of ATP, we observe that ClpA resides in a distribution of 

monomers, dimers, tetramers, hexamers, and dodecamers. Although the hexameric 

population dominates the distribution at all nucleotide concentrations examined, the other 

oligomers must be accounted for in order to avoid overestimates for the population of ClpA 

hexamers in solution.  

 The resulting binding isotherms for apparent dimerization, tetramerization, 

hexamerization, and dodecamerization as a function of [ATP]free were modeled to 

determine the average stoichiometry and ATP affinity for each oligomer. From this 

analysis we observe that ATP binding is sufficiently described by an n-independent and 

identical sites model. In addition, we report stoichiometries of 1, 3, 6, 10, and 20 for ATP 

binding monomers, dimers, tetramers, hexamers and dodecamers, respectively.  

Future Directions 

 One future direction of this work, with a thermodynamically rigorous 

characterization of the ClpA assembly state, is the examination of the binding affinity of 

ClpA hexamers to ClpP tetradecamers. Previous analysis been done to characterize the 

affinity of ClpA for ClpP. Maurizi and co-workers report a binding constant of ~4 nM for 

the association of ClpA hexamers to ClpP tetradecamers (36). Yet conflicting results 

emerge in a later studies regarding whether the binding of ClpA to ClpP is cooperative or 

not (37, 38). One potential explanation for these discrepancies in the literature is that none 
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of these studies account for the distribution of oligomers in the ClpA assembly state. The 

concentration of hexamers is simply calculated by dividing the monomeric ClpA 

concentration by 6. With the assembly state energetics provided in this dissertation, we can 

now rigorously determine the affinity of ClpA for ClpP.  

Determination of the affinity constant for ClpA binding to ClpP will allow us to 

explore more interesting questions about this ATP-dependent protease system. For 

example, one outstanding question regarding ClpAP catalyzed substrate translocation is, 

can two-to-one ClpAP complexes translocate polypeptide substrate from one or both ends 

of the complex? In addition, being able to calculate a species fraction simulation for the 

distribution of single and doubly ClpA-ligated ClpP will allow us to preferentially populate 

each of these states and examine implications of the resulting observations.  
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