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Abstract

Recent Hsp104 structural studies have reported both planar and helical models of the hexameric 

structure. The conformation of Hsp104 monomers within the hexamer is affected by nucleotide 

ligation. After nucleotide-driven hexamer formation, Hsp104-catalyzed disruption of protein 

aggregates requires binding to the peptide substrate. Here, we examine the oligomeric state of 

Hsp104 and its peptide binding competency in the absence of nucleotide and in the presence of 

ADP, ATPγS, AMPPNP, or AMPPCP. Surprisingly, we found that only ATPγS facilitates avid 

peptide binding by Hsp104. We propose that the modulation between high-and low-peptide 

affinity states observed with these ATP analogues is an important component of the disaggregation 

mechanism of Hsp104.

Saccharomyces cerevisiae Hsp104 is a member of the Hsp100 (heat shock protein) family of 

AAA+ (ATPases associated with diverse cellular activities) motor proteins that function 

broadly to help organisms survive and adapt to environmental stress.1,2 Accumulation of 

unfolded or misfolded proteins into aggregates can occur when protein homeostasis systems 

are overwhelmed. Hsp104 promotes cell survival by resolving these aggregates.3 Such 

aggregation in humans is implicated in neurodegenerative diseases, including Parkinson’s 

disease and amyotrophic lateral sclerosis. Remarkably, no cytoplasmic homologue to 

Hsp104 exists in humans. Consequently, there is great interest in understanding how Hsp104 

resolves protein aggregates, with a vision of developing it for therapeutic applications.4–6

Like other members of the Hsp100 family, Hsp104 is biologically active as a hexameric ring 

but may exist in a dynamic equilibrium of oligomers.7 ClpB, the Escherichia coli homologue 

of Hsp104 populates a distribution of oligomers, affected by protein concentration, salt 
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concentration, and ligand (nucleotide).8,9 The nonhydrolyzable ATP analogue β, γ-

imidoadenosine 5'-triphosphate (AMPPNP) was used to populate hexamers for 

crystallographic and cryoelectron microscopy studies of Thermus thermophilus ClpB 

(TClpB).10,11 While ClpB is structurally similar to Hsp104 and both proteins function to 

resolve amorphous protein aggregates, Hsp104 has unique amyloid remodeling12 and prion 

propagating13 activities that ClpB does not share. Furthermore, complementary 

cochaperones from the prokaryotic and eukaryotic systems are not interchangeable, 

highlighting a species-specific interface.14,15 Thus, investigations of Hsp104 provide 

information that is not available from the investigations of ClpB.

Interestingly, although the biologically active form of these motor proteins is a hexameric 

ring, Hsp104, ClpB, and closely related AAA+ family member ClpA have crystallized in 

extended spiral filaments.10,16,17 In contrast, a study of AAA+ protein ClpC with AMPPNP 

revealed planar ring hexamers in the crystallographic unit.18 Many electron microscopy 

(EM) studies of Hsp104 have also shown planar hexameric rings with a variety of bound 

nucleotides.3,17,19–21 The poorly hydrolyzable ATP analogue, adenosine 5'-(3-

thiotriphosphate) (ATPγS), and ADP have been used to investigate conformation, 

oligomerization, and protein remodeling activity of wild-type Hsp104, whereas ATP has 

been used with Hsp104 variants that are deficient in ATP hydrolysis.22,23

Each monomer of Hsp104, ClpB, ClpA, and ClpC has two nucleotide binding and 

hydrolysis domains that, in most reconstructions and models, form stacked rings in the 

planar hexamer.3,10,17–21,24 Monomers adopt different conformations within the ring when 

unligated or ligated with different nucleotides. These studies led to proposed mechanisms of 

conformational changes throughout the ATP binding and hydrolysis cycle that are 

mechanistically linked to disaggregase activity.19 In contrast to these planar structures, a 

recent EM study showed Hsp104 bound by AMPPNP in a novel helical hexameric spiral 

with an asymmetric seam.25

Given the abundance of structural models for Hsp104 and the influence of nucleotide 

binding on conformation, we sought to address the question of whether the oligomers bound 

by various nucleotides in solution differ structurally and display different polypeptide 

binding activity.

We have shown that Hsp104 binds FITC-casein in the presence of ATPγS.5 Previously, Bösl 

et al. demonstrated that Hsp104 binds to another model substrate (RCMLa) in the presence 

of ATPγS. ADP did not facilitate polypeptide binding because of the lower affinity of 

Hsp104 for the polypeptide in the ADP-bound state. Surprisingly, ATP also failed to 

facilitate peptide binding, because of rapid hydrolysis of ATP resulting in the low-affinity 

ADP-bound state.22 Here, we use a polypeptide consisting of the first 50 amino acids of 

RepA, a soluble substrate used to examine Hsp104 protein remodeling activity.5,26–29

We extend our investigation to include AMPPNP, which was used to examine both the 

TClpB crystal structure and the Hsp104 spiral hexamer. In addition, we include β, γ-methyl-

eneadenosine 5'-triphosphate (AMPPCP), which has been used for structural studies of 

Hsp104 and E. coli ClpB.10,25,30 Because ATP is rapidly hydrolyzed, resulting in ADP and 
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inorganic phosphate, ATP is not included in this study. We found that only ATPγS promotes 

the formation of an Hsp104 structure that is competent for stable polypeptide binding under 

the conditions tested.

As a necessary precursor to investigating peptide binding, we first addressed two questions 

with respect to the quaternary structure of Hsp104. First, is nucleotide binding required for 

the formation of hexameric rings of Hsp104? Second, if nucleotide binding is required, 

which nucleotides can fulfill this role? To address these questions, we performed 

sedimentation velocity experiments to examine Hsp104 assembly. Experiments were 

performed on 2 μM Hsp104 in the absence of any nucleotide. Figure 1A shows the resulting 

c(s) distribution, where multiple peaks are observed, indicating that various oligomeric states 

are populated in the absence of a nucleotide. However, one peak with an s20,w of ~16 S 

dominates the c(s) distribution, suggesting that one oligomeric state is predominantly 

populated under these conditions.

Experiments were then performed with 2 μM Hsp104 in the presence of 300 μM ADP, 

AMPPNP, AMPPCP, or ATPγS. Panels B–E of Figure 1 show the resulting c(s) distributions 

from analysis of the sedimentation boundaries. In all cases, a dominant peak between ~15.5 

and 17 S was observed. Strikingly, the ATPγS-bound structure exhibits a dominant 

population of oligomers with a sedimentation coefficient that is larger than those of the other 

nucleotide-bound structures (see Table 1).

To assess whether 300 μM nucleotide was a sufficiently high concentration to saturate 

Hsp104 and maximize oligomerization, sedimentation velocity experiments were repeated 

with 2 μM Hsp104 in the presence of 2 mM nucleotide (Figure 1B–E). In all cases, 

increasing the nucleotide concentration did not shift the dominant peak in the c(s) 

distribution. Moreover, the magnitude of that peak, which reflects the relative concentration 

of that oligomer in solution, did not significantly change. Both E. coli ClpB and Hsp104 

share structural domain organization, including the presence of an M domain. Our previous 

work indicates an s20,w of (17.6 ± 0.6) S for the ClpB hexamer, consistent with the dominant 

peaks observed in Figure 1A–E.8 Thus, while definitive assignment of peaks to specific 

oligomers requires a multifaceted investigation beyond the scope of this study, the observed 

dominant peaks are likely hexameric Hsp104.

Table 1 shows the weight-average sedimentation coefficient, s̄20,w, for the dominant peak 

observed in the absence and presence of the nucleotides tested. Most strikingly, ATPγS 

binding clearly populates a hexamer that is hydrodynamically different from the hexamer 

populated with ADP, AMPPNP, AMPPCP, or no nucleotide.

The potentiated variant Hsp104A503S has enhanced disaggregation activity in numerous 

biological assays.5 The mechanistic basis for this gain of function is unknown. To test 

whether Hsp104A503S has nucleotide-linked oligomerization properties different from 

those of wild-type Hsp104, we subjected the variant to sedimentation velocity experiments. 

As with wild-type Hsp104, hexamers populated in the presence of ATPγS are 

hydrodynamically different from those populated in the absence of nucleotide or in the 

presence of ADP, AMPPNP, or AMPPCP (Supporting Figure 1A–E and Supporting Table 
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1), though the difference between the ATPγS-bound and AMPPNP-bound states is smaller 

than that observed for the wild type. A similar observation was made for E. coli ClpB 

(Supporting Figure 2A–E and Supporting Table 1).

The analysis of the sedimentation velocity experiments presented in Figure 1 indicates that 

higher-order oligomers, consistent with hexamers, are observed under all conditions tested. 

The remaining question is whether these oligomers exhibit avid peptide binding. To test for 

peptide binding activity, we used a fluorescein-modified model polypeptide substrate termed 

FluNCysRepA50mer. Figure 2 shows the fluorescence anisotropy of a peptide solution upon 

addition of various nucleotides and Hsp104. The experiment begins with each sample 

containing only FluNCysRepA50mer. All time points of <40 min in Figure 2 report the 

anisotropy of the peptide alone, where r = 0.060 ± 0.004 (replicate, r = 0.069 ± 0.004).

Next, as shown in Figure 2 by an arrow indicating nucleotide addition, ADP, AMPPNP, 

AMPPCP, or ATPγS was added to each sample to a final nucleotide concentration of 300 

μM. The anisotropy of the peptide in the presence of each nucleotide was within one 

standard deviation of the anisotropy of FluNCysRepA50mer alone, indicating that the 

nucleotide did not influence the observed anisotropy (Table 2).

Hsp104 was then added to each sample to a final concentration of 2 μM (Figure 2, arrow 

indicating Hsp104 addition). Strikingly, the anisotropy increased to 0.139 ± 0.002 for the 

sample containing 300 μM ATPγS. The increase in anisotropy indicates slower tumbling of 

FluNCysRepA50mer, consistent with peptide bound by the Hsp104 oligomer. In contrast, 

the anisotropy measurement did not significantly increase upon addition of Hsp104 in the 

presence of other nucleotides. As summarized in Table 2, the anisotropy measurements of 

the peptide in the presence of Hsp104 and ADP, AMPPNP, or AMPPCP were within one 

standard deviation of each other, and within one standard deviation of that of 

FluNCysRepA50mer in the presence of Hsp104 with no nucleotide, where r = 0.068 ± 0.004 

(replicate, r = 0.072 ± 0.002). Inspection of the plot also reveals a minor upward trend in the 

anisotropy measurements taken after addition of Hsp104 under all conditions except ATPγS, 

indicating that there may be some small population of Hsp104 binding peptide under those 

conditions, consistent with substantially weaker affinity. These observations indicate that the 

ATPγS-bound Hsp104 oligomer has a unique competency for interactions with the 

polypeptide, not conferred by other nucleotides.

An alternative explanation is that 300 μM nucleotide is not sufficient to saturate Hsp104 

binding. To test this possibility, the experiment was repeated using 2 mM nucleotide. The 

filled diamonds in Figure 2 illustrate that at 2 mM nucleotide, the anisotropy of the peptide 

remained constant (from ~40 to ~80 min). Table 2 lists the anisotropy measurements for the 

peptide under each of the 2 mM nucleotide conditions. Note that each measurement is within 

one standard deviation of the anisotropy value for the free peptide, where r = 0.060 ± 0.004 

(replicate, r = 0.069 ± 0.004). Upon addition of Hsp104 to a final concentration of 2 μM, 

again only the ATPγS condition exhibited an increased anisotropy of 0.150 ± 0.005 that is 

consistent with binding polypeptide (Figure 2). Though a single representative time course is 

shown in Figure 2, the results are reproducible. The replicate time course is shown in 

Supporting Figure 3, while anisotropy values from the replicate are included in Table 2 for 
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comparison. Both Hsp104A503S and ClpB were tested at nucleotide concentrations of 300 

μM and 2 mM; the same trends were observed as for wild-type Hsp104 (Supporting Figure 4 

and Supporting Tables 2 and 3).

We next sought to determine what conditions form a peptide-Hsp104 complex that is poised 

for ATP-dependent polypeptide translocation. We determined these conditions using a 

fluorescence stopped-flow assay, developed by our lab to study polypeptide translocation by 

ClpA and ClpB.31–33 As schematized in Figure 3A, Hsp104, nucleotide, polypeptide 

solutions were rapidly mixed with ATP and a protein trap to allow a single turnover of ATP-

dependent translocation. The polypeptide substrate bound by Hsp104 exhibits quenched 

fluorescence (Supporting Figure 5) that is relieved upon Hsp104 dissociation.

As indicated in Figure 3B, the time courses for the samples incubated in the absence of 

nucleotide or with ADP, AMPPNP, or AMPPCP show an insignificant decrease in the 

intensity of the fluorescence signal over time, not indicative of ATP-driven events associated 

with a bound Hsp104-polypeptide complex. The time course for the ATPγS condition shows 

a low initial fluorescence, caused by fluorescence quenching in the bound complex 

(Supporting Figure 5), followed by an increase in fluorescence upon rapid mixing with ATP 

and protein trap. Note the presence of a lag phase (inset) indicating that assembled Hsp104 

bound to the polypeptide in the presence of ATPγS takes at least two repeating kinetic steps 

before dissociating from the substrate, which is distinctly different from what we have 

reported for ClpB.33 (This finding has prompted a thorough investigation of the Hsp104 

translocation mechanism that is currently under way.) The stopped-flow results, like the 

fluorescence-anisotropy results, show that of the nucleotides tested only ATPγS supports 

avid binding of the polypeptide by Hsp104.

A prerequisite for resolving protein aggregates is binding a polypeptide substrate. Our 

sedimentation velocity work shows that there is a structural difference, resulting in a larger 

sedimentation coefficient and a smaller frictional coefficient for the ATPγS-bound Hsp104 

hexamer compared to those of the apo, ADP-bound, AMPPNP-bound, or AMPPCP-bound 

Hsp104 hexamers (Table 1). The smaller frictional ratio, calculated in relation to a hydrated 

sphere of equivalent mass, indicates that the ATPγS-bound structure is more spherical than 

the other structures. The larger frictional ratio of the AMPPNP-bound structure reflects a 

less spherical shape, which is consistent with the asymmetric spiral hexamer observed by 

Yokom et al.25 However, on the basis of the results reported here, that structure is not 

competent for avid polypeptide binding. The same general shape as that seen for the 

AMPPNP-bound Hsp104 oligomer is expected for the apo, ADP-bound, and AMPPCP-

bound oligomers from our results.

Our anisotropy experiments show that, under the conditions tested, Hsp104 binds the 

unstructured polypeptide substrate only in the presence of ATPγS. Additionally, only 

ATPγS-bound Hsp104 forms a translocation-ready complex with a polypeptide in our 

stopped-flow experiments. Thus, only the unique structural conformation of ATPγS-bound 

Hsp104 is competent for avidly binding a polypeptide. Our findings are consistent with 

those of Lee et al., who showed that, because of differences in quaternary structure, 
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AMPPNP, ADP, and the absence of a nucleotide do not promote binding of TClpB to the 

polypeptide substrate, while ATPγS does.11

Studying ClpA, Farbman et al. described two possible peptide substrate-processing 

mechanisms as either an “alternating affinity” or a “constant affinity” model.34 As each 

NBD cycles through ATP hydrolysis, the resulting conformational changes are associated 

with either a high or low affinity for the peptide. The coordination of these hydrolysis-driven 

conformational changes within the hexameric ring allows individual subunits to release a 

peptide substrate while the hexameric ring retains the substrate through multiple rounds of 

ATP hydrolysis.

Here, and in previous work, nucleotide analogues are used to approximate the structure of 

hydrolyzable ATP or a transition state along the reaction pathway from ATP to ADP-Pi. A 

single monomer within a hexamer that is bound by a transition state analogue likely reflects 

a physiologically relevant conformation along the reaction pathway. However, it is unlikely 

that all 12 NBDs within a hexamer would be synchronized with respect to hydrolysis, so a 

hexameric structure in which all protomers are ligated by the transition state analogue is not 

likely to be a conformational structure observed in the biological activity of the motor. Here, 

we see that when Hsp104 is saturated with ATPγS, a high-peptide affinity state is achieved. 

In contrast, when the motor is saturated by AMPPNP, AMPPCP, ADP, or no nucleotide, a 

low-peptide affinity state is induced.

Possible mechanistic implications proposed by Yokom et al. and Heuck et al. merit further 

investigation.17,25 Hsp104 monomers within a hexamer may alternate between the 

conformations that give rise to planar and helical hexamers. Moreover, it has been reported 

that a mixture of ATP and ATPγS yields activity similar to that observed in the presence of 

cochaperone Hsp70.26 Taken with our findings, this may indicate that binding by 

cochaperone Hsp70 is part of the mechanism of modulation between high- and low-peptide 

affinity states. Alternatively, a composite of the protomer conformation used to build up the 

planar and hexameric rings may be used in concert as the active hexamer cycles through 

ATP while engaged with a peptide substrate. Aggregates may also present multiple binding 

sites unlike soluble peptides that might increase binding affinity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Sedimentation velocity c(s) distributions of Hsp104 in the absence and presence of 

nucleotides. Sedimentation velocity experiments were performed with 2 μM Hsp104 (A) in 

the absence and in the presence of (B) ADP, (C) AMPPNP, (D) AMPPCP, or (E) ATPγS.
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Figure 2. 
Fluorescence anisotropy measurements of FluNCysRe-pA50mer before and after subsequent 

additions of nucleotide and Hsp104 as indicated.
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Figure 3. 
(A) Fluorescence stopped-flow reaction scheme and (B) time courses. Hsp104 and 

FluNCysRepA50mer were incubated in the presence of various nucleotides and then rapidly 

mixed with ATP and α-casein to test for the presence of a translocation-ready complex.
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Table 1

Hsp104 Predominant c(s) Distributions and Frictional Ratiosa

condition s̄20,w (S) f/f0

no nucleotide 15.8 ± 0.3 1.35 ± 0.03

ADP 16.1 ± 0.3 1.35 ± 0.02

AMPPNP 15.9 ± 0.1 1.36 ± 0.01

AMPPCP 15.6 ± 0.1 1.39 ± 0.01

ATPγS 17.0 ± 0.2 1.28 ± 0.02

a
Standard deviation based on the average of two replicates at each of two nucleotide concentrations (see the Supporting Information).
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