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Methods 

The HX MS experiment. In this work, we expose Hsp104 preparations to hydrogen to deuterium (H to D) exchange for 

increasing times in D2O buffer at physiological pH and analyze timed samples for carried D. To achieve structural 

resolution, we utilize a fragment separation analysis (1-4).  

In a typical HX experiment, 20 μM Hsp104 (in monomer) was incubated under the desired buffer conditions at 

30oC for 5 min before H to D labeling. Labeling was initiated by 10-fold dilution into the corresponding D2O buffer. After 

varying HX labeling times, the HX reaction was quenched by addition of ice-cold quench buffer of equal volume to reach 

a final pH of 2.5 and 1.5 M GdmCl, 0oC. The quenched samples were proteolyzed into small fragments by brief passage 

through an immobilized pepsin column, the fragments were separated roughly by fast HPLC, and the HPLC eluant was 

electrosprayed continuously into a mass spectrometer which repeatedly scans the incoming peptide ions at the rate of 

~2 scans/sec. Analysis of the extensive MS data used the ExMS program (5) to search through the ~1000 high resolution 

scans taken during the HPLC elution. ExMS finds and verifies the isotopic mass envelopes of hundreds of variably 

deuterated peptides at each HX time point and determines the accumulated deuterons on each fragment in terms of the 

peptide mass. HX time points shorter than 10 s were collected using a Biologic stopped-flow SFM4 device as described 

in (6, 7).   

Initially, Hsp104 was buffer exchanged into H2O-buffer containing 20 mM HEPES, 10 mM MgCl2, 2 mM DTT, pH 

7.45 with [KCl] with 750 mM KCl to produce the monomer state, 10 mM KCl for the apohexamer state, and 150 mM KCl 

for hexameric states. D2O buffer used for labeling at pD 7.84 contains the same components as the H2O-buffer. For H to 

D labeling at pD 8.9, HEPES was replaced with 20 mM bicine and the buffer pD was adjusted so that the pD reached 8.9 

after 9 to 1 mixing with H2O-buffer . For HX in the presence of nucleotides, both H2O-buffer and D2O-buffer were 

supplemented with 5 mM ADP, AMPPNP, or ATPS. Because the ATPS state forms slowly, the protein was always 

preincubated for 1 hr before measuring HX. Under ATP turnover conditions, an ATP regenerating system was used (10 

mM ATP, 10 mM phosphoenolpyruvate, 20 units/ml of pyruvate kinase). 

The analysis described here was based on 352 unique peptides (Fig. 1C) that passed the ExMS2 autochecks and 

were consistently found by ExMS under all of the conditions studied with good signal/noise, no spurious m/z peaks, and 

consistency with overlapping peptides. The comparison of overlapping fragments provides many internal consistency 

checks and allows subpeptide resolution. To achieve even higher resolution we used the HDsite program (8) which 

formally compares HX data from many overlapping peptides. HDsite was operated in the centroid mode to increase 

fitting reliability. Calculated HX rates are plotted against the Hsp104 sequence in Fig. 3. HDsite analysis can in principle 

resolve HX rates to individual residues but limited peptide overlap often limits attainable resolution to short sets of 

neighboring “switchable” residues.  

HX MS data analysis. We used an upgraded version (ExMS2, to be published) of the ExMS software (5) to identify 

deuterated peptides in the MS scans. Thanks to the high mass accuracy and scan stability of the ThermoFisher Exactive 

Plus orbitrap mass spectrometer, we were able to set a very narrow mass tolerance range of 2 ppm in searching for the 

individual m/z peaks of each peptide. This is critical to minimize false peptide identification for the large Hsp104 protein. 

Peptides that passed the multiple ExMS2 autocheck criteria were subject to further manual inspection.  

HX MS data interpretation. HX behavior can be understood in terms of the view originally suggested by Linderstrøm-

Lang in his pioneering studies of protein hydrogen exchange which first revealed the dynamic character of protein 

structure (9). Lang visualized the HX process as in Eqs. 1-3 (10-12). 

  kop kch 
   closed ⇄ open → exchanged     Eq. 1 
  kcl 

   kex = kop kch/(kop + kcl + kch)     Eq. 2 



 Gop = -RT ln Kop = -RT ln (kop/kcl) = -RT ln (1/(Pf - 1)  Eq. 3 

In this view, amide NH hydrogens protected by H-bonding (“closed”) can only exchange when the protecting H-bond is 

separated in a dynamic “opening” reaction, during which time they exchange at the free peptide characteristic rate (kch) 

(13, 14). We now know that HX opening can occur either by way of cooperative multi-site unfolding or by more local site 

by site fluctuations (15). 

Cooperative unfolding reactions, characteristic for low-stability elements, expose a whole set of amides to 

concurrent exchange. If refolding is relatively slow (kcl << kch), that set of amides will all exchange at the same single 

exponential rate, equal to the segment unfolding rate (kop), termed EX1 or monomolecular exchange. The mass 

spectrum will appear bimodal if the MS envelopes for the exchanged (heavier, deuterated) and the not-yet-exchanged 

(lighter) populations are sufficiently separate, as in Fig. 2C. The exchanged population fraction grows in time at the exact 

expense of the not-yet-exchanged population fraction. 

Alternatively, refolding may be relatively fast (kcl >>kch). In this case exchange occurs in the EX2 limit 

(bimolecular exchange with rate dependent on pH). The HX rate is then given by kch multiplied down by the equilibrium 

fraction of time open (Eq. 2). Many sites exchange with the same protection factor (Pf = kch/kex), given by comparing the 

measured HX rate curve (kex) with the reference rate curve known for equivalent unstructured sites (13, 14). The mass 

centroid plot is parallel to the reference curve, and the offset on the time axis represents the common equilibrium 

protection factor. In this case, Pf approximates the fraction of time open, therefore the equilibrium constant for 

unfolding and leads to the free energy that stabilizes against the unfolding reaction (Eq. 3). 

A different situation arises when the HX-determining opening reaction involves small residue-level distortions, 

called local fluctuations, rather than a cooperative multi-residue unfolding. Near neighbor sites can then exchange at 

very different rates. The mass centroid plot can spread over a wide HX time range reflecting the range of HX rates 

among the various amides in that peptide (e.g., Fig. 2D). This mode tends to dominate when the segment is flexible or 

when HX due to any competing segmental unfolding reaction is slower. Local fluctuations reclose very rapidly (16) and 

so always show EX2 character. In this case the unimodal mass envelope simply slides to higher mass in time as the varied 

sites exchange, as in Fig. 2A. Finally, any given segment may display both bimodal EX1 and sliding EX2 behaviors if its 

various amide sites exchange through these two different opening modes. The time-dependent mass spectra and mass 

centroid plots usually make these alternative behaviors and the dynamic information they provide easily recognizable. 

The connection with structural energetics. Eq. 3 connects measured HX rates to detailed structural energetics. HX rates 

relate to the stability of local structure against the opening reactions that support exchange. Local destabilization will 

increase unfolding and produce faster HX, and the reverse. Thus HX is able to qualitatively distinguish energetically uphill 

and downhill changes. The quantitative validity of Eq. 3 is less clear. It seems likely to be more correct for unfolding 

reactions but less so for local fluctuations where the open state is locally constrained and may be slower than the 

unstructured reference kch value, by perhaps 10-fold (17). For example, the current results find several cases with 

apparent Pf in the low range of 10 or so even though no protecting H-bonds appear to be present. Further studies like 

the current one can contribute to this important question. 
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SI Figures  

 

Fig. SI 1: Mass centroid plots for the 352 peptides used in this study are at the end of this document. 
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Fig. SI 2. Cryo-EM structures of Hsp104 with AMPPNP (5KNE) bound. The AMPPNP structure is color coded as in the bar 

below to indicate the different protomer domains. The hexamer structure is asymmetric with two kinds of interfaces. 

The canonical interfaces (left) all have NBD1 to NBD1 and NBD2 to NBD2 contacts from P1 around to P6. The non-

canonical interface (right) has offset NBD1 to NBD2 contacts from P6 to P1 with the other two faces exposed to solvent. 

Peptides that occupy these hetero-positions in the AMPPNP state (Fig. 4, main text) and in the ADP state (Fig. SI 6) 

exchange at different rates and display bimodal HX MS profiles. 
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Fig. SI 3. Local and non-local effects. Relative to the monomer, hexamer formation slightly destabilizes (faster HX) 

Walker A in NBD1 (A) and in NBD2 (B) and sensor 2 in NBD2 (C), even though they are not at the interprotomer surface. 

The binding of different nucleotides increasingly stabilizes them in the order ADP<AMPPNP<ATPS. ADP is represented 

in stick. 
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Fig. SI 4. EX1 peptides in the MD. MS plots for two M domain EX1 peptides, 424-430 in (A&B) and 508-520 in (C&D). For 

both, HX becomes progressively slower and bimodality more distinct in the progression from monomer to apohexamer 

to ADP to ATPγS.  
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Fig. SI 5. The processive and random mixing models. These models were considered in Monte Carlo simulations to 

generate the slow protomer interchange process shown in main text Fig. 4D (AMPPNP). In the processive model, 

protomers exposed in the non-canonical interface interchange systematically with those from the canonical interface 

one position at a time. In the mixing models, the hexamer either fully dissociates and randomly reassembles or two 

hexamers collide and trade individual monomers. The HX data show that the protomers interchange on a long time scale 

and spend time in both the canonical and non-canonical interfaces but the detailed mechanisms pictured cannot be 

distinguished. With ATP cycling, a fast apparently functional 1 sec time scale interchange mechanism is observed. 
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Fig. SI 6. Heterogeneous HX of non-canonical interface peptides in the ADP-bound state. Bimodal HX MS reveals faster 

and slower sub-populations in a 1:5 ratio as expected for the ADP-bound asymmetric spiraled hexamer, as for the 

AMPPNP state in main text Fig. 4. We used pD 8.9 (25oC, 150 mM KCl) to make HX faster in order to compete better with 

the slow non-functional interchange process that follows on a much longer time scale.  
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Fig. SI 7. Loss of bimodality due to loss of the non-canonical interface in the presence of ATPS. The non-canonical 

interface is lost in the flat closed ATPS state. Conditions are the same as for Fig. 4 except 5 mM ATPS was used.   
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Fig. SI 8. Slow protomer interchange in the presence of low salt ([KCl] = 10 mM).  MS spectra of the two heterogeneous 

exchanging peptides in the presence of AMPPNP (A) or ADP (B). The slow upsweep of the less protected fraction of 

these two heterogeneously exchanging peptides in the non-canonical interface is shown in main text Fig. 4. Low salt 

stabilizes protomer interaction and slows the later upsweep, indicating that the upsweep represents a slow non-

functional protomer dissociation process. 
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Fig. SI 9. Protomer interchange accelerated by ATP turnover. Active turnover in the presence of 10 mM ATP (with an 

ATP regenerating system) results in fast conformational averaging between the canonical and non-canonical interfaces, 

switching bimodal HX behavior to unimodal. 
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Fig. SI 10. Centroid plots of structural elements involved in nucleotide binding. The Walker A segment of both NBDs is 

by far the most affected by ATPS binding making it the most likely candidate for inducing the formation of the ATP-

characteristic closed conformation. 
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Fig. SI 11. Differential HX in the NTD. The top left panel shows the arrangement of the six NTDs in one class of the 

closed conformation resolved in (12). The regions slowed by hexamer formation are concentrated at the side of the 

NTDs adjacent to NBD1, indicating direct association. Regions that are stabilized by the four hexameric conditions to a 

similar extent are colored red; they include 40-53 and 55-64 as shown in the first two mass centroid plots. Regions that 

are stabilized more by the bare apohexamer condition than by the three nucleotide-bound conditions are green. They 

are represented by the other three peptides in this figure.   
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