
REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

The 20S proteasome is a multi-catalytic large protease complex made up of four axially stacked 

heteroheptameric rings. In eukaryotes, two outer α-rings and two inner β-rings are formed by seven 

homologous but distinct α1–α7 and β1–β7subunits, respectively. Of the seven β-subunits, β1, β2, and 

β5 have proteolytic activities. Along with the standard 20S proteasome (std20S), it has been known 

that the immune 20S proteasome (i20S) exists in mammalian cells, in which the catalytic subunits are 

replaced with the specific subunits, β1i, β2i, and β5i. These 20S proteasomes themselves are basically 

latent because the N-termini of α subunits occupies the centers of the α-rings. For opening the closed 

gates of the α-rings, there are various activators, such as the 19S particle, PA28αβ, PA28γ, and 

PA200. Binding of these activators to the CP changes the status of the N-termini of α subunits, 

although the mechanism is different from each other. Also, it is well known that the binding of the 

activators modulates the 20S peptidase activities. This implies that binding of the activators to the α-

rings leads to the conformational changes of not only the α subunits but also the β subunits. However, 

the precise structural evidence has not reported. 

In this report, Hydrogen-Deuterium eXchange coupled to Mass Spectrometry (HDX-MS) was used for 

the first time to investigate conformational differences between the human std20S and i20S alone and 

in complex with PA28αβ and PA28γ. Although we cannot obtain detailed structural information by 

HDX-MS, like NMR, x-ray, and cryo-EM analyses, this new approach is interesting and informative to 

know the dynamic changes of the 20S by the incorporation of the immune-subunits and the binding of 

PA28. This reviewer has just one major concern (point #1) and some minor concerns listed below. 

1. It is surprising for this reviewer to know that binding of PA28γ did not affect any of the std20S α 

subunit N-termini (Fig. 7F). The authors should confirm whether their std20S-PA28γ complex has 

higher peptidase activities than their std20S alone by biochemical experiments. Is it possible that the 

binding of PA28γ opens the gate without affecting any of the α subunit N-termini? Also, this reviewer 

thinks that "less PA28γ-driven opening of the std20S than the i20S pore” is correct in line 267, 

judging from Figs 7F and 7P, although this conclusion seems contradictory to the previous findings 

described in line 286. 

2. It would be helpful to show where the dynamic patches and the 1-2, 3-4, and 5-6 α-pockets are 

located in Fig. 2C, described in lines 127-130. 

3. This reviewer does not understand the reason why the sequence coverage of the immune-specific 

subunits was poorer than the standard subunits. Could the authors provide a possible reason for this 

result? 

4. What are the numbers of 57-98, 70-98, and 64-106 in Fig. 5B? Do these numbers represent the 

regions of the apical loops in each PA28? 

5. Please define the red circles in Figs. 7N and 7S. 

6. This reviewer cannot appreciate the differences between the solvent accessibilities of β1i active 

sites circled in orange in Figs. 7N and 7S, although the authors claim that the solvent accessibility of 

β1i active site is increased by binding of PA28αβ in line 284. 

7. Fig. 5D should be Fig. 4D in line 327, and Fig. 5C should be Fig. 4C in line 329. 

Reviewer #2 (Remarks to the Author): 

The present study on proteasome structural dynamics using HDX-MS is very impressive and must 

have been a Herculean effort to carry out, given the size and complexity of this important protein 

assembly. I commend the authors for this excellent work and expect the data to form a valuable basis 

for future work also by the community. A similar approach will undoubtedly also be informative when 

applied to conformational studies of other large and dynamic macromolecular complexes in the cell. I 

recommend this manuscript for publication and have only minor comments which I would like the 



authors to address. 

Probably the most important question I would like the authors to comment on in more detail is about 

the likely conformational heterogeneity - are co-existing conformational poses resolved, and are 

"minority" states able to be detected in these data? 

Some of the uptake curves show interesting (albeit not entirely uncommon) behaviour, such as 

maxima/minima, or e.g. crossover points. To what extent do these features represent actual 

conformational behaviour vs. being artefactual (within error) or highlighting protein stability issues? 

page 5, line 123: How far is an assumption made that the most flexible sequences are also the most 

accessible? HDX ultimately samples degree of H bonding so the two are not necessarily the same. 

page 17, line 420ff: Why is glycine considered a stronger acid? What final percentage D2O were the 

experiments carried out in? Was any back-exchange correction applied? 

figure 1: please explain the comment "not reported in the heat map also covered by smaller peptide" 

as not entirely clear what it means - was peptide (sequence) overlap exploited here? 

figure 4 legend line 691: best to emphasize here again which way around the Delta is meant between 

the two states 

Frank Sobott 

Reviewer #3 (Remarks to the Author): 

Review of “Conformational maps of human 20S proteasomes reveal PA28- and immuno-dependent 

inter-ring crosstalks”, Lesne et al 2020 

Overall comments 

In this paper, the authors have performed HDX-MS experiments to identify the differences between 

the standard and immuno-20S proteasomes, with and without the proteasome regulator complexes 

PA28a/b and PA28g. By analyzing the changes in solvent accessibility of the various complexes, the 

authors determined that the 20S proteasome catalytic b-ring, allosterically induces changes in the a-

ring, and that this varies between the standard and immune proteasomes. Upon binding of the PA28 

regulators to the a-rings, changes were observed in the b-rings, an effect that varied depending on 

the regulator-proteasome pairing. 

The data presented is interesting and important for our understanding of the dynamism of the 20S 

proteasome and its regulation. However, explanations of the data are either lacking in detail or 

difficult to follow, and the discussion of the data in the context of our current understanding of 

proteasome structural dynamics is insufficient and full with speculations. 

A considerable revision of the manuscript is warranted before acceptance for publication. 

Major comments 

1. HDX reveals the extent of solvent exposure not necessarily stability, flexibility or instability. The 

direct link in the manuscript between RDU and structural features is not clear. 

2. All the data are collected along a time series, but there is no analysis of the rate? Relevance? How 

is it used to provide information of the RDU? Is there global change? Does the time domain say 

anything about the dynamics? 

3. It is not clear how the 20S proteasome 20S becomes more solvent accessible upon PA28 

interaction, while the PA28 complexes becomes less. This interpolation needs to be backed up by 

additional experimental methods. 

4. In the Discussion (page 14-15) it is stated that protection cannot be correlated to affinity. However, 

difference in affinity are discussed all along the Result section. 



5. Page 4, line 108: Explain the workflow in more detail, refer to specifics outlined in Figure 1A. 

6. Page 4, line 109-112: Explain the consolidation and differential analyses in more detail, refer to 

specifics outlined in Figure 1B-E. 

7. Along the manuscript changes in RDU are considered to be significant, however numbers are not 

provided to indicate significance. A table showing significant changes should be added where relevant. 

8. No information is provided about the two antechambers. Is there more solvent exposure when the 

pore is open? Please discuss. 

9. The binding of 20S and 20Si to the PA28 regulators is very confusing as there is no obvious pattern. 

Therefore, supporting experiments are requires to rule out technical issues. 

10. The suggested higher affinity of 20S to PA28ab than to PA28g should be validated by an additional 

methods. 

11. Prove activity and purity of the purchased complexes. 

12. Page 6, lines 153-155: How much more deuterated is T20 and T22 of B1/B1i? State the numbers 

as by eye in the figure it doesn’t look very different. Is it a significant difference? Same goes for the 

S1 pocked of B5/B5i, list the relevant amino acids (A20/V31?) and their RDU in the text. Can the 

conclusion for more flexibility in the active sites/S pockets really be drawn for a small difference in 

RDU for one or two residues? If yes then it need to be clearly justified. 

The section title is misleading, as stated in the text the direct comparison between the STD and i20S 

catalytic subunits was not possible due to poor sequence coverage, therefore no statement can be 

made on any conformational difference between the two proteasomes. Thus, the concluding sentence 

is also misleading, as there is not enough of a difference in their flexibility. If this is not the case then 

explain in more detail. 

13. Figure 1: In general the figure is very busy, can it be simplified? 

A: Describe the workflow in more detail in the legend. 

B: “Protein sequence” should refer to the amino acid letter sequence that is directly above the 

heatmap, “residue number” should be labelled above the arrow 

Describe in the legend what the heatmap colours mean i.e. light blue is less RDU, dark blue is more 

RDU? In general across all the figures RDU changes from a percentage to a decimal number. 

D: Describe in the legend the statistical analysis outlined 

Is there correlation between the long and small peptides? Explain the rational for choosing only the 

smaller peptides. 

14. Figure 2: The regions highlighted with red arrows in C-F are not specifically mentioned in the text 

as stated in the legend. Describe their significance in the text or in the legend. 

B: What is the red circle highlighting? Not described in the legend 

15. Page 5, lines 128-133: The patches on the interface that correspond to the pockets for the RPT 

tails should be highlighted in Figure 2 for easy identification. Also recommended to elaborate on the 

regions highlighted in with red arrows in the figure, what is their relevance? 

16. Figure 3: Why not include the differential analysis of the catalytic subunits here to make the 

differences between the STD and i20S more obvious? Or expand Figure 4 to highlight the differences. 

17. Figure S2, S6 and S10: Provide the same y axis for all graphs to allow a quicker comparison 

between the RDUs of each peptide possible. 

18. Page 7, line 168: As mentioned in the previous section, the differences in the catalytic and 

substrate pockets between the STD and i20S were not significant, so how can this translate to 

significant conformational changes in the non-catalytic subunits? 

19. Figure 5: A: Point out the missing residues 15-31 in the structure in 5A, is this the dashed line? 

Include a cartoon representation of the entire heteroheptamer, showing the position of the apical 

loops 

B: The RDU scale is 0-250%, but in Fig S7, from which these structures are based, the RDU goes from 

0-100% (0.0-1.0)? By eye the blue color of the RDUs don’t match up to what is represented in the 

structures, in B-D. 

C-D: Include arrows showing direction of rotation between the structures 

D: State in legend that this is a homology model. 

20. Page 8, line 211-212: Elaborate on the significance of the activation loop of PA28B being less 

deuterated, as this is the title of the section it should be explained in more detail. Why is this 



important? 

21. Figure 6: State in the legend that the color coding indicates that blue is less accessible in the 

complex and red is more accessible in the complex. 

Include arrows to show direction of rotation between the images. 

Change the colors of the black arrows pointing at the activation loops, they are hard to see. 

Include the differential analysis images of the PA28 with the i20S, in Fig S8 it is clear that the effect is 

the opposite, i.e. the PA28 subunits become more accessible upon i20S binding. This is briefly 

mentioned on page 9, lines 235-238, elaborate on this, it is interesting. 

22. Page 9, line 220: These listed residue regions are not highlighted in the figure, and in the figure 

there are residue regions highlighted in red that are not mentioned in the text? 

23. Page 9, line 225: State the residue numbering of the kinks. Why are they indicated? 

24. Figure 7: This is one of the most important results but it not clear at all. In general, the 

description in the text of the results in Figure 7 is extremely difficult to follow and is confusing. 

Perhaps representing the data in a different more manageable way is warranted. For example, include 

larger labels for the columns of structures at the top of the figure, indicating which columns 

correspond to STD and i20S, combined with which PA28 regulators. Explain in the legend what the red 

circles are referring to. 

25. Page 10, line 247-249: State the differences in deltaRDU calculated for the C-ter of a3 depicted in 

Fig7A and Fig 4D, by eye the delta RDU looks like it indicates a strongly protected region in both 

analyses. 

26. Page 10, line 251: the regions in 7A that are being referred to are blue from the analysis but 

circled in red? If there are circles in the figure refer to them, or leave them out. 

27. Discussion: In general, the discussion reads more like a summary of the results section, and not a 

discussion of the results in the context of the literature. A summary of the results is definitely 

warranted, although perhaps this can be done briefly at the beginning of the discussion section, and 

not take up the majority of it. 

28. Figure 8: The legend needs to be much more descriptive. This is the model of your major findings, 

explain in much greater detail. 

A: Colors in the text are referred to as orange and purple? 

B: The text describes this as showing stabilization of the loops, this isn’t clear in the figure. Also, what 

are the + and - symbols representing? 

C: What are the – symbols representing? 

29. Methods: Page 16, lines 396-398: Include catalog numbers for the listed reagents. 

30. Page 10, line 259: Which red circles in 7C are being referred to? There are 3… 

31. Page 10, line 262: There are no blue circles in 7C, only red circles. Clarify which region is being 

referred to. 

32. Page 11, line 266-267: Stated that the binding of PA28g only affected a2 and a3 Nterminals of the 

i20S, and yet in 7P it clearly looks like the a1 Nter is also destabilized, even more than the a2? 

33. Page 11, line 273: Where in 7F is the a2 destabilization? Why is it not circled like the other regions 

being discussed in 7H? 

34. Page 11, line 282-283: Include the RDU numbers to demonstrate the significant changes upon 

PA28ab binding as by eye it doesn’t look convincing. Perhaps a small table with the relevant numbers 

in the figures throughout the manuscript that are significant would help. 

35. Page 11, line 284: The B1i active site in 7N does not look significantly affected, in fact most of the 

active site circled in orange is gray. 

36. Page 12, line 289-290: What are the numbers to say there is a significant decrease? Is the B2i N-

terminal not visible in Fig 7S? State this if this is the case. 

37. Page 12, line 312: First mention of residues 238-261, where in the results section is this 

described? 

38. Page 13, line 313: There is no purple coloring in Figure 8. 

39. Page 13, line 323-326: Elaborate on the comparison with Pf20S, why is this species being 

mentioned? Is this one of the few structures of 20S bound to PA28? 

40. Page 13, line 328: There is no orange coloring in Figure 8. 

41. Page 13, line 331: There are no orange arrows in Figure 8. 



42. Page 14, line 359: Figure 8B doesn’t seem to be showing stabilization of the loops? 

Additional comments 

43. Page 2, lines 42-48: Include references for the UPS and its functions. 

44. Page2, lines 51-55: Include more detail about the catalytic subunits i.e. what are their different 

enzymatic activities 

45. Page 3, line 72: Other citations needed for additional PIPs beyond Ecm29 

46. Page 4, line 90: Correct P28 to PA28 

47. Page 4, line 90-92: Elaborate on the HDX-MS method, a more detailed explanation is required. 

Also include references for the method. 

48. Page 6, lines 159-161: ‘mice’ should be ‘mouse’. This sentence is confusing. Reword to make it 

clearer. 

49. Page 6, lines 147: ‘remaining’ should be ‘remainder’ 

50. Page 8, line 190: “An activation loop is less dynamic in PA28B” 

51. Page 8, line 200: Define Pf, and explain why this species sequence is being used for comparison 

52. Page 8, line 202: Include a more recent reference for the SWISS-MODEL server. 

53. Page 10, line 252: ‘remaining’ should be ‘remainder’ 

54. Page 10, line 255: State that all the regions being discussed in 7A are circled in red. 

55. Page 10, line 258: “…and is in close vicinity to the B5 interface, which is also more dynamic” 

56. Page 13, line 335: PGPH activity should be referred as caspase-like activity. Also “than the one of” 

should read “than that of”

































































REVIEWERS' COMMENTS 

Reviewer #1 (Remarks to the Author): 

The revised manuscript by Lesne and colleagues is improved over the original manuscript. The authors 

made an effort to address the criticisms that were made during the first review. This reviewer has just 

one more question about the relationship between the proteolytic activities in new Fig. S8 and the 

RDUs in Figs. 7A and 7F. 

Although no significant difference was observed in the proteolytic activities between std20S + PA28γ 

and std20S + PA28αβ in Fig. S8, the effects on the std20S α subunit N-ter are quite different between 

PA28αβ and PA28γ in Figs 7A and 7F. If there are any possible explanations about these seemingly 

inconsistent data, this reviewer would like the authors to discuss this issue in the revised manuscript. 

Reviewer #2 (Remarks to the Author): 

The authors have gone to great lengths to answer the reviewers' concerns and I am satisfied that my 

comments were addressed. I congratulate the authors for this impressive piece of work. 

Frank Sobott 

Reviewer #3 (Remarks to the Author): 

The authors answered my concerns, I think the paper is suitable for publication



REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

The revised manuscript by Lesne and colleagues is improved over the original manuscript. 
The authors made an effort to address the criticisms that were made during the first review. 
This reviewer has just one more question about the relationship between the proteolytic 
activities in new Fig. S8 and the RDUs in Figs. 7A and 7F. 
Although no significant difference was observed in the proteolytic activities between 
std20S + PA28γ and std20S + PA28α13 in Fig. S8, the effects on the std20S α subunit N-
ter are quite different between PA28α13 and PA28γ in Figs 7A and 7F. If there are any 
possible explanations about these seemingly inconsistent data, this reviewer would like 
the authors to discuss this issue in the revised manuscript. 

We thank Reviewer #1 for his/her comment. We think that different activators could 
mediate proteasome activation to a similar level with different molecular processes. 
Unfortunately, we were not able to further explore this phenomenon with HDX-MS. We 
now discuss potential explanations for our results in the Discussion section: “We showed 
that both PA28 regulators activate the chymotrypsin-like activity of the std20S to a 
similar extent in our in vitro assay (Supplementary Fig. 2). However, the N-ter 
portions of the std20S α subunits (entrance of the channel) were significantly more 
deuterated when interacting with PA28αβ whereas this increase was not significant 
with PA28γ (Fig. 7A/F and Supplementary Data 3), suggesting that their allosteric 
mechanisms of activation are different. This could alternatively be explained by a 
shorter dwell-time at the surface of the std20S or by differences in binding 
stoichiometry. More experiments are needed to fully understand these allosteric 
mechanisms of activation.”



Reviewer #2 (Remarks to the Author): 

The authors have gone to great lengths to answer the reviewers' concerns and I am 
satisfied that my comments were addressed. I congratulate the authors for this 
impressive piece of work. 

Frank Sobott 

Reviewer #3 (Remarks to the Author): 
The authors answered my concerns, I think the paper is suitable for publication. 
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