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Proteome-wide 3D structure prediction provides insights

into the ancestral metabolism of ancient archaea and bacteria



REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author): 

Xiao and co-workers describe an analysis across the 3D structures of the proteome using as modified 
version of AlphaFold2, called ParaFold. The authors use Parafold to generate atomic models of 

enzymes from their primary sequence and then compare them. They do this on the proteomes of two 
representative archaeal and bacterial species, both of which were isolated from deep sea 

hydrothermal vents. They then use an evaluation of the similarity of the 3D structures for the enzymes 
associated to a particular metabolic module to sort the various proteins for a particular metabolic 

function into three groups: (i) related sequence, similar structure (ii) different sequence, but similar 
structure (iii) different sequence, different structure. Interestingly, when comparing the protein pairs in 
a particular metabolic pathway, in 15 out of 16 cases it was found that the protein pairs within that 

pathway fell into the same group. All 19 enzymes related to amino acid biosynthesis fall into group (i), 
all 5 enzymes in glycolysis/gluconeogenesis fall into group (iii). Interestingly, protein pairs in group (i) 

are mostly found in central metabolism, including the first part of gluconeogenesis/glycolysis that 
connects it to the TCA cycle, amino acid biosynthesis, purine and pyrimidine biosynthesis, and the 
biosynthesis of some cofactors. At least from what I can reason, this would imply they are the oldest. 

This conclusion is stunning in that it is very similar to what evolutionary biochemists (from 
phylogenetics and physiology) have been saying for the past two decades and some prebiotic 

chemists (from simulating metabolic pathways without enzymes) from the past five years, but the 
authors arrive at the same conclusion from a totally different perspective. Overall, I find this paper to 
be an important and compelling addition to work on early evolution. 

Some questions and comments: 

-Is it correct for the reader to interpret that a protein pair found in group (i) should be more ancient 
than one found in group (iii)? Why or why not? The authors should elaborate on this in the text. 

-Line 190-191 “This finding indicates that the enzymes might not have evolved individually but rather 
evolved by using the metabolic module as a basic unit to adapt to evolutionary pressure.” This is a 
very significant statement, but I think it needs to be elaborated on more. Perhaps additionally restate 

in a second sentence what is being said in different words. If not, what should be taken away from 
this? I noticed after writing this that this line is again repeated in line 250-251 and then elaborated on 

a little, as I had requested above. However, one should consider whether writing the first time is too 
much all at once. Maybe better to treat it once in lines 250-251? 

-One pathway that might be explicitly mentioned and commented on in the text is the Wood-Ljungdahl 
pathway (aka. Acetyl CoA pathway) for CO2 fixation. Evolutionary biochemists regularly bring this 

pathway up as the oldest CO2 fixation pathway, so what about its enzymes in these two organisms, if 
they are present? There are also non-enzymatic versions of this pathway as well, such as that 
reported by Martin [Preiner, M. et al. A hydrogen-dependent geochemical analogue of primordial 

carbon and energy metabolism. Nat Ecol Evol 4, 534–542 (2020).] 

-The authors state “Notably, the conserved metabolic modules with conserved protein structures 
between A501 and 3DAC in central carbon metabolism were surprisingly consistent with the 

experimentally confirmed protometabolic pathway under “prebiotically plausible” conditions.19-21. I 
think the references here need to be re-evaluated. The authors cite a paper on the synthesis of PEP 
by Powner as ref. 19, but in that paper, the authors prepared PEP by a series of chemical steps that 

do not resemble metabolic pathways, where each step necessitates a step-change in reaction 
conditions. I think it would be more, or at least equally, relevant to cite earlier papers by Ralser on a 

non-enzymatic glycolysis [Keller, M. A., Turchyn, A. V. & Ralser, M. Non-enzymatic glycolysis and 
pentose phosphate pathway-like reactions in a plausible Archean ocean. Mol Syst Biol 10, 725 
(2014); Keller, M. A. et al. Conditional iron and pH-dependent activity of a non-enzymatic glycolysis 

and pentose phosphate pathway. Sci Adv 2, e1501235 (2016)] and on non-enzymatic 
gluconeogenesis [Messner, C. B., Driscoll, P. C., Piedrafita, G., Volder, M. F. L. D. & Ralser, M. 

Nonenzymatic gluconeogenesis-like formation of fructose 1,6-bisphosphate in ice. Proc National Acad 



Sci 114, 7403–7407 (2017).] These papers actually report the same reactions found in metabolism, 
not just conceptually similar reactions. 

-Likewise, the authors cite two papers on non-enzymatic analogues of the reverse Krebs cycle from 

Krishnamurthy. Moran published earlier papers on non-enzymatic analogues of the reverse Krebs 
cycle [Muchowska, K. B. et al. Metals promote sequences of the reverse Krebs cycle. Nat Ecol Evol 1, 
1716–1721 (2017); Muchowska, K. B., Varma, S. J. & Moran, J. Synthesis and breakdown of 

universal metabolic precursors promoted by iron. Nature 569, 104–107 (2019)]. Considering the 
hydrothermal nature of the organisms in question and in the conditions used in those papers 

(especially the 2019 paper), the above paper may be even more, or certainly not less, relevant. 

-The authors might also want to consider citing papers on non-enzymatic amino acid synthesis by 
reductive amination [Barge, L. M., Flores, E., Baum, M. M., VanderVelde, D. G. & Russell, M. J. 
Redox and pH gradients drive amino acid synthesis in iron oxyhydroxide mineral systems. Proc 

National Acad Sci 116, 201812098 (2019)] and transamination [Mayer, R. J., Kaur, H., Rauscher, S. 
A. & Moran, J. Mechanistic Insight into Metal Ion-Catalyzed Transamination. J Am Chem Soc 143, 

19099–19111 (2021)], since the authors also find these to be conserved metabolic modules. 

The papers mentioned above further strengthen the author’s link between the organisms’s 

environment, their enzymatic similarities and the conditions under which the prebiotic version of the 
metabolic pathways might have operated. 

-It may be of interest to the authors to discuss the overall similarities between the conserved 
metabolic modules and those often brought up in prebiotic chemistry/evolutionary biochemistry [for 

example, see Fig. 10 in Muchowska, K. B., Varma, S. J. & Moran, J. Nonenzymatic Metabolic 
Reactions and Life’s Origins. Chem Rev 120, 7708–7744 (2020).] As far as I can tell, they are highly 

similar. 

Overall, I very much enjoyed this paper and look forward to it being published. 

Reviewer #2 (Remarks to the Author): 

Zhao et al. use AlphaFold to predict structures for the proteomes of ancient archaea and bacteria and 
then cross-reference their results to reveal conserved proteins at the level of protein structure as 
opposed to protein sequence alone. This approach allows them to identify proteins that have 

dissimilar sequences but similar structures and functions. Metabolic modules that consist of sets of 
proteins that have similar evolutionary histories (Groups i, ii, and iii) are also identified. These results 

are a timely application of current structure prediction tools that, as the authors point out, highlight the 
importance of considering structure above sequence alone. Though I think most of the claims in the 
manuscript are justified, I would like the authors to address the following: 

(1) The authors note that they omitted the Amber minimization step as it had no influence on 

“improving model accuracy,” where model accuracy appears to have been assessed based on the 
pLDDT using a C-alpha only pairwise distance order parameter. While it is not surprising that the 

Amber minimization does not influence the C-alpha trace of predictions much, and therefore does not 
influence pLDDT greatly, I wonder if it does more to optimize side chains positions (which may 
influence the hydrogen bond per residue counts in Fig. 2c). Further, I suspect that the minimization 

may be more important for larger proteins. Have the authors tried using minimized structures to see 
their influence on the properties calculated in Fig 2? Perhaps the authors can comment on how much 

the structures tend to change before and after the minimization as a function of protein size? 

(2) The authors predicate their analyses downstream of AlphaFold on the first of five models that it 

produces for each protein, and indicate this seems reasonable because predictions for Model 1 and 
Model 2 are highly correlated in pLDDT space (Fig. S2c). It would be valuable to the broader 

community of AlphaFold users to know how much the key results of the manuscript (Fig 3e especially) 



results change when different models are used. Further, can the authors use the structures for 
Models 1, 2, 3, 4, and 5 to estimate confidence intervals for the number of proteins in groups (i), (ii), 

and (iii) in each module (3e)? 

(3) The authors claim (lines 294-295) that superimposed predicted structures for a set of related 
enzymes with a ligand “confirmed the enzyme substrate specificity.” However, these alignments do 
not appear to be described in the methods or the figure caption (4B-E), leaving many unanswered 

questions. Where were the ligand structures obtained? Did the authors perform docking of the ligand 
into the predicted structures? How do these confirm the specificity? Can the authors quantify how well 

the ligand fits in the active site for each prediction? Right now, such a strong claim does not seem to 
be supported by the evidence in Fig 4. 

(4) The annotation of function should be more clearly explained. The authors note in the Methods that 
they use a set of 5 different programs and then manually annotated the results. How many structures 

had clear literature annotations? For how many do the authors rely on a purely predicted function? 

(5) Many thresholds are employed for classifying, for example, orthologous and non-orthologous 
sequences. How were these thresholds chosen? If they change by +/- 10-20%, how do the results 
change? 

(6) It would be useful to have some information about the proteins that AlphaFold can and cannot 

make good predictions for in these two proteomes. Can the authors give, e.g., the distributions of 
protein length and number of domains before and after you apply pLDDT-based filtering to remove 
poor predictions? 

Some additional questions and comments: 

(1) I found it confusing that the authors refer to an RMSD metric between A501 and 3DAC structures 

in the main text (e.g., Fig 3 caption). Many readers will instantly think “how can you take an RMSD 
between two proteins that have likely diverged in length?” I suggest always using SiMax to refer to 
this metric to avoid confusion. 

(2) Can the authors comment on the prevalence of cis- peptide bonds and incorrect amino acid 

chirality in predictions produced by AlphaFold? 

(3) Line 131, can authors check that values are A501 = 0.31, 3DAC = 0.67, and E. coli = 0.78 N/m? 

The sentence beginning Line 132 seems to indicate that the actual values should be assigned as 
A501 = 0.78, 3DAC = 0.67, and E. coli = 0.31, as it says both A501 and 3DAC “showed much higher 

values than E. coli.” 

Reviewer #3 (Remarks to the Author): 

The approach followed in this manuscript is in principle quite interesting and may deliver some usefull 
insights. Since my personal experties lies in the field of scattering techniques I would like to comment 

only on the neutron scattering part of the manuscript. 
(i) I think the given values in the manuscript (see page 6) "The mean resilience values of 
biomolecules in A501, 3DAC and E. coli were found to be 0.31, 0.67 and 0.78 N/m, respectively" are 

not correctly assigned. It would understand if 0.31 goes with E. coli?? 
(ii) In the cited paper from Tehei et al. (ref. 22) the authors also measured E.coli cells and obtained a 

mean resilience value of 0.39 N/m. Is this deviation in the error limit of the obtained values? What is 
the error of the k-values obtained in the presented work? The authors from ref. 22 claimed an error of 
approx. 5 %. That would mean that the value obtained in this paper is out of the error bound. Since 

the method (determination of mean resilience values from different cell types) was to my knowledge 
not applied in many studies, it is methodically unclear for me how reliable and meaninful the 

derermined values are. Is the difference in k-values between A501 and 3DAC statistically significant? 



The authors should give more details on the methodically aspects of this approach in order to 
convince the reader, that the use neutron scattering gives trustable results. 

(iii) The authors should give information on the q-range of the recorded data. 





















































Response:



















Response: 















+









2

55



































Response: 







































Response: 

2



2











 





2

55

















































Response: 



























Response: 





























Response: 





















Response: 

















Fig. 519-21,60-65







66





66

















 























Response. 































Response


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Fig. R2 (Fig. 2 in the main text). Construction of proteome-wide protein structures and 

statistical comparison between A501 (red) and 3DAC (blue).


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

 







Fig. 4

































Response: 













































Response: 



















































Response









5758









Response





 





































Response:E. coli

E. coli





 











Response:











Response:E. coli

E. coli















Response:





o

o





















 

Fig. R10. (Fig. 1E in main text)E. coli

E. coli















Response:



























 













Response:

-1









REVIEWERS' COMMENTS

Reviewer #1 (Remarks to the Author): 

The revised manuscript is now an easier read and is now more accessible to those working outside 
the field. I would suggest briefly considering the comments below before publication. 

Additional comments and thoughts after a second read: 
-lines 100-101: the references 19-21 should include the new references to protometabolic pathways 

that were included in the revisions at this point. 
-The authors may also wish to include the following papers regarding experimental attempts at 

protometabolism: 10.1126/sciadv.aav7 and 10.1002/anie.202212932 
-another question, which the authors might want to briefly address, or not, in the final version of their 
manuscript, possibly in the conclusion, is this: in the present manuscript, numerous proteins from one 

bacterial strain and one archaeal strain are compared. Looking forwards, what do the authors expect 
might be learned beyond what is found in the present paper if they were to compare the metabolic 

proteomes of numerous bacterial and archaeal strains? Is a big-data approach likely to give different 
or more robust insights? Is this currently feasible? 

Reviewer #2 (Remarks to the Author): 

Zhao et al. have modified their manuscript to address each of my concerns with the initial draft. I am 
happy to recommend publication of the updated manuscript. 

Reviewer #3 (Remarks to the Author): 

The revised manuscript and the response to the reviewers answered most of my comments 
satisfactorily. Nevertheless, I have one further comment. The statistical errors of the effective force 
constants are calculated from a single sample at different temperatures, I assume. Considering these 

errors, the conclusions (based on the obtained results) made in the manuscript appear resonable. 
However, the real error/deviation for a specific species is most probably much larger, since larger 

deviations appear already for one and the same species, if different strains or different (aerobic 
versus anaerobic) conditions were used (see the case of E. coli). A more convincing approach would 
be not to employ not only a single sample for a species (as a representative of either a mesophile, or 

a thermophile or a hyperthermophile) but several samples from different cell culture preparation (and 
maybe also from different strains) in order to quantify the real spread of values of force constants 

within a species. Only with the knowledge of this spread one can convincingly confirm the announced 
correlation between force constants and the thermophilicity. Most probably such an approach is 
beyond the scope of this manuscript. Unfortunately, the cited original work (which introduced this 

approach, see ref. 22) did also not analyzed this spread in detail. 



Reviewer’s Comments: 

(point-by-point) 

 

Reviewer #1 (Remarks to the Author): 

 

The revised manuscript is now an easier read and is now more accessible to those working 

outside the field. I would suggest briefly considering the comments below before publication. 

 

Additional comments and thoughts after a second read: 

-lines 100-101: the references 19-21 should include the new references to protometabolic 

pathways that were included in the revisions at this point.  

Response: We thank the reviewer for the carefully reading. All references including the 

additional papers below provided by the reviewer have been cited in line 101 page 5.  

 

-The authors may also wish to include the following papers regarding experimental attempts at 

protometabolism: 10.1126/sciadv.aav7 and 10.1002/anie.202212932 

Response: We thank the additional reference provided by the reviewer. These two publications 

have been included in the citation for the description of the consistency between the structure 

conserved metabolic modules and the prebiotic chemistry confirmed protometabolism, in line 

101 page 5, line 356 page 17, and legend of Fig. 5.  

 

-another question, which the authors might want to briefly address, or not, in the final version of 

their manuscript, possibly in the conclusion, is this: in the present manuscript, numerous proteins 

from one bacterial strain and one archaeal strain are compared. Looking forwards, what do the 

authors expect might be learned beyond what is found in the present paper if they were to 

compare the metabolic proteomes of numerous bacterial and archaeal strains? Is a big-data 

approach likely to give different or more robust insights? Is this currently feasible? 

Response: We appreciate the constructive suggestion from the reviewer. To address the question 

raised by the reviewer and make a perspective on big-data based structure predictions on 

numerous bacterial and archaeal strains, we added the following sentences at the end of the end 

of the Discussion: “Although only a relatively small number of structures have been solved in 



this study compared to the incredibly diverse prokaryotic proteins, our results proposed that 

high-throughput protein 3D structure prediction is a promising approach in ancestorial 

investigations. In the future, if we can combine the vast amount of microbial (meta)genomic 

information from diverse environments (especially extreme environments similar to early Earth 

conditions) accumulated over the past decade, high-throughput protein structure prediction could 

help us summarize the conserved structural and metabolic modules inherited from ancestors in 

modern cells in a broader context. These structure-based ancestral modules could build a bridge 

to decipher the key factors that replaced prebiotic native metabolism with enzyme-catalyzed life 

processes in the origin of life.” in line 367-387 page 18. 

 

Reviewer #2 (Remarks to the Author): 

 

Zhao et al. have modified their manuscript to address each of my concerns with the initial draft. I 

am happy to recommend publication of the updated manuscript. 

Response: We are very grateful to the reviewer for the help and recognition. 

 

Reviewer #3 (Remarks to the Author): 

 

The revised manuscript and the response to the reviewers answered most of my comments 

satisfactorily. Nevertheless, I have one further comment. The statistical errors of the effective 

force constants are calculated from a single sample at different temperatures, I assume. 

Considering these errors, the conclusions (based on the obtained results) made in the manuscript 

appear resonable. However, the real error/deviation for a specific species is most probably much 

larger, since larger deviations appear already for one and the same species, if different strains or 

different (aerobic versus anaerobic) conditions were used (see the case of E. coli). A more 

convincing approach would be not to employ not only a single sample for a species (as a 

representative of either a mesophile, or a thermophile or a hyperthermophile) but several samples 

from different cell culture preparation (and maybe also from different strains) in order to 

quantify the real spread of values of force constants 

within a species. Only with the knowledge of this spread one can convincingly confirm the 

announced correlation between force constants and the thermophilicity. Most probably such an 



approach is beyond the scope of this manuscript. Unfortunately, the cited original work (which 

introduced this approach, see ref. 22) did also not analyzed this spread in detail. 

Response: We thank the reviewer’s comment. In this work, we compared the thermal resilience 

(<k’>) of biomacromolecules obtained from the A501, 3DAC, and E. coli grown at their 

respective physiological temperatures (85, 75, and 37 oC) to illustrate that biomacromolecules in 

A501 and 3DAC are structurally more stable than those in E. coli. We note that the comparison 

of these cells at their respective physiological conditions is of direct biological relevance, and 

that is why we did so. However, we agreed with the reviewer that the value of <k’> of a cell 

could differ when the preparation condition changes. Here, we collected the <k’> values of 

biomacromolecules in E.coli grown in different conditions, including the anaerobic environment, 

in D2O, in an unstressed condition, and in heat-shocked condition, which is 0.31, 0.19, 0.42, and 

0.30 N/m (Eur. Biophys. J., 37, 613-617 (2008).; EMBO Rep. 5, 66-70 (2004)), respectively. As 

a result, the resulting value when averaged over different preparation conditions is 0.31±0.09 

N/m. Although the spread among different conditions is larger than that obtained from a single 

condition, one still can deduce that the resilience of biomolecules in E. coli is significantly 

smaller than those in 3DAC and A501 (0.67 and 0.78 N/m), i.e., the latter two are structurally 

more stable. Moreover, 3DAC and A501 grow extremely slowly at conditions other than the 

physiological temperature or even die in the aerobic culture, thereby the weight of cells cannot 

reach the requirement for dynamic neutron scattering measurements. Thus, we cannot do a 

similar statistical analysis on these two cells. The above discussion has been added to the revised 

SI Note. 


