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Dormant spores sense amino acids through the B subunits of 

their germination receptors



REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

The manuscript by Artzi et al. provides compelling evidence for a model in which the B subunit of 

germinant receptors serves as the direct sensor of amino acids in bacterial spores. Using 

evolutionary co-variation analysis, the authors discovered structural homology between GerAB 

subunits and the Amino acid-Polyamine-Organocation (APC) superfamily. Guided by the structure 

of an APC family member, GkApcT, bound to its alanine ligand, the authors target the putative 

ligand binding region of Bacillus subtilis GerAB for mutagenesis. They identify several interesting 

classes of mutations that impact GerAB function without affecting its levels in B. subtilis spores: (i) 

mutations that ablate germinant sensing (G25A no longer responds to alanine germinant), (ii) 

mutations that reduce the size of a side chain and accordingly expand germinant specificity to 

include specific amino acids like leucine (V101C/A), serine (L199S), or isoleucine (L199I and 

T287V) in addition to the primary alanine geminant, and (iii) mutations that mimic germinant 

binding and prematurely activate germination (V101F and T287L). 

The manuscript is well written and presents intriguing possible mechanisms for germinant sensing 

and signal transduction informed by studies of transporters in eukaryotic organisms, so it will be of 

wide interest to the community. However, the title and abstract are not as circumspect in terms of 

acknowledging that it is theoretically possible that the mutations the authors have identified affect 

signal transduction rather than ligand binding. Thus, the authors should temper their language 

slightly. 

Despite lacking biochemical evidence of GerAB directly binding to amino acid ligands, the authors’ 

identification of mutants with expanded germinant specificity provides strong genetic support for 

GerAB functioning as the germinant sensor. Their analysis of the germinant sensitivity by titrating 

different germinants and comparing the germinant specificity of their different mutants provides 

convincing data in support of hypothesis. Their work stands in contrast to previously published 

work (2019) implicating the A subunit of Ger receptors as the direct binding partner for 

germinants. While Li et al. 2019 showed that weak ligand binding to A subunit proteins could be 

detected by NMR, their genetic evidence was less convincing than the mutagenesis analyses 

presented in this manuscript. Furthermore, Artzi et al. provide biochemical evidence that the 

topology of the GerAA subunit is not consistent with germinant binding, namely that its N-terminus 

is cytoplasmic. The evidence they provide includes analysis GerAA accessibility to proteases and 

Cys-substituted GerAA subunits. However, the manuscript would be improved by expanding the 

discussion of these critical control experiments and clarifying the following about these 

experiments: 

1. In the protease accessibility experiments, there is a band that appears over time at just under 

25 kDa. This band suggests that at least part of GerAA is accessible to proteases. Is this a cross-

2. The SCAM analyses should include an NEM control to demonstrate that it is possible to prevent 

labeling of the indicated Cys residues by Mal-PEG if NEM is used to label free Cys regardless of the 

technology. For example, the authors argue that S317C is not accessible to the membrane 

impermeant crosslinker MTSES, but there appears to be less sample relative to the other mutants 

being tested and a faint band of GerAA-PEG being detected even with the MTSES treatment. 

Overall, the authors data is convincing, but most of their experiments involve two biological 

replicates. The authors should analyze three biological replicates of the experiments shown in tis 

manuscript to maximize the rigor of their study. 

In addition, the authors could emphasize more that the mutants expand rather than switch 

germinant specificity, since Ala and Val are good germinants for all the GerAB germinant specificity 

mutants, and D-Ala still acts as a competitive inhibitor. 

Some changes to the data presentation would also improve readability of the manuscript beyond 

expanding discussion of the SCAM experiment. 

- Since the manuscript could be expanded to include more figures in the main text, I would 



suggest moving Fig. S11 to the main manuscript as well as S5. 

- Presenting the data in Figures S4 and S5, it would make the data easier to interpret (in my view) 

if the graphs show the responses of multiple mutant strains to a given amino acid condition. This 

would facilitate statistical testing (which was not included in the manuscript). 

- Adding the side chains or space filling side chains in Figure 1 or added to Figure 3 would be 

helpful. 

- The color difference between light blue, green, and darker green(?) is hard to distinguish in some 

of the graphs. Using colors with greater contrast would make the figures more readable. 

- % Spore Survival for L199I appears to be missing from the table. 

- Add ref 7 after the PDB structure is referred to (line 45) 

Additional questions 

- Did the authors test the different point mutants for their responsiveness to Leu, Ile, and Ser 

ligand, e.g. Fig S6 shows L199S in a Ser titration, but did the authors confirm that the L199I and 

V101A, etc. did not 

- The V101 mutations appear to reproducibly reduce the overall optical density decrease observed 

during germination. The mutants may have a subtle decrease in % sporulation (Table S1). Is it 

possible that this mutation reduces DPA content in the cells, which is why they might have a 

smaller overall decrease in optical density. Alternatively, do some of these mutant spores fail to 

germinate when most of the population has germinated? 

- How do the authors’ data match with results from B. megaterium GerAB mutant analyses that 

suggested that GerAB is involved in ligand binding (Christie et al.) 

- How many different mutations did the authors test (lines 109 and 123)? It would be helpful to 

describe in supplemental the additional residues the authors mutated. 

Reviewer #2 (Remarks to the Author): 

This manuscript describes bioinformatic analysis and structural modeling of the B. subtilis GerAB 

subunit of a spore germinant receptor, coupled with genetic analysis of germinant response to 

support the conclusion that this protein is the germinant-binding component of the receptor. The 

data is quite convincing and is presented clearly and convincingly. 

The work is a strong contribution in the field of spore biology. While other studies have suggested 

a germinant-binding role for this protein, some studies have also suggested a different protein 

plays this role. The data presented here are more thorough and present a more definitive case 

than the earlier studies. 

Comments: 

Line 50: Some description of the “>20,000 GerAB homologs” that were analyzed to identify 

Evolutionary Coupled residues. This might be done in the Methods section. Were these all actual 

Ger receptor proteins pulled from Firmicute sequences or are some from metagenomes with 

species source unknown? Do these homologs range much more broadly into transporters (like 

GkApcT)? 

Figure 1: It is partially my lack of experience in interpreting figure such as Panel 1a, but it took me 

quite a bit of time to figure out what this figure is showing. I am guessing that I will not be the 

only one. Once I worked it out, then reading the text of lines 44-54 seemed like a reasonable 

explanation. However, making the connections between the text and the figure was not simple. A 

slightly greater explanation might be nice for a large number of readers. 

Figure 2b: The legend states that data from one of two biological replicates with two technical 

replicates is shown. Error bars are only visible for one strain. Was there no variation for other 

strains? Similarly in Figure 3 and some supplemental figures, there are sometimes error bars and 

in other cases none. 

Reviewer #3 (Remarks to the Author): 

Given the complex relationship between GerAA, AB and AC, it would seem appropriate for the 



authors to measure the effect of mutations in GerAB on the other components of the operon. 

Changes in GerAB stability may affect GerAA and AC levels that subsequently impact the 

germination assay. 

The study by Rudner et al. reports the characterisation of an important system in bacterial spore 

germination. Specifically, the system under investigation is composed of three proteins, GerAA, AB 

and AC. GerAB and AC are integral membrane proteins, whilst GerAA is extracellular. The authors 

use bioinformatics techniques, including routine sequence-based searchers and more sophisticated 

amino acid covariance analysis, to identify GerAB as structurally similar to a previously 

characterised amino acid transporter, GkApcT. The authors create a homology model of GerAB 

using GkApcT as the template and proceed to validate this model by making variants of the 

binding site and observing how these affect the germination of the bacterial spores. The authors 

conclude that GerAB is a structural homologue of GkApcT and a member of the wider APC 

superfamily of secondary active transporters. Further, they suggest that GerAB functions as a 

nutrient sensor analogously to SLC38A9, another transporter cum nutrient receptor in eukaryotic 

cells. 

Overall, the study presents an interesting hypothesis, which I believe is plausible but not wholly 

supported by the current data. The study has several significant weaknesses that need to be 

addressed in what I suspect would be considered significant revisions. 

The first significant point is that the Ger system appears to be rather complex and incompletely 

understood. This makes deductions from the assay results complicated to understand, at least for 

me. The authors state that the protein levels of GerAA and AC depend on those of AB. Do the 

authors know how? Without a complete understanding of this link, it isn't easy to fully assess the 

impact of the variants in GerAB on germination. The authors should be running western blots for 

GerAA and AC for each of the variants they study in GerAB. For studies of this kind, it is imperative 

to understand the effects of mutations on all the protein components involved. 

One of the major conclusions of this study is that GerAB is a specific L-Alanine sensor. However, to 

make this statement, the authors need to screen all the 20 amino acids for the WT protein. As it 

stands, the authors have provided only a small snapshot of AAs. It isn't easy to draw solid 

conclusions from this data without knowing how the WT and active variants respond to other AAs. 

The concluding paragraph (lines 196-204, page 7) is very speculative given the preceding data. 

The authors suggest a model for interactions between the three subunits based on covariation 

analysis. For a high impact journal such as Nature Communications, I feel you should be 

demonstrating this using biochemical evidence, such as a Co-IP or Co-purification. 

Ultimately, I struggled to see the major advancements made in this study. This could well be my 

lack of understanding in the field of bacterial spore germination. However, while this is an exciting 

system, I didn't see how this study significantly improved our knowledge above the current 

literature. For example, on Uniprot, GerAB is annotated as belonging to the APC superfamily, 

which appears to be one of the major conclusions to this study. While bioinformatic-function work 

is well executed, there are significant gaps in the functional data that limit the mechanistic insights 

into this system. The absence of any biochemical evidence that these proteins physically interact 

in the spore is a significant weakness and reduces the impact of the study. Does this study really 

move the field forward enough to warrant publication at this level? I am not convinced, but be 

would be happy for the authors to convince me. 

Minor comments. 

The authors have omitted side chains from their structural figures, which I found odd given the 

importance of the homology model as the basis for the functional characterisation. 

Fig.1. It would be helpful to have the GkApcT structure alongside the homology model for 

comparison. 

Fig. 2. Initially, I thought the SleB sample was the loading control for the WB. However, later in 



the paper, they demonstrate that SleB is an important component in the germination pathway 

itself. Could the authors clarify this in the Ms? 

Reviewer #4 (Remarks to the Author): 

In their succinct, well-written manuscript, Artzi and coworkers use computational predictions and 

experiments to determine that GerAB serves as the B. subtilis L-alanine sensor. An initial 

homology model is constructed based on a solved structure of GkApcT. Cross-referencing the 

native contacts within this homology model and those predicted by EVcouplings suggests that 

GerAB and GkApcT are indeed homologs. The authors proceed through an exhaustive mutational 

study in which they identify point mutations that can abolish germination or change the specificity 

of GerAB from L-alanine to L-serine or L-leucine. Finally, the authors demonstrate that the 

introduction of bulky residues near the L-alanine binding pocket leads to premature germination in 

the absence of L-alanine. 

The modeling study of GerAB appears to have been performed in line with best practice. The 

procedure of the authors is also largely self-checking, as their experimental studies verify the 

importance of many of the residues predicted by their homology model to play a role in L-alanine 

binding. I have no major concerns, but I would be interested to know if the authors tried any co-

evolutionary contact predictors other than EVcouplings, as different methods tend to predict 

different types of contacts (PMID: 31693112)? Determination of which methods produce the best 

predictions for “functional contacts” such as those discussed in the present manuscript are of great 

interest. 
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REVIEWERS' COMMENTS 

Reviewer #1 (Remarks to the Author): 

The revised manuscript addresses my concerns and the concerns raised by other Reviewers (in my 

opinion). The added control experiments and additional replicates increase the rigor of the study, 

and the slight wording changes to the manuscript further improve its readibility. Artzi et al's work 

is beautiful, and the manuscript is well written and compelling. The manuscript greatly advances 

our understanding of how germinants are sensed by many bacterial spores and identifies a number 

of exciting avenues to pursue in future analyses. 

Reviewer #3 (Remarks to the Author): 

The authors have carried out several additional experiments that support their previous results. 

These have been nicely folded into the previous Ms, along with additional text and contextual 

changes that substantially strengthen the study. The additional WB data in Supplementary Figure 

7 supports their hypothesis on the co-dependency of Ger AA and Ger AC on the stability/presence 

of Ger AB - a major hypothesis of the study. I, therefore, support publication in the present form.


