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June 12th, 2019
Dear  Bing Wu, Ph.D. Review Editor,

We have edited our article and would like to re-submit “Ion Mobility – Mass Spectrometry Techniques for Determining the Structure and Mechanisms of Metal Ion Recognition and Redox Activity of Metal Binding Oligopeptides” for consideration for publication in JoVE. The article illustrates our experimental methods of using traveling wave ion mobility – mass spectrometry (TWIMS) and density functional theory (DFT) to determine how effectively a series of modified 2His-2Cys motif oligopeptides can chelate Zn(II) and Cu(I/II) ions and compares them to the methanobactin peptide synthesized by methanotrophic bacteria. The paper should be of interest to wide range of readers interested in ion mobility - mass spectrometry techniques as applied to biochemical systems and in particular to using the TWIMS and DFT techniques for elucidating conformations and reactivity of peptides and metal ions that are important in many areas of biochemical research.

We have addressed the editors and reviewers comments below and our responses are shown in red.
[bookmark: _GoBack]	
Yours sincerely,
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Dr. Laurence Angel 
Associate Professor of Chemistry
Chemistry Department
Texas A&M University – Commerce

Tel. 903 886 5391


Co-authors: Enas N. Yousef, Ramakrishna Sesham, Jacob W. McCabe, and Rajpal Vangala. 










1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. The article has the required changes made and has been proofread.
2. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from [citation].” Copyright permissions have been uploaded with an appropriate statement in the legends.
3. Unfortunately, there are a few sections of the manuscript that show significant overlap with previously published work. Though there may be a limited number of ways to describe a technique, please use original language throughout the manuscript. Please rewrite lines 60-63, 65-69, 281-291, 324-328. These sections have been rewritten and significant changes have been made.
4. The short abstract is over the 50 word limit. The short abstract has been modified to the 50 word limit.
5. JoVE cannot publish manuscripts containing commercial language. This includes company names of an instrument or reagent. Please remove all commercial language from your manuscript and use generic terms instead. All commercial products should be sufficiently referenced in the Table of Materials and Reagents. The “Reagents and stock solutions” section has been modified.
6. Please add a one-line space between each of your protocol steps. added
7. Please avoid long step (more than 4 lines). modified
8. Step 1: Please remove commercial language and write this step in the imperative tense.
9. Step 4.4: Please write this step in the imperative tense. modified
10. 5.2: Please write this step in the imperative tense. modified
11. Step 6: Please split this step into more substeps and ensure each step is written in the imperative tense. modified
12. Step 7: Please split this step into more substeps and ensure each step is written in the imperative tense. modified
13. Step8: Please split this step into more substeps and ensure each step is written in the imperative tense. modified
14. Step 9: Please split this step into more substeps and ensure each step is written in the imperative tense. modified
15. For each figure, please provide a title and a short description in Figure Legend. modified
16. Please revise the Discussion to explicitly cover the following in detail in 3-6 paragraphs with citations:
a) Critical steps within the protocol Added
b) Any modifications and troubleshooting of the technique
c) Any limitations of the technique Added
d) The significance with respect to existing methods Added
e) Any future applications of the technique included
17. Please do not abbreviate journal titles for references. These are now corrected.
18. The highlighted protocol steps are over the 2.75 page limit (including headings and spacing). Please highlight fewer steps for filming. The protocol section has been modified to fit in the 2.75 page limit.



Reviewers' comments:
Reviewer #1:
Manuscript Summary:
The authors have submitted the results of metal complexes of methanobactin with comparison of alternative metal binding peptides. The used technique was the electrospray ionization - ion mobility-mass spectrometry, which was completed with DFT calculations. From the IM-MS data, however, much more conclusion were drawn than these experiments actually support.

To sum up, this manuscript would like to demonstrate how many type of information can be obtained from the IM-MS measurements, but without the primer experimental data and the reinforcement of the conclusions by using other methods is missing. I cannot accept these conclusions. Two new figures with primary data have been included to show how the combination of IM-MS and DFT can determine these conclusions.
So I suggest the rejection of this manuscript.

Major Concerns:
1) The authors have suggested the coordination mode of the Zn(II) complexes on the basis of the change of intensity of the species with different charge in the function of pH. The charge of the ligands, however, is changed also parallel with increasing of pH due to the deprotonation of thiol, carboxyl, imidazolium etc. groups and these processes were not taken into account. The deprotonation is taken into account and is critical to our evaluation. This is one of the strengths of this method as it measures mass-to-charge ratios and explicitly gives information on the deprotonation state and oxidation state of the metal ion of the peptide complex as a function of pH.  One of the most important complexes is the singly-negative charged complex. As shown in Figures 2a and 2c this single charged complex increases above pH 6.  For the complex to obtain this overall charge the thiol, carboxyl, imidazolium groups must be deprotonated, indicating their involvement with the coordination of the metal(II) at pH > 6. A new abstract and sections have been included in the introduction to make this clearer. Also, this is stated in various parts of the results and discussion in the paper.
2) On the other hand the presence of numerous side chain donor groups in the molecules could result in formation of different coordination isomers (with the same stoichiometry). The suggested structures of the complexes are only assumptions, but the IM-MS parameters do not give any evidence for the structure of the complexes. The suggested structures are based on locating the lowest free energy conformers predicted by the B3LYP method with the exact charge state (protonation state of the peptide and charge state of the metal ion) and mass (stoichiometry).  The collision cross sections (rotationally averaged area of the complex in angstroms squared) of these B3LYP structures are determined using the ion-scaled Lennard-Jones (LJ) method which gives accurate measurements for these peptides. These CCS are compared with the CCS experimentally measured by IM-MS of the molecule. Agreement between the CCS of the B3LYP structure and IM-MS CCS (along with the correct mass-to-charge) is used to support the proposed structures. The B3LYP modeling requires extensive time to locate a wide range of possible conformers with coordinations by the various ligands (you use your knowledge of the possible binding sites and compare them all) and is a very time consuming process. A table showing comparison of the single-negative ions of amb5 is included to show this. The experimental protocol has been modified and the results and discussion to make this method clearer.
3) The manuscript does not demonstrate any primer experimental data (for example the stoichiometry and measured molecular mass data should be collected in Tables, etc.). Two new figures (Figures 4 and 5) showing primer experimental data and a table (Table 1) have now been included in the manuscript.
4) The figures represents only some example for the calculated data, but the conclusions were drawn for all six ligands and eight metal ions. These conclusions are based only on the data of one technique, so these are not acceptable. The goal of this paper is to show how IM-MS with B3LYP modeling can be used successfully to gain the type of information shown here because IM-MS gives the exact charge state, mass, and size of each individual resolved species. This type of information cannot be gained by any other technique! These results are supported by spectroscopic studies (UV-Vis and fluorescence quenching) and the papers where these techniques were included with the IM-MS and B3LYP analysis have been referenced. However, these spectroscopic methods can only give information of the whole ensemble of products produced from these reactions and not the individual products as IM-MS can by separating them all using their differences in m/z and their drift times in the ion mobility cell. These strengths of the IM-MS techniques have been stated more concisely and effectively within the script.
5) I cannot accept the answer for 3. and 4. questions, these answers are only assumptions, they are not proven facts. The answers to questions 3 and 4 are proven by the agreement between theory and experiment. As stated above the IM-MS analyses give the exact charge state (protonation state and charge state of the metal ion), mass (stoichiometry), and size (collision cross section) of each of the individually resolved species. These are then matched to the lowest energy B3LYP located molecules that exhibited the same mass-to-charge and shape/size as measured by IM-MS. The B3LYP modeling requires extensive time to locate all the possible conformers that could be formed by the coordinations by the various ligands (you use your knowledge of the possible binding sites) and is a time consuming process.  The text has been modified with these details at various points to make it clearer how these final answers are supported by experiment and theory.

Minor Concerns:
6) Figure 5 shows the relative intensity of complexes of six ligands (A, B, C, … F). The connecting of these points is pointless. This figure has been deleted to make way for the two new figures that show primer experimental data.


Reviewer #2:
This manuscript describes a method for determining the structures and mechanism of metal binding oligopeptides by using IM-MS. Some of the results have been published from the same group (e.g., Sesham, R. et al. Eur. J. Mass Spectrom. 2013, 19, 463-473.; Vytla, Y. et al. Anal Chem. 2016, 88, 10925-10932.).

Some specific comments:
-Line 139: What desired pH? “to either pH 3, 4, 5, 6, 7, 8, 9, or 10”  has been added
-Line 162-163: The description is confusing and needs rewriting. The sentence has been modified.
-Line 203-204: Check [amb4+3Cu(I)]+, [diamb4+6Cu(I)]2+, [triamb4+9Cu(I)]3+ and [tetraamb4+12Cu(I)]4+ . For example, if [amb4+3Cu(I)] has 3 copper and each copper ion is singly charged, how can the whole complex is singly charged only? Should it be [amb4+3Cu(I)-2H]+? Please supply the mass spectra of these ions as well. They are now shown as “[amb4−2H+3Cu(I)]+, [diamb4−4H+6Cu(I)]2+, [triamb4−6H+9Cu(I)]3+ and [tetraamb4−8H +12Cu(I)]4+.” An example of their mass spectra is included as figure 4. 
-Figure 4: Please indicate which curve for which ion in a and b. The color indicates which curve is for which ion in a and b.
-Please polish and refine the language. The whole script has been modified and refined.

Reviewer #3:
This manuscript outlines work investigating the use of mass spectrometry to study metal ion binding by peptides. This includes a modified peptide called methanobactin secreted by some methanotrophs to sequester copper, and a set of 'designed alternative metal binding (amb) peptides'. Overall this is not a particularly easy manuscript to follow and the description of the results, and how they address the research aims, need to be much clearer. The connection between the research aims and results has now been included in the new long abstract and in a new section in the introduction. These are re-stated in the experimental, results and discussion sections.

I also have some technical questions about the work. The amb peptides have Cys residues that can readily form disulfide bonds in the presence of oxygen. Were any tests performed to assess the oxidation state of the Cys residues in the apo-peptides and was disulfide bond reduction needed prior to the addition of metal ions? The IM-MS technique includes high resolution TOF m/z analysis and allows the determination of the oxidation state of the Cys. If they are oxidized there is a loss of two hydrogen atoms which is shown in the mass spectrum by a decrease in the mass but not of the charge. At the beginning of each analysis the peptides are run on the IM-MS to make sure the Cys are in their free state and not oxidized. We do not need to use a reduction agent.
Were studies with the peptides in solution performed under anaerobic conditions? We have checked in the past these experiment by running them under anaerobic conditions and get the same results as they are run in aerobic solutions. This work has been published in the past and the reference and statement to this affect given in the text. The addition of Cu(II), and perhaps also other metal ions included in the study, can promote disulfide bond formation and metal reduction. Does this not influence the relevance of the reported studies? Yes, we show that Cu(II), but not Zn(II), oxidizes the peptide. Our IM-MS analyses can explicitly determine the extent of oxidation and the set of products formed. This is shown in Results section 3. And we have include to new figures (Figs 4 and 5) to show how this is achieved by the IM-MS method.
Work investigating Cu(I) binding is mentioned (section 4.4), but there is no information in the protocol section about how Cu(I), which readily disproportionates in solution unless stabilised, was prepared and handled (only Cu(II) salts are listed in section 1 of the protocol). Cu(I) binding is through the addition of Cu(II) to the peptide. The redox reactions between Cu(II) and the Cys in the peptides form disulfide bonds and Cu(I) binding. This is the interesting result that the IM-MS method can detect. We have include a statement making it clear that the Cu(I)-binding is a result of the addition of Cu(II).
The use of Fe(II) is stated (section 4.4) and reported, but information about the preparation and stabilisation of Fe(II) is also missing (an Fe(III) salt is only listed in section 1 of the protocol). Fe(III) is added to the peptide but Fe(II) binds to the methanobactin. Again we are sure of this because IM-MS measures m/z and can determine the deprotonation state of the mb and the charge state of the metal ion. More details of this have been included in the script.

In many of the results and discussion sections, as well as the abstract, introduction and figures and their legends 'Cu(I/II)' is used. What does this mean (see above)? In other places either Cu(II) or Cu(I) are used. This is really confusing and it is not clear which oxidation state of copper the authors are studying, and I presume it is not possible to distinguish between Cu(II) and Cu(I) binding to a peptide using mass spectrometry? We use Cu(I/II) as a general term because the ambs can bind either Cu(I) or Cu(II) depending on the pH of the solution when Cu(II) is added to them. When we specifically describe a species at a certain pH then we can state whether it is binding Cu(I) or Cu(II). The manuscript has been modified to more clearly show this.
Some specific issues with the results are listed here in the order they appear. In results section 1 the addition of Cu(II) to amb1 is said to give rise to disulfide bond and Cu(I) formation. Why is this pH dependent, and how can the authors be sure about the oxidation state of bound copper? I have modified this section to make this clearer:   “Our IM-MS study20 of amb1 (Fig. 1a) showed that both Cu(I/II) and Zn(II) bound to amb1 in a pH-dependent manner (Fig 2). However, Cu(I/II) and Zn(II) bound to amb1 through different reaction mechanisms at different coordination sites. For example, adding Cu(II) to amb1 resulted in oxidation of amb1 (amb1ox) by disulfide bridge formation and at pH > 6 the [amb1ox−3H+Cu(II)]− ion (Fig. 2a) was formed, indicating the deprotonation of the two imidazoliums, carboxyl group, and two additional sites that were coordinating Cu(II). Molecular modeling of the [amb1ox−3H+Cu(II)]− ion using B3LYP/LanL2DZ determined the lowest energy complex was Cu(II) coordinated via the imidazole δN of His1 and the deprotonated nitrogens of the backbone amide groups of Cys2 and Gly3. However, below pH 6.0, adding Cu(II) to amb1 formed a m/z isotope pattern that could only be accounted for by Cu(I) binding, forming the [amb1ox+Cu(I)]+ ion (Fig 2b), whereas above pH 6 the m/z isotope pattern shifted to 1 m/z less accounted by the positive charged [amb1ox−H+Cu(II)]+ ion. Adding Zn(II) did not oxidize amb1, and Zn(II) binding was observed at pH > 6.0, primarily forming the [amb1−3H+Zn(II)]− ion (Fig. 2c), indicating the deprotonation of the imidazoliums, thiol and carboxyl groups. Molecular modeling of the [amb1−3H+Zn(II)]− ion determined the lowest energy conformers to be either tetrahedral Zn(II) coordination via 2His-2Cys or His-2Cys and the carboxylate of the C-terminus.”
In results section 2 the authors say they see 'Cu(I)-binding at low pH transitioned to Cu(II) binding at higher pH' for amb2. Again, how do they know? This is stated in section 1 and the above modification helps explain this. A figure (Figure 4) is now included that shows how we can determine the changing of Cu(I) to Cu(II)-binding as a function of pH.
The situation seems even more complex for amb4 (results section 3). In this section the authors say that 'All these individual species were quantified even though they were chemically similar, which no other analytical technique can achieve in such detail'. Is the complex mixture caused by handling the peptides in air and adding Cu(II) rather than Cu(I)? This section has been modified to address these points and two figures (Figs 4 and 5) have been added to illustrate how Cu(I) is determined from Cu(II) binding and the number of intra- or inter-disulfide bonds are determined.
Copper binding is not mentioned for amb5 as results section 5 (should this be 4?) is all about Zn(II) coordination. Is there a reason for this? The numbering of sections has been corrected. The 2His-2Cys side groups are usually related to Zn(II)-binding so we focused on both Zn and Cu binding for these peptides. In particular we focused on Zn(II) binding for amb5 and did not consider Cu binding. To keep the article more focused on Cu(I/II)-binding and the comparison between mb-OB3b and the ambs we have removed the amb5 section on Zn(II)-binding and its figures.
The form of amb7 that best mimics Methylosinus trichosporium OB3b methanobactin (mb-OB3b) will have a single intramolecular disulfide bond. Can this be easily made and metal-ion binding studied? The amb7 with one disulfide bond is not easily made but we obtained a sample of about 70% purity (based on our high resolution MS analysis) with the other 30% being the amb7 with no disulfide bonds. Because there is a shift of 2 m/z between the isotope patterns of these two species we can resolve the binding results of the amb7 (with 1 disulfide bond) from the species with no disulfide bonds using our IM-MS techniques. 
Is metal ion binding to amb7 with two intramolecular disulfide bonds relevant (hardly any of the metal ions tested bind to this form of the peptide)? We included amb7-2 to test the how the presence of two free thiols from Cys or no free thiols of Cys affected the binding of these metal ions. However, we have now removed amb7-2 to focus on the species with one disulfide bond.
Cu(I) is mentioned in the results section about mb-OB3b (should this be section 5 and not 6?), but how was Cu(I) binding investigated (I appreciate that Cu(II) is readily reduced to Cu(I) upon addition to mb-OB3b)? Cu(II) was added and we observed Cu(I) binding to the peptide. You can add Cu(I) and you will get the same result as observed for the addition of Cu(II). This has been made clearer in the script.

How is the metal-binding preferences of peptides determined? Is this from the relative occupancy upon the addition of 1 equivalent of the metal ion? In section 4 of the discussion the authors state that mb-OB3b has a preference for Cu(I) over Ag(I). How do they know this from the experiments performed if they added Cu(II)? Yes, this is based on the relative amount of the metal ion added to the relative amount of the metal-bound peptide formed at that titration point. For Cu(II) and Fe(III) all the metal that is bound by the mb-OB3b is either in the oxidation state of Cu(I) or Fe(II).

The first paragraph of the introduction ends with a question about how His and Cys ligands selectively incorporate either Cu(I/II) (again the meaning here is unclear) or Zn(II) to ensure correct function. Can this be addressed in this work given the points raised above, and particularly as many of the Cys residues in the amb peptides readily form disulfide bonds? Yes, as described above we can explicitly determine which oxidation state of Cu and how much is incorporated into the peptide. The IM-MS method can measure the number of disulfide bonds formed during the reactions. 

The influence of pH on metal ion binding is discussed in sections 1 and 2. The influence of pH on the Cu(I) affinity of mb-OB3b has been reported (see Inorg. Chem. 2011, 50, 1378-1391) giving a pKa value of 7.0. Is this consistent with the reported studies? The methanobactin peptide has two enethiol oxazolone sites which need to be deprotonated for Cu(I) binding. However, Cu(I) can displace these protons because although there is an order of change in the binding constant from pH 6 to pH 7.5, a binding constant of 1019 at pH 6 still ensures quantitative binding of Cu(I).  This is consistent with our binding studies conduct at pH 6 which shows quantitative binding of Cu(I). However, the ambs with His and Cys show far greater pH dependence, where quantitative binding is only observed at pH> 9. This has been added in the discussion.

Sections 2 and 4 of the discussion are particularly unclear about the oxidation state of copper. In section 4 there is mention of the high reduction potential of Cu-mb-OB3b and the authors say this 'supports a wide range of adventitious reducing partners to form mb-OB3b+Cu(I)'. What does this mean? This sentence has been modified. The reduction potential of Cu-mb-OB3b was published in 2011 (Inorg. Chem. 2011, 50, 1378-1391) and no other group has reported the reduction potential of any mb (other mbs have had their reduction potentials measured - see PNAS 2012, 109, 8400-8404 and Chem. Eur. J. 2018, 24, 4515-4518, and there are quite large variations). The two papers cited in the manuscript about the reduction potential of Cu-mb-OB3b (references 23 and 48) are from 2008 and 2010, before the value had been reported in the literature. Reference 47 seems to have nothing to do with Cu(I) coordination in mb-OB3b (section 4 of the discussion). The references have been removed and the sentence changed to “Cu(II) reduction was also mediated by thiol oxidation and disulfide bridge formation in contrast to the existing disulfide bridge in apo-mb-OB3b and the high reduction potential for copper-loaded mb-OB3b, which supports the strong preference for Cu(I).47 “ which now references Inorg. Chem. 2011, 50, 1378-1391.  A key review about methanobactins (Microbiol. Mol. Biol. Rev. 2016, 80, 387-409) could be cited. In summary, use of the correct literature needs to be thoroughly checked throughout this manuscript by the authors. The review article has been included in the introduction describing mb and the other references have been checked and corrected.

Some other more minor points in the order they appear
The second sentence of the introduction is long and it is not clear what 'them' is referring to in 'selectively incorporate them'. In the same sentence enzymes, or maybe metalloenzymes, could be used in place of 'enzymatic proteins'. The sentence has been shortened and modified: ” To enable these functions, groups such as the thiolate of Cys, imidazole of His2,3 or, more rarely, thioether of methionine, and carboxylate of Glu and Asp selectively incorporate metals as cofactors into the active sites of metalloenzymes.”

The relevance of this work to copper-related diseases is not clear. mb-OB3b has potential to treat patients with Wilson's disease, but will the studies described in this manuscript, and particularly those about the amb peptides, make a contribution in this area? Therefore, does the introduction need to include so much information on this topic and is the closing sentence of the abstract appropriate? The abstract has been changed to describe the instrumental and theoretical methods and the introduction modified to include more about the instrumental method while keeping the relevance to chelating peptides as potential therapeutics. 

Does the binding of metals other than copper to mb-OB3b have any physiological relevance? If not, this point should be made. The following has been added to the introduction “Competition for the physiological Cu(I) binding site was mainly from Ag(I) because it was able to displace Cu(I) from the complex, and both Ag(I) and Ni(II) could irreversibly bind to Mb and not be effectively displaced by Cu(I).19”

M. trichosporium OB3b was cultured not mb-OB3b (protocol). Thank you, this has been corrected.

Nickle(II) chloride should be changed to nickel(II) chloride (protocol). changed.

The mb-OB3b used in this work is quoted as being only 35.0% pure. How was this value determined using a titration with Cu(II), and what does it actually mean? How precise is this value as a 'purity correction' has been applied in all of the mb-OB3b experiments? Why is the mb-OB3b sample so impure? Mb-OB3b quantitatively binds Cu(II) as Cu(I) at pH 6.5. Therefore, the IM-MS titration with known moles of Cu(II) was added to known amount of mb-OB3b and the end-point, where all mb-OB3b was converted to the Cu(I)-bound mb-OB3b, was used to determine its purity at 35.0%. This purity correction was precise to 3 sig. figs, and all the titrations of the mb-OB3b sample were corrected by it. The protocol has been edited to include some more detail. Dr. Choi who is an expert of mb-OB3b purification techniques, purified the mb-OB3b from the M. trichosporium media and was not surprised by the purity we determined.

The numbering of the results, after section 3, needs correcting. Yes, this has been done.
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