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ABSTRACT:  18 
Ion mobility-mass spectrometry and molecular modeling techniques can characterize the 19 
selective metal chelating performance of designed metal-binding peptides and the copper-20 
binding peptide methanobactin. Developing new classes of metal chelating peptides will help 21 
lead to therapeutics for diseases associated with metal ion misbalance.  22 
 23 
SUMMARY:  24 
Electrospray ionization (ESI) can transfer an aqueous-phase peptide or peptide complex to 25 
the gas-phase while conserving its mass, overall charge, metal-binding interactions, and 26 
conformational shape. Coupling ESI with ion mobility-mass spectrometry (IM-MS) provides 27 
an instrumental technique that allows for simultaneous measurement of a peptide’s mass-to-28 
charge (m/z) and collision cross section (CCS) that relate to its stoichiometry, protonation 29 
state, and conformational shape. The overall charge of a peptide complex is controlled by the 30 
protonation of 1) the peptide’s acidic and basic sites and 2) the oxidation state of the metal 31 
ion(s). Therefore, the overall charge state of a complex is a function of the pH of the solution 32 
that affects the peptides metal ion binding affinity. For ESI-IM-MS analyses, peptide and metal 33 
ions solutions are prepared from aqueous-only solutions, with the pH adjusted with dilute 34 
aqueous acetic acid or ammonium hydroxide. This allows for pH dependence and metal ion 35 
selectivity to be determined for a specific peptide. Furthermore, the m/z and CCS of a peptide 36 
complex can be used with B3LYP/LanL2DZ molecular modeling to discern binding sites of the 37 
metal ion coordination and tertiary structure of the complex. The results show how ESI-IM-38 
MS can characterize the selective chelating performance of a set of alternative metal-binding 39 
peptides and compare them to the copper-binding peptide methanobactin. 40 
 41 
INTRODUCTION:  42 
 43 
Copper and zinc ions are essential for living organisms and crucial to processes including 44 
oxidative protection, tissue growth, respiration, cholesterol, glucose metabolism, and 45 
genome reading1. To enable these functions, groups such as the thiolate of Cys, imidazole of 46 
His2,3, (more rarely) thioether of methionine, and carboxylate of Glu and Asp selectively 47 
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incorporate metals as cofactors into the active sites of metalloenzymes. The similarity of 48 
these coordination groups raises an intriguing question regarding how the His and Cys ligands 49 
selectively incorporate either Cu(I/II) or Zn(II) to ensure correct functioning. 50 
 51 
Selective binding is often accomplished by acquisition and trafficking peptides, which control 52 
Zn(II) or Cu(I/II) ion concentrations4. Cu(I/II) is highly reactive and causes oxidative damage or 53 
adventitious binding to enzymes, so its free concentration is tightly regulated by copper 54 
chaperones and copper-regulating proteins that transport it safely to various locations in the 55 
cell and tightly control its homeostasis5,6. Disruption of copper metabolism or homeostasis is 56 
directly implicated in Menkes and Wilson’s disease7 as well as cancers7 and neural disorders, 57 
such as prion8 and Alzheimer’s disease9. 58 
 59 
Wilson’s disease is associated with increased copper levels in the eyes, liver and sections of 60 
the brain, where the redox reactions of Cu(I/II) produces reactive oxygen species, causing 61 
hepatolenticular and neurological degeneration. Existing chelation therapies are the small 62 
thiol amino acid penicillamine and triethylenetetramine. Alternatively, the methanotrophic 63 
copper-acquisition peptides methanobactin (mb)10,11 exhibit therapeutic potential because of 64 
their high binding affinity for Cu(I)12. When the methanobactin (mb-OB3b) from Methylosinus 65 
trichosporium OB3b was studied in an animal model of Wilson’s disease, copper was 66 
efficiently removed from the liver and excreted through the bile13. In vitro experiments 67 
confirmed that mb-OB3b could chelate the copper from the copper metallothionein 68 
contained in the liver cytosol13. Laser ablation inductively coupled plasma mass spectrometry 69 
imaging techniques have investigated the spatial distribution of copper in Wilson’s disease 70 
liver samples14-16 and shown that mb-OB3b removes the  copper with short treatment periods 71 
of only 8 days17. 72 
 73 
The mb-OB3b will also bind with other metal ions, including Ag(I), Au(III), Pb(II), Mn(II), Co(II), 74 
Fe(II), Ni(II), and Zn(II)18,19. Competition for the physiological Cu(I) binding site is exhibited by 75 
Ag(I) because it can displace Cu(I) from the mb-OB3b complex, with both Ag(I) and Ni(II) also 76 
showing irreversible binding to Mb which cannot be displaced by Cu(I)19. Recently, a series of 77 
alternative metal binding (amb) oligopeptides with the 2His-2Cys binding motif have been 78 
studied20,21, and their Zn(II) and Cu(I/II) binding properties characterized. Their primary amino 79 
acid sequences are similar, and they all contain the 2His-2Cys motif, Pro and an acetylated N-80 
terminus. They mainly differ from mb-OB3b because the 2His-2Cys motif replaces the two 81 
enethiol oxazolone binding sites of mb-OB3b.  82 
 83 
Electrospray ionization coupled with ion mobility-mass spectrometry (ESI-IM-MS) provides 84 
for a powerful instrumental technique for determining the metal-binding properties of 85 
peptides because it measures their mass-to-charge (m/z) and collision cross section (CCS) 86 
while conserving their mass, charge, and conformational shape from the solution-phase. The 87 
m/z and CCS relate to the peptides stoichiometry, protonation state, and conformational 88 
shape. Stoichiometry is determined because the identity and number of each element 89 
present in the species is explicitly identified. The overall charge of the peptide complex relates 90 
to the protonation state of the acidic and basic sites and the oxidation state of the metal 91 
ion(s). The CCS gives information of the conformational shape of the peptide complex 92 
because it measures the rotational averaged size which relates to the tertiary structure of the 93 
complex. The overall charge state of the complex is also a function of pH and affects the 94 
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peptide’s metal ion binding affinity because the deprotonated basic or acidic sites such as the 95 
carboxyl, His, Cys and Tyr are also the potential binding sites for the metal ion. For the 96 
analyses, the peptide and metal ion are prepared in aqueous solutions with the pH adjusted 97 
by dilute aqueous acetic acid or ammonium hydroxide. This allows for the pH dependence 98 
and metal ion selectivity to be determined for the peptide. Furthermore, the m/z and CCS 99 
determined by ESI-IM-MS can be used with B3LYP/LanL2DZ molecular modeling to discover 100 
the type of metal ion coordination and tertiary structure of the complex. The results shown 101 
in this article reveal how ESI-IM-MS can characterize the selective chelating performance of a 102 
set of amb peptides and compare them to the copper-binding peptide mb-OB3b. 103 
 104 
PROTOCOL:  105 
 106 
1. Preparation of reagents 107 
 108 
1.1. Culture Methylosinus trichosporium OB3b, isolate the Cu(I)-free mb-OB3b18,22,23, 109 

freeze-dry the sample and store at -80 C until use.  110 
 111 
1.2. Synthesize the amb peptides (>98% purity for amb1, amb2, amb4; >70% purity for 112 

amb7), freeze-dry the samples, and store them at -80 C until use. 113 
 114 
1.3. Purchase >98% purity manganese(II) chloride, cobalt(II) chloride, nickle(II) chloride, 115 
copper(II) chloride, copper(II) nitrate, silver(I) nitrate, zinc(II) chloride, iron(III) chloride and 116 
lead(II) chloride.  117 
 118 
1.4. Purchase the poly-DL-alanine polymers used as calibrants for measuring the collision 119 
cross sections of the amb species and HPLC grade or higher ammonium hydroxide, glacial 120 
acetic acid, and acetonitrile. 121 
 122 
2. Preparation of stock solution 123 

 124 
2.1 Peptide stock solution 125 
 126 
2.11 Weigh accurately, using at least three significant figures, the mass of 10.0–20.0 mg of 127 
the mb-OB3b or amb in a 1.7 mL plastic vial.  128 
 129 
NOTE: The weighed mass should yield either 12.5 mM or 1.25 mM, depending on the solubility 130 
of the peptide, when 1.00 mL of deionized (DI) water is added.  131 
 132 

2.12 Using a pipet, add 1.00 mL of deionized water (>17.8 M cm) to the weighed peptide 133 
sample to yield either the 12.5 mM or 1.25 mM solution. Place cap securely and mix 134 
thoroughly with at least 20 inversions.  135 
 136 
2.13 Using a micropipet dispense 50.0 μL aliquots from the peptide sample into individually 137 

labelled 1.5 mL vials and store them at -80 C until use.  138 
 139 
2.2 Metal ion stock solutions 140 
 141 
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2.21 Weigh accurately, using at least three significant figures, the mass of 10.0–30.0 mg of 142 
the metal chloride or silver nitrate in a 1.7 mL vial.  143 
 144 
NOTE: The weighed mass should yield 125 mM when 1.00 mL of DI water is added.  145 
 146 
2.22 Add the 1.00 mL of DI water to the weighed metal sample in the 1.7 mL vial to yield the 147 
125 mM solution. Place cap securely and mix thoroughly with at least 20 inversions. 148 
  149 
2.3 Ammonium hydroxide stock solutions: prepare a 1.0 M acetic acid solution by diluting 57 150 
μL of the 99.5% acetic acid solution with DI water to a final volume of 1.00 mL. Prepare a 1.0 151 
M ammonium hydroxide solution by diluting 90 μL of the 21% ammonium hydroxide solution 152 
with DI water to a final volume of 1.00 mL. Make two successive dilutions of each solution by 153 
taking 100 μL of the 1.0 M solutions to prepare 0.10 M and 0.010 M acetic acid and 154 
ammonium hydroxide solutions. 155 
 156 
2.4 Poly-DL-alanine stock solution: prepare the poly-DL-alanine (PA) by weighing 1.0 mg of 157 
PA and dissolving in 1.0 mL of DI water to give 1,000 ppm. Mix thoroughly. Using a micropipet, 158 

dispense 50.0 μL aliquots, and place each into a 1.7 mL vial and store at -80 C.  159 
 160 
3. Electrospray-ion mobility-mass spectrometry analysis  161 

 162 
3.1 Clean the ESI entrance tubing and needle capillary thoroughly with about 500 μL of 0.1 M 163 
glacial acetic acid, 0.1 M ammonium hydroxide, and finally DI water. 164 
 165 
3.2 Thaw a 50.0 μL aliquot of the 1,000 ppm PA stock solution and dilute it with 450 μL of DI 166 
water to give a 100 ppm PA. Pipet 100.0 μL of this solution and dilute it to 1.00 mL with 500 167 
μL of DI water and 500 μL of acetonitrile to give 10 ppm PA solution. 168 
 169 
3.3 Collect the negative and positive ion IM-MS spectra of the 10 ppm PA solution for 10 min 170 
each using native ESI-IM-MS conditions as described in the discussion section.  171 
  172 
3.4 Thaw a 50.0 μL aliquot of the 12.5 mM or 1.25 mM amb stock solution and make 173 
successive dilutions with DI water to give a final concentration of 0.125 mM amb. Mix 174 
thoroughly each dilution. 175 
 176 
3.5 Pipet 100.0 μL of the 125 mM metal ion stock solution, place in a 1.7 mL vial and dilute to 177 
1.00 mL with DI water to give 12.5 mM metal ion. Repeat with two more successive dilutions 178 
to give a final 0.125 mM metal ion concentration. Mix thoroughly each dilution. 179 
 180 
3.6 Pipet 200.0 μL of the 0.125 mM amb into a 1.7 mL vial, dilute with 500 μL of DI water, and 181 
mix the solution thoroughly.  182 
 183 
3.7 Adjust the pH of the sample to 3.0 by adding 50 μL of 1.0 M acetic acid solution.  184 
 185 
3.8 Add 200.0 μL of the 0.125 mM metal ion to the pH-adjusted sample. Add DI water to yield 186 
a final volume of 1.00 mL of the sample, mix thoroughly, and allow the sample to equilibrate 187 
for 10 min at RT. 188 
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 189 
3.9 Using a blunt nose syringe take 500 μL of the sample and collect the negative and positive 190 
ion ES-IM-MS spectra for 5 min each. Use the remaining 500 μL of the sample to record its 191 
final pH using a calibrated micro pH electrode. 192 
 193 
3.10 Repeat steps 3.6–3.9, while modifying step 3.7 to adjust the pH to 4.0, 5.0, 6.0, 7.0, 8.0, 194 
9.0, or 10.0 by adding new volumes of the 0.010 M, 0.10 M, or 1.0 M acetic acid or ammonium 195 
hydroxide solutions. 196 
 197 
3.11 Collect the negative and positive ion ESI-IM-MS spectra of the 10 ppm PA solution for 10 198 
min each. 199 
 200 
4. Preparation of the metal ion titration of amb samples 201 

 202 
4.1 Follow the steps described in steps 3.1–3.5.  203 
 204 
4.2 Pipet 200.0 μL of the 0.125 mM amb into a 1.7 mL vial, dilute with 500.0 μL of DI water 205 
and mix the solution thoroughly.  206 
 207 
4.3 Adjust the pH of the sample to pH = 9.0 by adding 80 μL of the 0.010 M ammonium 208 
hydroxide solution. 209 
 210 
4.4 Add 28 μL of the 0.125 mM metal ion solution to give 0.14 molar equivalents of the metal 211 
ion, add DI water to make the final volume of the sample 1.00 mL, mix thoroughly, and allow 212 
the sample to equilibrate for 10 min at RT. 213 
 214 
4.5 Using a blunt nose syringe take 500 μL of the sample and collect the negative and positive 215 
ion ES-IM-MS spectra for 5 min each. Use the remaining 500 μL of the sample to record its 216 
final pH using a calibrated micro pH electrode. 217 
 218 
4.6 Repeat steps 4.2–4.5, while modifying step 4.3 to add an appropriate volume of the 0.125 219 
mM metal ion solution to give either 0.28, 0.42, 0.56, 0.70, 0.84, 0.98, 1.12, 1.26, or 1.40 220 
molar equivalents. 221 
 222 
4.7 Collect the negative and positive ion IM-MS spectra of the 10 ppm PA solution for 10 min 223 
each. 224 
 225 
5. Analysis of ESI-IM-MS pH titration data  226 
 227 
5.1 From the IM-MS spectra identify which charged species of ambs are present by matching 228 
them to their theoretical m/z isotope patterns. 229 
 230 
5.1.1. Open MassLynx and click on Chromatogram to open the Chromatogram window. 231 

 232 
5.1.2. Go to the File menu and Open to locate and open the IM-MS data file. 233 
 234 
5.1.3. Extract the IM-MS spectrum by right-clicking and dragging across the chromatogram 235 
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and releasing. The spectrum window will open showing the IM-MS spectrum. 236 
 237 
5.1.4. In the spectrum window, click on Tools and Isotope model. In the isotope modeling 238 
window, enter the molecular formula of the amb species, check the Show charged ion box, 239 
and enter the charge state. Click OK. 240 
 241 
5.1.5.  Repeat to identify all the species in the IM-MS spectrum and record their m/z isotope 242 
range. 243 
 244 
5.2 For each amb species, separate any coincidental m/z species and extract their arrival time 245 
distributions (ATD) using their m/z isotope patterns to identify them. 246 
 247 
5.2.1. In MassLynx click on DriftScope to open the program. In DriftScope click on File and 248 
Open to locate and open the IM-MS data file. 249 

 250 
5.2.2. Use the mouse and left-click to zoom in on m/z isotope pattern of the amb species. 251 
 252 
5.2.3. Use the Selection tool and left mouse button to select the isotope pattern. Click the 253 
Accept current selection button. 254 

 255 
5.2.4. To separate any coincidental m/z species use the Selection tool and left mouse button 256 
to select the ATD time-aligned with isotope pattern of the amb species. Click the Accept 257 
current selection button.  258 
 259 
5.2.5. To export the ATD, go to File | Export to MassLynx, then select Retain Drift Time and 260 
save file in appropriate folder. 261 
 262 
5.3 Determine the centroid of the ATD and integrate the area under the ATD curve as a 263 
measure of the species population.  264 
 265 
5.3.1. In the Chromatogram window of MassLynx open the saved exported file. Click on 266 
Process | Integrate from the menu. Use a peak-to-peak amplitude setting of 100 and click 267 
OK. 268 

 269 
5.3.2. Record the centroid ATD (tA) and the integrated area as shown on the Chromatogram 270 
window. Repeat for all saved amb and PA IM-MS data files. 271 
 272 
5.4 Use the integrated ATD for all extracted amb species of either the positive or negative 273 
ions at each titration point to normalize to a relative percentage scale.  274 
 275 
5.4.1. Enter the identities of the amb species and their integrated ATD at each pH into a 276 
spreadsheet. 277 

 278 
5.4.2.  For each pH, use the sum of the integrated ATDs to normalize the individual amb’s 279 
ATD to a percentage scale. 280 
 281 
5.4.3. Plot the percent intensities of each amb species vs. pH in a graph to show how the 282 
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population of each species varies as a function of pH. 283 
 284 
6. Collision cross-sections 285 

 286 
6.1 Using a spreadsheet, convert the CCSs (Ω) of PA negative25,26 and positive27 ions measured 287 
in He buffer gas28 to corrected CCS (Ωc) using Equation 1 below, where: z = ion charge; ec = 288 
electron charge (1.602×10-19 C); mN2 = mass of N2 gas (Da); and mion = ion mass.29 289 
  290 

Ωc =  
Ω

𝑧𝑒𝑐   √(
1

𝑚𝑁2
  +  

1

 𝑚𝑖𝑜𝑛
)

   (1) 291 

 292 
6.2 Convert the average arrival times (tA) of the PA calibrants and amb species into drift times 293 
(tD) using Equation 2 below, where: c = the enhanced duty cycle delay coefficient (1.41), and 294 
m/z is the mass-to-charge of the peptide ion. 295 
       296 

tD  =  tA  
𝑐  √𝑚/𝑧

1000
    (2) 297 

 298 
6.3 Plot the PA calibrants’ tD vs. their Ωc. Then, using a least-squares regression fit of Equation 299 
3 shown below, determine the A' and B values, where: A' is the correction for the 300 
temperature, pressure, and electric field parameters; and B compensates for the nonlinear 301 
effect of the IM device.  302 
 303 
Ωc = A' tD

B                                       (3) 304 
 305 
6.4 Using these A' and B values and the centroid tD value from the ATD of the ambs determine 306 
their Ωc using Equation 3 and their Ω using Equation 1. This method provides CCSs for the 307 
peptide species with estimated absolute errors of about 2%25-27.  308 
 309 
7. Computational methods  310 

 311 
7.1 Use the B3LYP/LanL2DZ level of theory, comprising of the Becke 3-parameter hybrid 312 
functionals30 and the Dunning basis set31 and electron core potentials32,33,34 to locate 313 
geometry-optimized conformers for all possible types of coordinations of the observed m/z 314 
amb species35.  315 
 316 
NOTE: For details of how to build and submit calculations refer to the GaussView usage in 317 
Supplementary File.   318 
 319 
7.2 Compare the predicted free energy of each of the conformers and calculate their 320 
theoretical CCSs using the ion-scaled Lennard-Jones (LJ) method from the Sigma program36.  321 
 322 
7.3 From the lowest free energy conformers determine which conformer exhibits the LJ CCS 323 
which agrees with the IM-MS measured CCS to identify the tertiary structure and type of 324 
coordination for the conformers observed in the experiment.  325 
 326 
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REPRESENTATIVE RESULTS:  327 
 328 
Metal binding of amb1 329 
The IM-MS study20 of amb1 (Figure 1A) showed that both Cu(I/II) and Zn(II) bound to amb1 in 330 
a pH-dependent manner (Figure 2). However, Cu(I/II) and Zn(II) bound to amb1 through 331 
different reaction mechanisms at different coordination sites. For example, adding Cu(II) to 332 
amb1 resulted in oxidation of amb1 (amb1ox) by disulfide bridge formation, and at a pH of >6, 333 
the [amb1ox−3H+Cu(II)]− ion (Figure 2A) was formed. This indicated the deprotonation of two 334 
imidazoliums, carboxyl group, and two additional sites that were coordinating Cu(II).  335 
 336 
Molecular modeling of the [amb1ox−3H+Cu(II)]− ion using B3LYP/LanL2DZ determined the 337 
lowest energy complex was Cu(II) coordinated via the imidazole δN of His1 and the 338 
deprotonated nitrogens of the backbone amide groups of Cys2 and Gly3. However, below a 339 
pH of 6, adding Cu(II) to amb1 formed a m/z isotope pattern that could only be accounted for 340 
by Cu(I) binding, forming the [amb1ox+Cu(I)]+ ion (Figure 2B). In contrast, a pH higher than 6 341 
caused the m/z isotope pattern to decrease 1 m/z, accounted for by the positive charged 342 
[amb1ox−H+Cu(II)]+ ion. Adding Zn(II) did not oxidize amb1, and Zn(II) binding was observed at 343 
a pH of >6, primarily forming the [amb1−3H+Zn(II)]− ion (Figure 2C). This indicated the 344 
deprotonation of the imidazoliums, thiol, and carboxyl groups. Molecular modeling of the 345 
[amb1−3H+Zn(II)]− ion determined the lowest energy conformers to be either tetrahedral 346 
Zn(II) coordination via 2His-2Cys or His-2Cys and the carboxylate of the C-terminus. 347 
 348 
Multiple Cu(I) binding of amb2 349 
The redox reactions between Cu(II) and amb2 (Figure 1B) resulted in Cu(I) binding. This was 350 
studied in more detail using IM-MS, UV-Vis spectrophotometry, and B3LYP molecular 351 
modeling37. The main products of the Cu(II) titration of amb2 at a pH of 5 were amb2 oxidation 352 
(through disulfide bridge formation) and the unoxidized amb2 species coordinating three Cu(I) 353 
ions.  354 
 355 
A search using the B3LYP/LanL2DZ method located two low-energy complexes contending for 356 
the 3Cu(I) coordinated species. The first was the complex shown in Figure 3A, where the 357 
3Cu(I) ions were coordinated via the bridging thiolate groups38 of Cys2 and Cys6 (of His1) as 358 

well as N1 and N5
 (of His5). The second complex (3c) has a salt bridge between the 359 

protonated His1 side group and C-terminal carboxylate group. These results suggest that at a 360 
pH of 3.0–6.0, the principal amb2+3Cu(I) complex is the salt-bridged structure, which can be 361 
successfully transferred from solution to gas-phase with only minimal structural 362 
rearrangement.  363 
 364 
The theoretical LJ CCS of 209 ± 6 Å2, calculated using the Sigma program36 for complex 3c, 365 
agreed with the IM-MS measured CCS, indicating that 3c represents [amb2−2H+3Cu(I)]+ 366 
conformation at pH 3.0-6.0. However, at a pH of >6, this complex was not observed by IM-367 
MS, probably because further deprotonation of His1 (pKa= 6.0) results in an overall neutral 368 
complex. Once the imidazoleum group of His1 is deprotonated, 3Cu(I) coordination may 369 

convert to the bridging thiolate groups of Cys2 and Cys6 as well as N1 and N5
 of His1 and His5, 370 

respectively (3a).  371 
  372 
The pH dependence of amb4 Cu(I/II)-binding and redox activity 373 
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The IM-MS and B3LYP techniques have been used to investigate the Cu(II) and pH titrations 374 
of amb4 (Figure 1C) and identified monomer, dimer, trimer, and tetramer complexes of amb4 375 
containing up to three Cu(I) ions or two Cu(II) ions for each monomer subunit39. The 376 
complexes also contained various numbers of disulfide bridges, and these products were 377 
produced whether or not the Cu(II) reactions with amb4 were conducted in anaerobic or 378 
aerobic aqueous solutions.  379 
 380 
Using the IM-MS technique, it was shown that these individual species could be separated 381 
and quantified even if they had overlapping isotope patterns because of differences in their 382 
arrival times (Figure 4). The identification and quantification of these closely related species 383 
is a task that no other instrumental or analytical technique can achieve. These IM-MS studies 384 
provide considerable insight into the pH-dependent redox reactions and exactly identified the 385 
numbers of inter- or intra-molecular disulfide bridges, number of Cu(I) or Cu(II) ions, and 386 
number of deprotonation sites in each of the complexes (Figure 5).  387 
 388 
Moreover, measuring the complexes CCS also allowed the determination of each of the 389 
individual species conformational size, which was used with an extensive B3LYP/LanL2DZ 390 
search to locate conformers with structures that agreed with both the correct molecular 391 
stoichiometry and CCS measured by IM-MS. Through this method, the Cu(I/II) coordination of 392 
the various complexes were identified. The reactions between Cu(II) and amb4 included the 393 
formation of dimers, trimers, and tetramers coordinating either Cu(I) or Cu(II), depending on 394 
the pH of the solution.  395 
 396 
For example, in solutions that were mildly acidic (pH = 3.0–6.0), they primarily bound Cu(I) 397 
ions and were unoxidized, while in solutions that were slightly basic (pH = 8.0–11.0), they 398 
primarily bound Cu(II) ions and were oxidized by all the Cys forming disulfide bonds (Figure 399 
6). The B3LYP/LanL2DZ determined that the Cu(I) ions were linear and bridged by the thiolate 400 
and imidazole groups, while the Cu(II) ions were chelated via distorted T-shaped or square 401 
planar geometries by an imidazole as well as the deprotonated backbone nitrogens of amide 402 
groups. 403 
 404 
IM-MS analysis of mb-OB3b 405 
The IM-MS studies19,40 of mb-OB3b (Figure 1D) showed that in the gas-phase, Cu(I)-free mb-406 
OB3b exists as three negatively charged species: [mb-OB3b–H]–, [mb-OB3b–2H]2–, and [mb-407 
OB3b–3H]3–, consistent with expected solution-phase behavior. Individual metal ion titrations 408 
were performed19 to determine the metal ion selectivity of mb-OB3b. Figure 7 shows the 409 
results of the selected metal ion titrations and shows that the apparent binding selectivity of 410 
mb-OB3b can be categorized as three major groups: 1) Cu(I) and Ag(I); 2) Ni(II), Zn(II) and 411 
Co(II); and 3) Pb(II), Fe(II), and Mn(II). This order of binding selectivity was shown to be in 412 
general agreement with that found by fluorescence quenching experiments19 and isothermal 413 
titration calorimetry18. 414 
 415 
Comparison of mb-OB3b and amb7 metal binding selectivity 416 
The apparent binding selectivity of mb-OB3b was compared to the binding selectivity of amb7 417 
at a pH of 7. The amb7 was designed with the same amino acid sequence as mb-OB3b, but 418 
with the two enethiol oxazolone groups replaced with two His-Cys groups. The amb7 (Figure 419 
1E) has a single disulfide bond between Cys6 and Cys12. The results of the formation of 420 
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negative charged complexes (Figure 8) showed that amb7 preferred binding selectivity for 421 
Ni(II) and Zn(II) (60%), followed by Co(II) and Pb(II) (40%). Furthermore, there was about 20% 422 
Cu(II) binding. There was either trace or no amb7 binding of Ag(I), Mn(II), or Fe(II). This 423 
compared to mb-OB3b’s preferred binding selectivity of over 90% for Cu(I) and Ag(I) binding.  424 
 425 
FIGURE AND TABLE LEGENDS:  426 
 427 
Figure 1: Primary structures of the alternative metal binding (amb) and methanobactin (mb-428 
OB3b) peptides. (A) Acetyl-His1-Cys2-Gly3-Pro4-His5-Cys6 (amb1); (B) acetyl-His1-Cys2-Tyr3-429 
Pro4-His5-Cys6 (amb2); (C) acetyl-His1-Cys2-Gly3-Ser4-Tyr5-Pro6-His7-Cys8-Ser9 (amb4); (D) 1-(N-430 
[mercapto-(5-oxo-2-(3-methylbutanoyl)oxazol-(Z)-4-ylidene)methyl]-Gly1–Ser2–Cys3–Tyr4)-431 
pyrrolidin-2-yl-(mercapto-[5-oxo-oxazol-(Z)-4-ylidene]methyl)–Ser5–Cys6–Met7 (mb-OB3b); 432 
and (E) acetyl-Leu1-His2-Cys3-Gly4-Ser5-Cys6-Tyr7-Pro8-His9-Cys10-Ser11-Cys12-Met13 (amb7). 433 
Shading shows the: 2His-2Cys or enethiol-oxazolone binding sites (●); proline or pyrrolidine 434 
hinges (●); acetyl or methylbutanol group N-terminus (●); and tyrosine, which can stabilize 435 
metal ion coordination via a second solvation shell π–cation interaction (●).  436 
 437 
Figure 2: Mean relative intensities of the alternative methanobactin (amb1) acetyl-His1-438 
Cys2-Gly3-Pro4-His5-Cys6 and metal-bound complex (amb1+X) (where X = Cu or Zn). 439 
Observations were made during negative and positive ion mass spectrometry analyses of 1:1 440 
molar ratio solution of amb:XCl2 over the pH range of 3.0–11.0. Error bars show standard 441 
deviations of the means of both the relative intensity and pH from three replicate pH titration 442 
experiments. The 1:1 molar solution of amb:CuCl2 resulted in the oxidation of amb (ambox) 443 
with Cys2 and Cys6, forming a disulfide bridge. (A) Negative ion analysis of amb:CuCl2 showing 444 

[ambox] and [ambox+Cu(II)]. (B) Positive ion analysis of amb:CuCl2 showing [ambox]+ and 445 
[ambox+Cu(I/II)]+; the oxidation state of Cu in the complex was pH-dependent, being Cu(I) 446 
below a pH of 8 and Cu(II) above a pH of 8. (C) Negative ion analysis of amb:ZnCl2 showing 447 

[amb]n and [amb+Zn(II)]n. (D) Positive ion analysis of amb:ZnCl2 showing [amb]n+ and 448 
[amb+Zn(II)]n+. This figure has been adapted from a previous publication20. 449 
 450 
Figure 3: Proposed structures of [amb2+3Cu(I)]+ using lowest energy and geometry-451 
optimized structures located from the B3LYP/LanL2DZ level of theory. (A) 3 Cu(I) 452 
coordination via δN1δN5 of His1 and His5 and thiolate bridging thiolate groups of Cys2

 and Cys6 453 
with a theoretical cross-section of 217 ± 6 Å2. (B) Illustration of the δN1δN5 and thiolate 454 
bridging coordination. (C) Salt bridged structure showing the 3 Cu(I) coordination via 455 
carboxylate terminal (Cys6), δN5, and thiolate bridging with a theoretical cross section of 209 456 
± 6 Å2. (D) Illustration of the carboxylate terminal, δN5, and thiolate bridging coordination.  457 
Bonding distances A, B, C, D, E, and F are shown in the unit of Å. This figure has been adapted 458 
from a previous publication37. 459 
 460 
Figure 4: IM-MS analysis of products of the 1:1 mixture of amb4:Cu(II) at pH = 4.4. (A) 461 
Extracted isotope patterns for the [amb4−2H+3Cu(I)]+, [diamb4−4H+6Cu(I)]2+, 462 
[triamb4−6H+9Cu(I)]3+ and [tetraamb4−8H+12Cu(I)]4+ species. (B) Integration of the extracted 463 
arrival times of [amb4−2H+3Cu(I)]+, [diamb4−4H+6Cu(I)]2+, [triamb4−6H+9Cu(I)]3+ and 464 
[tetraamb4−8H+12Cu(I)]4+ were used to calculate their relative intensities. To calculate the 465 
percent relative intensities, the summation of the integrated area for all extracted species for 466 
each titration point was used to normalize to the percent scale. 467 
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 468 
Figure 5: Changing isotope pattern for singly Cu(I/II) bound amb4 observed during the pH 469 
titration of molar equivalents of Cu(II):amb4 at pH = 4.04, 6.02, and 9.98. At pH = 4.04, the 470 
experimental result primarily matches the isotope model for [amb4+Cu(I)]+. At pH = 6.02, 471 
there is a shift of -2 m/z, signifying the formation of the disulfide bridge (shown as oxidation 472 
of amb4ox) and agreement with the isotope pattern for [amb4ox+Cu(I)]+. At pH = 9.98, there is 473 
a further shift of -1 m/z, signifying Cu(II) binding and the removal of a proton to maintain the 474 
+1 charge state, which then matches the isotope pattern for [amb4ox−H+Cu(II)]+. 475 
 476 
Figure 6: Changing relative intensities of identities of the Cu(I/II) complexes of the 477 
monomer, dimer, and trimer of amb4 over pH range of 3.0–11.0. (A) Monomer with one 478 
Cu(I/II) ion, (B) dimer with 2 Cu(I/II) ions, and (C) trimer with 3 Cu(I/II) ions. The captions note 479 
how many disulfide bonds were present in the complex. This figure has been adapted from a 480 
previous publication39.  481 
 482 
Figure 7: Percentage of formation of the Cu(I), Ag(I), Zn(II), Ni(II), Co(II), Mn(II), Pb(II), or 483 
Fe(II) complexes of methanobactin. Observed during the individual metal ion titrations of 484 
methanobactin. It should be noted that Cu(I) binding resulted from the addition of Cu(II) and 485 
Fe(II) binding from the addition of Fe(III). This figure has been adapted from a previous 486 
publication19. 487 
 488 
Figure 8: Comparison of the percentage of Cu(I/II), Ag(I), Zn(II), Ni(II), Co(II), Mn(II), Pb(II), 489 
or Fe(II) chelation by mb-OB3b and amb7 at pH = 7. The comparison is for the formation of 490 
negatively charged ions. 491 
 492 
Supplementary File. GaussView usage. 493 
 494 
DISCUSSION:  495 
 496 
Critical steps: conserving solution-phase behaviors for examination via ESI-IM-MS 497 
Native ESI instrumental settings must be used that conserve the peptides stoichiometry, 498 
charge state, and conformational structure.  For native conditions, the conditions in the ESI 499 
source such as the cone voltages, temperatures, and gas flows have to be optimized. Also, the 500 
pressures and voltages in the source, trap, ion mobility, and transfer traveling waves 501 
(especially the DC trap bias that controls injection voltage into the IM cell) must be checked 502 
for their influences on charge-state and ion mobility distributions.  503 
 504 
The following are the typical operating conditions that were used in this work. The aqueous 505 

peptide samples were injected using a blunt nose 1.0 mL syringe using a 10 μL min1 flow rate, 506 

2.0 kV capillary voltage for positive ions (+) or 1.8 kV for negative ions (-), 130 °C source 507 
temperature, 250 °C desolvation, 20 V sampling cone, and 4.0 V extraction cone. The IM 508 
section was operated with 6.0 V entrance voltage to the trap cell with an argon pressure of 509 

2.25 x 102 mbar using a 1.5 mL/min flow rate. The voltage for injecting ions (trap DC bias) 510 
into the IM cell was set at 12 V to avoid dissociation of ions as they initially collided with the 511 
nitrogen buffer gas. The IM cell separated ions based on their charge and collision cross-512 

section and utilized a 0.52 mbar nitrogen pressure and 20.0 mL min1 flow rate. The IM was 513 

operated with ramped 12.0–20.0 V (+) or 8.0–30.0 V () travelling wave heights and ramped 514 
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800–1,500 m s1 (+) or 250–1,000 m s1 () velocities for every sweep through the cell of the 515 
IM travelling wave. The transfer cell was operated with the same argon pressure as the trap 516 
cell and guided the IM resolved ions to the orthogonal time-of-flight mass-to-charge analyzer. 517 
The ion mobility-mass spectra were acquired by synchronizing the gated release of ions into 518 
the IM cell with the time-of-flight mass-to-charge analyzer. 519 
 520 
Using native ESI conditions, solution-phase properties such as the charge state and 521 
conformational state are conserved during the IM-MS analyses. For example, the charge 522 
states of mb-OB3b and ambs observed during IM-MS analyses20,37 were closely related to the 523 
charge states expected in the solution phase40. The mb-OB3b peptide is tetraprotic and forms 524 
only negatively charged ions during IM-MS analysis40, whether Cu(I)-bound or Cu(I)-free, 525 
because it contains the C-terminus (pKa < 1.7), two enethiol oxazolone groups (pKa = 5.0 and 526 
9.7), and Tyr group (pKa = 11.0)42. The ambs in their fully protonated form will have an overall 527 
charge of +2 because of the C-terminus (pKa ≈ 2), two His (pKa = 6.0), two Cys (pKa = 8.3), and 528 
Tyr (pKa = 11.0) sites19,41. Thus, they generally form positively charged ions at a pH of <6 and 529 
negatively charged ions at a pH of >6.  530 
 531 
The ambs also showed clear pH-dependent Cu(I/II) binding behavior and redox activity in 532 
which Cu(I)-binding at a low pH transitioned to Cu(II) binding at a higher pH. The Cu(I/II) 533 
reactions included forming the oxidized amb species (ambox) that contained disulfide bonds 534 
and various multimers and multiple Cu(I/II) binding (Figure 5,6). These redox reactions are 535 
time-dependent and it was shown that the longer the time interval (up to 210 min) between 536 
sample preparation and IM-MS analyses the more oxidized products were observed37. 537 
Therefore, careful consideration of reaction time dependence on the observation of products 538 
is also required.  539 
    540 
Limitations: IM-MS and theoretical collision cross-sections identify which type of 541 
coordination each metal ion prefers 542 
To help interpret the IM-MS m/z and CCS data, an extensive search was conducted using the 543 
B3LYP/LanL2DZ level of theory. Geometry-optimized conformers with different coordination 544 
sites were compared between their predicted free energy and agreement with the CCS 545 
measured by IM-MS. Molecular modeling of these peptides and their complexes is limited by 546 
the type of electronic structure calculations that can be applied to these relatively large 547 
systems. Other methods that have been studied or recommended include work by Truhlar et 548 
al.43, who found that M05-2X was the best DFT functional and PM7 and MNDO/d were good 549 
NDDO semi-empirical methods for Zn(II)-containing compounds44. These peptides have a 550 
large conformational space and thorough investigation to locate the lowest energy 551 
conformers must include comparing the various metal chelating sites, various cis- and trans-552 

peptide bonds, salt-bridges, hydrogen bonding, and -cation interaction between the 553 
aromatic Tyr side group and metal cation.  554 
 555 
Significance with respect to existing methods: Cu(I/II) and other selected metal ion binding 556 
compared between mb-OB3b and ambs 557 
X-ray crystallography and NMR spectroscopy are the most common techniques used for 558 
determining the atomic resolution of peptides tertiary structure. However, X-ray 559 
crystallography studies of metallopeptides are scarce due to problems with the crystallization 560 
of these complexes45. NMR is also not suitable for the interpretation of a sample where 561 
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closely related individual oligopeptide species are present46. Therefore, IM-MS and molecular 562 
modelling are alternative techniques for studying peptide complexes especially those that 563 
result from complex redox and Cu(I/II)-binding reactions20,37,40,47. The strength of IM-MS is 564 
that it can resolve each of the products and identify their molecular identity by simultaneously 565 
measuring their m/z and arrival times that relate to the stoichiometry, protonation state, and 566 
conformational structure.  567 
 568 
For example, the mb-OB3b will chelate a variety of metal ions, and its selectivity towards each 569 
ion was displayed by the IM-MS metal ion titrations (Figure 7). The results showed the mb-570 
OB3b preference for binding Cu(I) and Ag(I), while comparing the results at a pH of 7 with 571 
amb7. Figure 8 shows amb7 preferentially binding Zn(II) and Ni(II). In general, the amb studies 572 
showed that replacing the two enethiol-oxazolones with 2His-2Cys did not exclude Cu(I/II)-573 
binding, but it resulted in multiple Cu(I)-binding via linear-bridging coordination (Figure 3) as 574 
opposed to the mononuclear Cu(I) binding of mb-OB3b’s tetrahedral coordination48. Cu(II) 575 
reduction was also mediated by thiol oxidation and disulfide bridge formation in contrast to 576 
the existing disulfide bridge in apo-mb-OB3b and the high reduction potential for copper-577 
loaded mb-OB3b, which supports the strong preference for Cu(I)49.  578 
 579 
Future applications 580 
Further IM-MS studies of amb peptides are underway, in which their primary sequence is 581 
modified by replacing the His or Cys with Gly or Asp, while the Tyr residue is replaced with 582 
either Gly or Phe. These studies are also being conducted in 10.0 mM ammonium acetate, 583 
with the pH modified with ammonium hydroxide (for pH = 7, 8, and 9) to keep the total ionic 584 
strength constant for each sample. These results will be published shortly. 585 
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ACKNOWLEDGMENTS:  587 
This material is based upon work supported by the National Science Foundation under 588 
1764436, NSF instrument support (MRI-0821247), Welch Foundation (T-0014), and 589 
computing resources from the Department of Energy (TX-W-20090427-0004-50) and L3 590 
Communications. We thank the Bower’s group of University of California - Santa Barbara for 591 
sharing the Sigma program and Ayobami Ilesanmi, Nayeli Fuentes, Lihn Troung, and Alicia 592 
Barrett for demonstrating the technique in the video.    593 
 594 
DISCLOSURES:  595 
The authors have nothing to disclose. 596 
 597 
REFERENCES:  598 
1 Dudev, T., Lim, C. Competition among Metal Ions for Protein Binding Sites: 599 

Determinants of Metal Ion Selectivity in Proteins. Chemical Reviews. 114 (1), 538-556, 600 
doi:10.1021/cr4004665, (2014). 601 

2 Sovago, I., Kallay, C., Varnagy, K. Peptides as complexing agents: Factors influencing 602 
the structure and thermodynamic stability of peptide complexes. Coordination 603 
Chemistry Reviews. 256 (19-20), 2225-2233, doi:10.1016/j.ccr.2012.02.026, (2012). 604 

3 Sóvágó, I., Várnagy, K., Lihi, N., Grenács, Á. Coordinating properties of peptides 605 
containing histidyl residues. Coordination Chemistry Reviews. 327-328, 43-54, 606 
doi:https://doi.org/10.1016/j.ccr.2016.04.015, (2016). 607 

4 Rubino, J. T., Franz, K. J. Coordination chemistry of copper proteins: How nature 608 



  

14 
 

handles a toxic cargo for essential function. Journal of Inorganic Biochemistry. 107 (1), 609 
129-143, doi:http://dx.doi.org/10.1016/j.jinorgbio.2011.11.024, (2012). 610 

5 Robinson, N. J., Winge, D. R. Copper Metallochaperones. Annual Review of 611 
Biochemistry. 79, 537-562, doi:10.1146/annurev-biochem-030409-143539, (2010). 612 

6 Scheiber, I. F., Mercer, J. F. B., Dringen, R. Metabolism and functions of copper in brain. 613 
Progress in Neurobiology. 116 (0), 33-57, 614 
doi:http://dx.doi.org/10.1016/j.pneurobio.2014.01.002, (2014). 615 

7 Tisato, F., Marzano, C., Porchia, M., Pellei, M., Santini, C. Copper in Diseases and 616 
Treatments, and Copper-Based Anticancer Strategies. Medicinal Research Reviews. 30 617 
(4), 708-749, doi:10.1002/med.20174, (2010). 618 

8 Millhauser, G. L. Copper and the prion protein: Methods, structures, function, and 619 
disease. Annual Review of Physical Chemistry. 58, 299-320, 620 
doi:10.1146/annurev.physchem.58.032806.104657, (2007). 621 

9 Arena, G., Pappalardo, G., Sovago, I., Rizzarelli, E. Copper(II) interaction with amyloid-622 
beta: Affinity and speciation. Coordination Chemistry Reviews. 256 (1-2), 3-12, 623 
doi:10.1016/j.ccr.2011.07.012, (2012). 624 

10 Kim, H. J. et al. Methanobactin, a copper-acquisition compound from methane-625 
oxidizing bacteria. Science. 305 (5690), 1612-1615, doi:305/5690/1612 626 
[pii]10.1126/science.1098322, (2004). 627 

11 Di Spirito, A. A. et al. Methanobactin and the link between copper and bacterial 628 
methane oxidation. Microbiology Molecular Biology Reviews. 80 (2), 387-409, 629 
doi:10.1128/MMBR.00058-15, (2016). 630 

12 Kenney, G. E., Rosenzweig, A. C. Chemistry and biology of the copper chelator 631 
methanobactin. ACS Chemical Biology. 7 (2), 260-268, doi:10.1021/cb2003913, 632 
(2012). 633 

13 Summer, K. H. et al. The biogenic methanobactin is an effective chelator for copper in 634 
a rat model for Wilson disease. Journal of Trace Elements in Medicine and Biology. 25 635 
(1), 36-41, doi:S0946-672X(10)00135-5 [pii] 10.1016/j.jtemb.2010.12.002, (2011). 636 

14 Hachmoeller, O. et al. Investigating the influence of standard staining procedures on 637 
the copper distribution and concentration in Wilson's disease liver samples by laser 638 
ablation-inductively coupled plasma-mass spectrometry. Journal of Trace Elements in 639 
Medicine and Biology. 44, 71-75, doi:10.1016/j.jtemb.2017.06.002, (2017). 640 

15 Hachmoeller, O. et al. Spatial investigation of the elemental distribution in Wilson's 641 
disease liver after D-penicillamine treatment by LA-ICP-MS. Journal of Trace Elements 642 
in Medicine and Biology. 44, 26-31, doi:10.1016/j.jtemb.2017.05.008, (2017). 643 

16 Hachmoeller, O. et al. Element bioimaging of liver needle biopsy specimens from 644 
patients with Wilson's disease by laser ablation-inductively coupled plasma-mass 645 
spectrometry. Journal of Trace Elements in Medicine and Biology. 35, 97-102, 646 
doi:10.1016/j.jtemb.2016.02.001, (2016). 647 

17 Mueller, J.-C., Lichtmannegger, J., Zischka, H., Sperling, M., Karst, U. High spatial 648 
resolution LA-ICP-MS demonstrates massive liver copper depletion in Wilson disease 649 
rats upon Methanobactin treatment. Journal of Trace Elements in Medicine and 650 
Biology. 49, 119-127, doi:10.1016/j.jtemb.2018.05.009, (2018). 651 

18 Choi, D. W. et al. Spectral and thermodynamic properties of Ag(I), Au(III), Cd(II), Co(II), 652 
Fe(III), Hg(II), Mn(II), Ni(II), Pb(II), U(IV), and Zn(II) binding by methanobactin from 653 
Methylosinus trichosporium OB3b. Journal of Inorganic Biochemistry. 100, 2150-2161 654 
(2006). 655 

http://dx.doi.org/10.1016/j.jinorgbio.2011.11.024
http://dx.doi.org/10.1016/j.pneurobio.2014.01.002


  

15 
 

19 McCabe, J. W., Vangala, R., Angel, L. A. Binding Selectivity of Methanobactin from 656 
Methylosinus trichosporium OB3b for Copper(I), Silver(I), Zinc(II), Nickel(II), Cobalt(II), 657 
Manganese(II), Lead(II), and Iron(II). Journal of the American Society of Mass 658 
Spectrometry. 28, 2588-2601, doi:10.1007/s13361-017-1778-9, (2017). 659 

20 Sesham, R. et al. The pH dependent Cu(II) and Zn(II) binding behavior of an analog 660 
methanobactin peptide. European Journal of Mass Spectrometry. 19 (6), 463-473, 661 
doi:10.1255/ejms.1249, (2013). 662 

21 Wagoner, S. M. et al. The multiple conformational charge states of zinc(II) 663 
coordination by 2His-2Cys oligopeptide investigated by ion mobility - mass 664 
spectrometry, density functional theory and theoretical collision cross sections. 665 
Journal of Mass Spectrom. 51, (12), 1120-1129, doi:10.1002/jms.3846, (2016). 666 

22 Bandow, N. L. et al. Isolation of methanobactin from the spent media of methane-667 
oxidizing bacteria. Methods in Enzymology. 495, 259-269, doi:B978-0-12-386905-668 
0.00017-6 [pii] 10.1016/B978-0-12-386905-0.00017-6, (2011). 669 

23 Choi, D. W. et al. Spectral and thermodynamic properties of methanobactin from γ-670 
proteobacterial methane oxidizing bacteria: a case for copper competition on a 671 
molecular level. Journal of Inorganic Biochemistry. 104 (12), 1240-1247, doi:S0162-672 
0134(10)00186-8 [pii] 10.1016/j.jinorgbio.2010.08.002, (2010). 673 

24 Pringle, S. D. et al. An investigation of the mobility separation of some peptide and 674 
protein ions using a new hybrid quadrupole/travelling wave IMS/oa-ToF instrument. 675 
International Journal of Mass Spectrometry. 261 (1), 1-12, 676 
doi:10.1016/j.ijms.2006.07.021, (2007). 677 

25 Forsythe, J. G. et al. Collision cross section calibrants for negative ion mode traveling 678 
wave ion mobility-mass spectrometry. Analyst. 14 (20), 6853-6861, 679 
doi:10.1039/c5an00946d, (2015). 680 

26 Allen, S. J., Giles, K., Gilbert, T., Bush, M. F. Ion mobility mass spectrometry of peptide, 681 
protein, and protein complex ions using a radio-frequency confining drift cell. Analyst. 682 
141 (3), 884-891, doi:10.1039/c5an02107c, (2016). 683 

27 Bush, M. F., Campuzano, I. D. G., Robinson, C. V. Ion Mobility Mass Spectrometry of 684 
Peptide Ions: Effects of Drift Gas and Calibration Strategies. Analytical Chemistry. 84 685 
(16), 7124-7130, doi:10.1021/ac3014498, (2012). 686 

28 Salbo, R. et al. Traveling-wave ion mobility mass spectrometry of protein complexes: 687 
accurate calibrated collision cross-sections of human insulin oligomers. Rapid 688 
Communications in Mass Spectrometry. 26 (10), 1181-1193, doi:10.1002/rcm.6211, 689 
(2012). 690 

29 Smith, D. P. et al. Deciphering drift time measurements from travelling wave ion 691 
mobility spectrometry-mass spectrometry studies. European Journal of Mass 692 
Spectrometry. 15 (2), 113-130, doi:10.1255/ejms.947, (2009). 693 

30 Becke, A. D. Density-functional thermochemistry. III. The role of exact exchange. 694 
Journal of  Chemical Physics. 98 (7), 5648-5652, doi:10.1063/1.464913, (1993). 695 

31 Dunning, T. H., Jr., Hay, P. J. Gaussian basis sets for molecular calculations. Modern 696 
Theoretical Chemistry. 3, 1-27 (1977). 697 

32 Hay, P. J., Wadt, W. R. Ab initio effective core potentials for molecular calculations. 698 
Potentials for potassium to gold including the outermost core orbitals. Journal of  699 
Chemical Physics. 82 (1), 299-310, doi:10.1063/1.448975, (1985). 700 

33 Hay, P. J., Wadt, W. R. Ab initio effective core potentials for molecular calculations. 701 
Potentials for the transition metal atoms scandium to mercury. Journal of  Chemical 702 



  

16 
 

Physics. 82 (1), 270-283, doi:10.1063/1.448799, (1985). 703 
34 Wadt, W. R., Hay, P. J. Ab initio effective core potentials for molecular calculations. 704 

Potentials for main group elements sodium to bismuth. Journal of  Chemical Physics. 705 
82 (1), 284-298, doi:10.1063/1.448800, (1985). 706 

35 Gaussian 09, Revision C.01 (Gaussian, Inc., Wallingford CT, 2012). 707 
36 Wyttenbach, T., von Helden, G., Batka, J. J., Jr., Carlat, D., Bowers, M. T. Effect of the 708 

long-range potential on ion mobility measurements. Journal of the American Society 709 
of Mass Spectrometry. 8 (3), 275-282, doi:10.1016/S1044-0305(96)00236-X, (1997). 710 

37 Choi, D. et al. Redox activity and multiple copper(I) coordination of 2His-2Cys 711 
oligopeptide. Journal of Mass Spectrometry. 50 (2), 316-325, doi:10.1002/jms.3530, 712 
(2015). 713 

38 Rigo, A. et al. Interaction of copper with cysteine: stability of cuprous complexes and 714 
catalytic role of cupric ions in anaerobic thiol oxidation. Journal of Inorganic 715 
Biochemistry. 98 (9), 1495-1501, doi:10.1016/j.jinorgbio.2004.06.008, (2004). 716 

39 Vytla, Y., Angel, L. A. Applying Ion Mobility-Mass Spectrometry Techniques for 717 
Explicitly Identifying the Products of Cu(II) Reactions of 2His-2Cys Motif Peptides. 718 
Analytical Chemistry. 88 (22), 10925-10932, doi:10.1021/acs.analchem.6b02313, 719 
(2016). 720 

40 Choi, D., Sesham, R., Kim, Y., Angel, L. A. Analysis of methanobactin from Methylosinus 721 
trichosporium OB3b via ion mobility mass spectrometry. European Journal of Mass 722 
Spectrometry. 18 (6), 509-520 (2012). 723 

41 Martell, A. E., Motekaitis, R. J. NIST Standard Reference Database 46 (National 724 
Institute of Standards and Technology, Gaithersburg, MD, 2001). 725 

42 Pesch, M. L., Christl, I., Hoffmann, M., Kraemer, S. M., Kretzschmar, R. Copper 726 
complexation of methanobactin isolated from Methylosinus trichosporium OB3b: pH-727 
dependent speciation and modeling. Journal of Inorganic Biochemistry. 116, 55-62, 728 
doi:10.1016/j.jinorgbio.2012.07.008, (2012). 729 

43 Amin, E. A., Truhlar, D. G. Zn Coordination Chemistry: Development of Benchmark 730 
Suites for Geometries, Dipole Moments, and Bond Dissociation Energies and Their Use 731 
To Test and Validate Density Functionals and Molecular Orbital Theory. Journal of  732 
Chemical Theory and Computation. 4 (1), 75-85, doi:10.1021/ct700205n, (2008). 733 

44 Sorkin, A.; Truhlar, D. G., Amin, E. A. Energies, Geometries, and Charge Distributions 734 
of Zn Molecules, Clusters, and Biocenters from Coupled Cluster, Density Functional, 735 
and Neglect of Diatomic Differential Overlap Models. Journal of  Chemical Theory and 736 
Computation. 5 (5), 1254–1265. doi.org/10.1021/ct900038m, (2009) 737 

45 Lillo, V., Galan-Mascaros, J. R. Transition metal complexes with oligopeptides: single 738 
crystals and crystal structures. Dalton Transactions. 43 (26), 9821-9833, 739 
doi:10.1039/c4dt00650j, (2014). 740 

46 Choutko, A., van Gunsteren, W. F. Conformational Preferences of a beta-Octapeptide 741 
as Function of Solvent and Force-Field Parameters. Helvetica Chimica Acta. 96 (2), 189-742 
200, doi:10.1002/hlca.201200173, (2013). 743 

47 Angel, L. A. Study of metal ion labeling of the conformational and charge states of 744 
lysozyme by ion mobility mass spectrometry. European Journal of Mass Spectrometry. 745 
17 (3), 207-215, doi:10.1255/ejms.1133, (2011). 746 

48 Kelso, C., Rojas, J. D., Furlan, R. L. A., Padilla, G., Beck, J. L. Characterisation of 747 
anthracyclines from a cosmomycin D-producing species of Streptomyces by 748 
collisionally-activated dissociation and ion mobility mass spectrometry. European 749 



  

17 
 

Journal of Mass Spectrometry. 15 (2), 73-81, doi:10.1255/ejms.948, (2009). 750 
49 El Ghazouani, A. et al. Copper-binding properties and structures of methanobactins 751 

from Methylosinus trichosporium OB3b. Inorganic Chemistry. 50 (4), 1378-1391, 752 
doi:10.1021/ic101965j, (2011). 753 

 754 
 755 



Figure Click here to access/download;Figure;Figure1.tif

https://www.editorialmanager.com/jove/download.aspx?id=1065771&guid=95bdf42d-9d95-412b-8194-fadd65a1171b&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1065771&guid=95bdf42d-9d95-412b-8194-fadd65a1171b&scheme=1


Figure Click here to access/download;Figure;Figure2.TIF

https://www.editorialmanager.com/jove/download.aspx?id=1065758&guid=0970d0b3-8554-4093-978e-4dbd13156f8e&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1065758&guid=0970d0b3-8554-4093-978e-4dbd13156f8e&scheme=1


Figure Click here to access/download;Figure;Figure3.tif

https://www.editorialmanager.com/jove/download.aspx?id=1065759&guid=d521c040-5f5f-45f6-ad7b-9b41cdd2ce49&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1065759&guid=d521c040-5f5f-45f6-ad7b-9b41cdd2ce49&scheme=1


Figure Click here to access/download;Figure;Figure4.tif

https://www.editorialmanager.com/jove/download.aspx?id=1065772&guid=e191b854-5ae1-4abf-a049-33982378552a&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1065772&guid=e191b854-5ae1-4abf-a049-33982378552a&scheme=1


Figure Click here to access/download;Figure;Figure5.tif

https://www.editorialmanager.com/jove/download.aspx?id=1065773&guid=f90b04c7-8016-4018-8f45-f6359999c57b&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1065773&guid=f90b04c7-8016-4018-8f45-f6359999c57b&scheme=1


Figure Click here to access/download;Figure;Figure6.TIF

https://www.editorialmanager.com/jove/download.aspx?id=1065760&guid=5fb536ef-0720-413b-a592-f76b090a89e5&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1065760&guid=5fb536ef-0720-413b-a592-f76b090a89e5&scheme=1


Figure Click here to access/download;Figure;Figure7.TIF

https://www.editorialmanager.com/jove/download.aspx?id=1065761&guid=a05b94b9-3066-4c95-a633-0d4d370487c2&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1065761&guid=a05b94b9-3066-4c95-a633-0d4d370487c2&scheme=1


Figure Click here to access/download;Figure;Figure8.TIF

https://www.editorialmanager.com/jove/download.aspx?id=1065762&guid=fa551de1-624f-454a-9e9f-37446a43531d&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1065762&guid=fa551de1-624f-454a-9e9f-37446a43531d&scheme=1


Name of Material/Equipment Company Catalog Number

acetonitrile HPLC-grade Fisher Scientific (www.Fishersci.com) A998SK-4

ammonium hydroxide (trace metal grade) Fisher Scientific (www.Fishersci.com) A512-P500

cobalt(II) chloride hexahydrate 99.99% Sigma-Aldrich (www.sigmaaldrich.com) 255599-5G

copper(II) chloride 99.999% Sigma-Aldrich (www.sigmaaldrich.com) 203149-10G

copper(II) nitrate hydrate 99.99% Sigma-Aldrich (www.sigmaaldrich.com) 229636-5G

designed amb1,2,3,4,5,6,7 peptides Neo BioLab (neobiolab.com) 

designed amb5B,C,D,E,F peptides PepmicCo (www.pepmic.com)

Driftscope 2.1 software program Waters (www.waters.com)

Freeze-dried, purified, Cu(I)-free mb-OB3b 

glacial acetic acid (Optima grade) Fisher Scientific (www.Fishersci.com) A465-250

Iron(III) Chloride Anhydrous 98%+ Alfa Aesar (www.alfa.com) 12357-09

lead(II) nitrate  ACS grade Avantor (www.avantormaterials.com) 128545-50G

manganese(II) chloride tetrahydrate 99.99% Sigma-Aldrich (www.sigmaaldrich.com) 203734-5G

MassLynx 4.1 Waters (www.waters.com)

nickel chloride hexahydrate  99.99% Sigma-Aldrich (www.sigmaaldrich.com) 203866-5G

poly-DL-alanine Sigma-Aldrich (www.sigmaaldrich.com) P9003-25MG

silver nitrate 99.9%+ Alfa Aesar (www.alfa.com) 11414-06

Waters Synapt G1 HDMS Waters (www.waters.com)

zinc chloride anhydrous Alfa Aesar (www.alfa.com) A16281
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Comments/Description

designed peptides were synthized by order

designed peptides were synthized by order

software analysis program

cultured and isolated in the lab of Dr. DongWon Choi (Biology Department, Texas A&M-Commerce) 

software analysis program

 quadrupole - ion mobility- time-of-flight mass spectrometer
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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. 

  

Yours sincerely, 

 

 
 

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.  
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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. 
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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 
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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 
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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 
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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 
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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. 
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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 
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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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