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Abstract

A novel gas-phase charge and mass manipulation approach is demonstrated to facilitate the mass 

measurement of high mass complexes within the context of native mass spectrometry. Electrospray 

ionization applied to solutions generated under native or near-native conditions has been 

demonstrated to be capable of preserving biologically relevant complexes into the gas phase as 

multiply-charged ions suitable for mass spectrometric analysis. However, charge state distributions 

tend to be narrow and extensive salt adduction, heterogeneity, etc. tend to lead to significantly 

broadened peaks. These issues can compromise mass measurement of high mass bio-complexes, 

particularly when charge states are not clearly resolved. In this work, we show that the attachment 

of high mass ions of known mass and charge to populations of ions of interest can lead to well-

separated signals that can yield confident charge state and mass assignments from otherwise 

poorly resolved signals.

Graphical Abstract

The development of native MS (nMS) has enabled the mass measurement of large biological 

complexes. Inherent challenges in applying nMS to study large systems are extensive salt 

adduction and heterogeneity (as seen in the E. coli ribosome particles we studied), which can 

preclude mass determination of the complex. We present an alternative method to extract mass 

information from these complicated systems using an ion/ion reaction workflow that involves the 

attachment of multiply charged ions of known mass and charge.
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INTRODUCTION

The observation of gaseous ions comprised of specific non-covalently bound components 

known to exist together in solution (1,2,3,4) was a remarkable development in electrospray 

ionization (ESI) mass spectrometry (MS). It indicates the possibility of generating gaseous 

ions from specific non-covalently bound protein-ligand, protein-protein, and protein-nucleic 

acid complexes for subsequent characterization by mass spectrometry and ancillary 

techniques. Since then, a branch of biological mass spectrometry, often referred to as ‘Native 

MS’, has emerged for the study of large non-covalent complexes (2,3,5,6,7,8). Native MS 

encompasses mass spectrometry, tandem mass spectrometry (9,10), and ion mobility 

measurements (11) applied to ions derived from complexes subjected to ESI under 

conditions designed to preserve the complexes of interest as gas-phase ions. Challenges 

associated with native MS include the fact that, despite the multiple charging associated with 

ESI, ions are of relatively high mass-to-charge (m/z) ratios and are generated with relatively 

narrow charge state distributions, presumably due to their formation via the so-called 

‘charged residue mechanism’ (12,13,14). Therefore, technologies amenable to high m/z 
measurements, such as mass filters operated at low frequency for ion isolation and TOF or 

electrostatic traps for m/z measurement, are often employed (15,16). Ultimately, the 

complexity of the sample, which can arise from mixtures of counter-ions, salts and other 

adducts, and the native heterogeneity of the complex (e.g., post-translational modifications 

(PTMs), varying identities of components in the complex, etc.) can render the native MS 

uninterpretable due to an inability to resolve and/or identify charge states. One way to 

address this problem is to measure m/z and z simultaneously on an ion-by-ion basis, which 

is the approach taken by charge detection MS (17,18). We present an alternative approach to 

dealing with the heterogeneity problem that does not rely on single ion analysis/detection 

and that retains the potential for tandem mass spectrometry and ion mobility using platforms 

currently in use for native MS with relatively minor modification.

The underlying concept relies on simplifying the mixture of ions generated by ESI via mass-

selection of a fraction of the broad distribution of m/z ratios present in the original ESI mass 

spectrum and subjecting this mixture to an ion attachment reaction that gives rise to a known 

Δm and Δz. This idea has been described for proton transfer ion/molecule (19) and ion/ion 

(20) reactions in which Δm = 1 Da and Δz = 1 unit charge. The idea has also been 

demonstrated with electron transfer ion/ion reaction reagents (21,22). Such small changes in 

mass and charge, however, can be difficult to resolve when they occur with highly charged 

high mass heterogeneous mixtures. We describe here ion attachment ion/ion reactions in 

which Δm and Δz are both much greater than 1 Da and 1 unit charge, respectively. This form 

of charge and mass manipulation leads to large m/z separations that are much more readily 

resolved than those associated with single proton or electron transfer. The idea is 

demonstrated here using a modified commercial quadrupole/time-of-flight (QTOF) tandem 
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mass spectrometer. However, these experiments can, in principle, be executed with any 

native MS platform capable of executing ion/ion reaction experiments.

Experimental

Sample preparation for native mass spectrometry of bio-complexes.—Rabbit 

pyruvate kinase was purchased from Sigma Aldrich. The lyophilized solid was reconstituted 

in water to create a stock solution at a concentration of 3 μM (calculated by using the mass 

of the tetramer). The sample underwent buffer exchange, via centrifugation, once with an 

ammonium acetate (Sigma Aldrich) buffer adjusted to pH 7 with ammonium hydroxide 

(Sigma Aldrich), using a 100 kilodalton (kDa) molecular weight cutoff (MWCO) Amicon 

Ultra 0.5 mL filter (Millipore Sigma). The recovered sample (15 μL) was diluted with the 

same buffer to achieve the same original concentration from the stock solution. Ferritin from 

equine spleen (Sigma Aldrich) lyophilized powder was prepared (3 μM) in a similar manner 

to pyruvate kinase. GroEL (Sigma Aldrich) lyophilized powder preparation was described 

before in detail, and made to a 1 μM (23). Briefly, the sample was buffer exchanged and 

underwent acetone precipitation.

E. coli 70S ribosome solution was purchased from New England Biolabs. The original 

sample, with an initial concentration of 13 μM, was constituted in a buffer containing 10 

mM magnesium acetate, which is necessary for the 70S ribosome to be intact in the 

condensed phase. The sample preparation for the working solutions was described in detail 

previously (24) and modified accordingly. Briefly, the sample was buffer exchanged 8 times 

with 150 mM ammonium acetate and 10 mM magnesium acetate (Sigma Aldrich) with the 

same filter used in the aforementioned section. It is important to note a difference in the 

preparations. We utilized our reagent anion to perform the charge reduction of the protein in 

the gas phase, therefore we did not employ the use of the reducing agent, triethylammonium 

acetate, to the solution.

Sample preparation for the reagent anions.—Oxidized insulin chain A (IcA) from 

bovine pancreas (average mass, free acid = 2531.66 Da) was purchased from Sigma Aldrich. 

The lyophilized solid was reconstituted in water. The working solution was a 50:50 mixture 

of aqueous ammonium hydroxide (pH 11) and HPLC grade methanol (Sigma Aldrich) to 

give a final concentration of 25 μM. The most abundant charge states were [IcA-5H]5− and 

[IcA-6H]6−. In experiments where a larger charge reduction was required, we utilized 

myoglobin from equine skeletal muscle (Sigma Aldrich). Holo-myoglobin (hMb) (average 

mass=17,567 Da), which retains the heme group, was prepared with piperidine (Sigma 

Aldrich). We isolated and used the two different charge states in the experiments shown in 

this manuscript. The final solution was 20 μM holo-myoglobin and 50 mM piperidine in 

water.

Ion-ion reactions in the mass spectrometer.—All experiments were performed using 

a QTOF 5600 (SCIEX), which was previously modified to allow for ion/ion reactions (25). 

The positive and negative ions were generated by utilizing an alternately pulsed nano-

electrospray ionization source (nESI) (26). Mutual ion polarity trapping was enabled by 

applying a supplemental AC to the end plates of the linear ion trap reaction cell, q2. 
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Multiply protonated protein cations and reagent anions were sequentially isolated before 

being stored in q2 to react over times of 50–100 ms. The reagent anions were isolated during 

Q1 transmission by conventional RF-DC apex isolation. The protein cations were too high in 

m/z to be isolated via conventional RF-DC apex isolation. Therefore, sequential resonance 

ejection ramps in q2 were used to eject ions of lower and higher m/z ratios that bordered the 

population of interest (27).

Native MS.—Both analyte and reagent ions were generated via nESI from separately 

pulsed borosilicate glass emitters (28). The large bio-complexes were sprayed in positive 

mode with approximately +1500 V applied to a platinum wire, which was in contact with 

the solution. The reagent anions were sprayed in negative mode with an applied voltage of 

approximately −1400 V. The large complex ions were initially injected into the instrument 

and isolated (see above) and stored in q2. Subsequently, the reagent anions were injected and 

isolated during Q1 transmission before being accumulated and stored in q2. The mutual 

storage time can be adjusted to control the number of sequential adductions. Nitrogen gas 

was used in q2 at pressures ranging from 6–8 mtorr. Due to the size of the ribosome 

particles, the difference in DC offsets of Q0 and q2 were increased to as high as 50–70 V to 

collisionally activate the ions upon injection into q2 to drive off weakly-bound adduct 

species. A Q0-q2 voltage difference of 5–15 V was used for the reagent anions as minimal 

salt adduction was observed for these species. Mass calibration over a wide range was done 

in two stages, using primary and secondary calibrants. Cesium iodide, the primary calibrant, 

was used to calibrate the instrument over the range of m/z 1,000–10,000. This allowed for an 

accurate mass determination of the pyruvate kinase tetramer, the secondary calibrant, from 

the mass spectrum derived under native conditions (see insert to Figure 2a). Finally, the 

population of pyruvate kinase charge states was reacted with the oxidized insulin chain A, 

[IcA-6H]6− anion ([IcA-6H]−; Δm = 2526 Da) resulting in a series of peaks extending 

beyond m/z 100,000. This experiment allowed for the mass scale to be calibrated over the 

range of m/z 6,500–100,000.

Results and Discussion

The concept is modeled in Figure 1 for a cationic mixture of ions generated from a particle 

of average mass 2 MDa, width of 50 kDa (FWHM), charge state range of 70+ to 80+, and 

analyzer resolution of 10,000 FWHM (see Supplemental Information for a description of the 

model). Under these conditions, the ESI mass spectrum shows a large unresolved envelope 

(Figure 1a), which precludes a mass measurement due to a lack of information regarding 

charge. Figure 1b shows the simulated spectrum after an isolation step centered at the 

maximum of the distribution with a FWHM width of 900 m/z units. Figure 1c shows the 

simulated spectrum following up to fifty single proton transfer steps, as might result from 

ion/ion reactions of the multiply-charged ions with singly charged anions of opposite 

polarity (20). Figure 1d shows the result after the attachment of up to 5 ions of mass 17,557 

Da and unit charge of 10-. This Δm and Δz apply to the 10- charge of hMb, which is one of 

the reagents used for the data reported here (see below). After the isolation of ions in a 

selected region of the mass spectrum (Figure 1b), multiple single proton transfer reactions 

tend to spread the signal among many products (Figure 1c) without baseline resolution of 
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adjacent peaks until close to 50 proton transfers. However, after the attachment of up to five 

high mass reagent anions of z = 10-, baseline-resolved peaks are apparent that can be used to 

determine the charge states of the ions that make up the centroids of the peaks without 

spreading the signal across much of the m/z range. After the fourth attachment, even the 

individual charge states within the initially selected ion population are beginning to separate 

sufficiently to be resolved.

The determination of charge states associated with the peak centroids in Figure 1d, which 

involves the attachment of reagent ions of known mass and charge to the high mass complex 

ions, requires a generalization of the relationships originally provided by Mann et al. (29) 

for the determination of charges from the m/z values of adjacent charge states in an 

electrospray mass spectrum. For positively charged complexes, the m/z value for a given 

charge state is given by:

  m/z1 = M + nx
n (1)

where M is the mass of the neutral molecule, n is the charge state, and x is the average mass 

of the cationizing agent (e.g., an excess proton). The m/z value of the product generated by 

the attachment of a single reagent of mass = Δm and charge = Δz is given by:

m/z2 = M + nx + Δm
n − Δz (2)

The magnitude of the charge on the initial analyte ion, n, is given by:

n = Δz m/z2 + Δm
m/z2 − m/z1

(3)

The same relationship applies for any two adjacent attachment products such that M, the 

mass of the original complex represented by peak apex, can be determined from any of the 

attachment products via:

M = m/z N + 1 n − NΔz − nx − NΔm (4)

where N is the number of attached reagent anions.

It has been previously noted for relatively small proteins that reactions of oppositely charged 

proteins can result in the formation of a long-lived complex along with proton transfer 

products (30,31). When the hard-sphere cross-sections are large (i.e., when the reactants are 

physically large) and when the m/z ratios are large (i.e. the charge densities within the 

reactant ions are relatively low), the formation of long-lived complexes (i.e., the attachment 

of an ion to a cation), becomes the exclusive product (32). In the cases of the very large 

complexes encountered in native MS, ion attachment is essentially the exclusive ion/ion 

reaction process, provided the charge density of the reagent ion is not too high. This is 

illustrated in Figure 2 with ions derived from the tetrameric pyruvate kinase complex 
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(approximately 232 kDa) in reactions with two different anionic reagents. The insert in 

Figure 2a shows the charge state distribution generated via positive ion nESI of pyruvate 

kinase under native MS conditions. The shaded charge state was selected for subsequent 

ion/ion reactions with a) the [IcA-6H]6− anion (average Δm = 2525.7 Da) and b) the 

[hMb-13H]13− anion (Δm = 17,554 Da). The attachment of up to three reagent anions is 

observed in the case of [IcA-6H]6− (Figure 2a) and up to two reagent anions in the case of 

[hMb-13H]13− (Figure 2b). (Note that the addition of three anions in the case of 

[hMb-13H]13− would result in the generation of a negatively-charged complex.) The tabular 

insert in Figure 2b summarizes the measured m/z values and calculated charges and masses 

arising from the two experiments using the relationships listed above. The experiment of 

Figure 2a yielded an average mass of 231,969±2 Da and the experiment of Figure 2b yielded 

an average mass of 232,134±12 Da. Key observations from this proof-of-principle example 

are that multiply-charged reagent anions can give rise to exclusive ion attachment (i.e., no 

proton transfer is observed for either reagent) and that there is a high degree of flexibility in 

choosing reagents over wide ranges of Δm and Δz, which provides for the ‘tunability’ of the 

m/z spacings between successive ion attachments. It is also noteworthy that no loss of the 

non-covalently-bound heme group in hMb is observed in these experiments, which indicates 

that ion attachment to large complexes results in little or no dissociation of the complex. 

Despite the large potential energy associated with the attachment of oppositely charged ions, 

the cooling rates associated with the environment of these ion/ion reactions is apparently 

high enough to avoid fragmentation of these very large ions. Results of analogous 

experiments using the [M-6H]6− IcA anion in reactions with cations derived from ferritin 

(480 kDa) and GroEL (804 kDa) are provided in Supplemental Information Figures S1 and 

S2, respectively. In all cases, exclusive ion attachment is observed, thereby reinforcing the 

generality of the observations noted in Figure 2. We note that for analyte complex ions of the 

sizes illustrated here we have found that every charge state of every polypeptide/protein 

reagent anion thus far examined has resulted exclusively in attachment. We illustrate the 

concept here using anions derived from hMb and IcA but point out that we are not currently 

aware of any polypeptide/protein anion that would not serve as a reagent for this kind of 

experiment.

The E. coli ribosome constitutes an example of a complex that is inherently heterogeneous 

(33). The protein complement can vary in stoichiometry, identities of proteins, and PTMs of 

proteins. There is also heterogeneity in ribosomal RNA that includes both alternative RNA 

and modifications of RNA. These sources of heterogeneity add to the usual mixture of 

counter ions, salts, etc. associated with any large bio-complex ion generated under native 

conditions via ESI (34). The E. coli ribosome is comprised of two components, the smaller 

30S and larger 50S subunits, that associate to form the intact 70S ribosome. The presence of 

magnesium ions is important for the association of the two subunits and the appearance of 

the mass spectrum can be highly influenced by magnesium ion concentration (3). Figure 3 

shows mass spectra collected at concentrations of 0.5 mM Mg2+ (Figure 3a) and 10 mM 

Mg2+ (Figure 3b). Consistent with previous reports (3,24), at high Mg2+ concentrations (10 

mM, in this case) ions associated with the 30S and 50S subunits are present in addition to 

ions associated with the 70S complex, the latter of which centered at roughly m/z 29,000 

(Figure 3b). In our hands, we have not observed exclusive formation of the 70S complex 
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(i.e., no evidence for 30S and 50S cations) under the solution and ion transmission 

conditions we have attempted. At 0.5 mM Mg2+ (Figure 3a), the 70S signals are largely 

absent and the ions from the 30S and 50S subunits show somewhat narrower peaks than do 

the subunits with higher magnesium concentrations, presumably due to extra adduction from 

counter ions, and non-specific adduction of magnesium (24). In all cases, overlapping charge 

state distributions are evident, indicating that a mixture of species is present for each of the 

30S, 50S, and 70S-related complexes. We note that there is sufficient separation between 

peaks in the spectra of Figure 3 to estimate the charges of the components via deconvolution. 

However, the limited numbers of charge states and peak overlap leads to significant 

uncertainty in charge state assignments (20,35).

Figure 4 summarizes the results from [hMb-10H]10− ion attachment experiments for the 30S 

(Figure 4a) and 50S (Figure 4b) species observed from nESI of the 10 mM Mg2+ solution. 

The mass spectrum is shown as an insert in Figure 4a (see also Figure 3b) and the ions 

selected for subsequent ion attachment are indicated within a blue box (30S) or red box 

(50S). The ion attachment experiment for the 30S component (Figure 4a) revealed two 

major components (863.2 kDa (purple dots) and 802.0 kDa (green dots), respectively) that 

differ in mass by that of the S1 stalk protein. The stalk protein, RS1 (61.2 kDa), is a labile 

component that has been observed to dissociate when the 30S ribosome is activated (3,24). 

The masses indicated above are roughly 1.8% greater than those expected for the intact 30S 

component (847.5 kDa) and 30S-S1 (786.3 kDa). The difference might be attributed to 

either non-specific magnesium adduction (24) and/or incomplete desolvation commonly 

seen on TOF platforms, which typically requires higher amounts of collisional cooling (16, 

36) or the presence of an additional roughly 15 kDa component, or the combination of both. 

We note that at a concentration of 0.5 mM Mg2+, the average masses for the two 

components noted above were 861.8 kDa and 799.8 kDa, respectively, and a third major 

component (772.7 kDa) was observed following the ion attachment experiment which was 

consistent with the largest component minus both the S1 and S2 (26.7 kDa) (24) stalk 

proteins (see Figure S3 for a summary of the ion attachment experiment associated with the 

30S related ions at 0.5 mM Mg2+).

For the 50S subunit (Figure 4b), we detected three major components of masses 1,479.7±0.2 

kDa (blue line), 1,413±2 kDa (green line), and 1,399.4±0.6 kDa (red line). The mass 

difference between the two larger components is consistent with that of the stalk complex 

[L10(L7/L12)4] (66.5 kDa) (37) and the mass difference between the two smaller 

components is consistent with that of the L11 ribosomal protein (14.9 kDa) (24). The stalk 

complex for the 50S subunit is believed to contain multiple dimers (L7/L12)4 (38,39). The 

dimers are bound to the L10 ribosomal protein, which is also bound to the L11 protein. 

Consequently, the loss of these components is plausible. The 1,479.7 kDa component is 

roughly 1.7% higher in mass than the nominal mass of the 50S component (24), which could 

be due to the presence of additional protein component(s), salts, etc. These components were 

not well separated after the first two attachments but were resolved in the 3rd and 4th 

attachments. An expanded region highlighting the 4th [hMb-10H]10− attachment is provided 

as an insert in Figure 4b. Ion attachment data for the 50S-related ions generated at a 

concentration of 0.5 mM Mg2+ is provided in Figure S4. No evidence for the two larger 

intact components noted in Figure 4b was noted at lower Mg2+ concentration. Rather, a 
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fourth component (1,389.5 kDa) was found to be most abundant along with the 1399.7 kDa 

component (see Figure S4). A prominent signal for a 50S component at relatively low Mg2+ 

concentration of 1,389.6 kDa has been noted previously and was ascribed to (50S-

L10(RL7/12)4) (24). The fact that we see this component as well as larger components 

might suggest that one or more additional components may be associated with the 50S 

particle at high Mg2+ concentrations.

Both examples illustrated in Figure 4 involve the presence of mixtures of complexes. A 

complication in native MS is the fact that multiple combinations of mass and charge can give 

rise to similar m/z ratios over the narrow charge state ranges typically generated under native 

MS conditions. This can complicate charge state assignment as well as the identification that 

mixtures are present. However, ions of significantly different mass will not overlap over 

wide ranges of charge. The ion attachment approach described here allows for a very wide 

range of charge to be accessed, thereby resulting the separation of components somewhere 

along the m/z scale. Regions of significant overlap of the mixture components identified for 

both the 30S and 50S examples were observed prior to and after one or more ion 

attachments. However, in both cases, one or more attachments (e.g., attachments 3 and 4) 

showed separation of the components. A similar situation prevails for the 70S-related ions.

The extent of heterogeneity for both the 30S and 50S subunits can propagate to the 70S-

related ions, so there is little surprise that overlapping mixture components appear to be 

present in the 70S region of the mass spectrum shown in the insert of Figure 4a. A similar 

result was found in both the E. coli (24) and Thermus thermophilus (40) ribosomes. In our 

70S ribosome ion attachment mass spectrum (Figure 5), we used a tighter isolation and thus 

greater separation was noted for every successive attachment reaction. Nevertheless, a 

significant extent of overlap is observed even after four attachment reactions. We found at 

least three distinct populations. There are almost certainly more than three but the three we 

report here are the most abundant. We did not observe a clearly resolvable component with a 

molecular weight larger than the expected mass of the intact ribosome (2,302 kDa). The 

masses of the three assigned components were 2,271±2 kDa, 2,223±1kDa, and 2,209±1 

kDa. The difference in mass between the largest and smallest components is consistent with 

the 30S S1 protein and the difference in mass between the two smaller components is 

consistent with the 50S L11 protein mentioned above. If the largest component corresponds 

to the loss of the large subunit stalk complex (70S-[L10(L7/L12)4]), the mass measurement 

is roughly 1.5% high relative to the predicted value (2,236 kDa), which is consistent with the 

errors noted above for the 30S and 50S subunits ionized with 10 mM Mg2+. We note that, 

given the widths of the peaks observed here, that a 70S-S1 (predicted value of 2,241 kDa) 

product could also be present.

Conclusion

Electrospray ionization applied to solutions that mimic physiological conditions has enabled 

the development of native MS. Such conditions, however, lead to relatively narrow charge 

state distributions and, broadened signals due to extensive salt adduction. These 

consequences can complicate mass measurement due to uncertainties in charge state 

assignment and/or extensive signal overlap that precludes the resolution of individual charge 
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states. The situation is exacerbated for inherently heterogeneous complexes that generate 

mixtures with overlapping charge state distributions. A strategy introduced here to address 

these problems, and demonstrated with ions generated from the E. coli ribosome, relies on 

the isolation of a sub-population of ions of interest and the attachment of a large highly-

charged ion of opposite polarity of known mass and charge. The large defined change in 

mass and charge in a single step allows for the separation of ions of initially similar mass-to-

charge ratios but different masses and charges. The charges of the selected ions can be 

determined via measurement of the m/z values of the successive ion attachment peaks. 

Charge state assignment accuracy is enhanced by the generation of related ions via 

successive reagent ion attachments over wide ranges of mass-to-charge. The net result is 

improved ability to determine the masses of high-mass heterogeneous complexes in native 

mass spectrometry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Simulated mass spectra of (a) a hypothetical 2 MDa (50 kDa FWHM) analyte particle with 

70 to 80 charges, (b) selection (900 FHWM) of most abundant charge states, (c) up to 50 

proton transfer reactions of the selected analyte charge states, and (d) up to 5 attachments 

(indicated by colored numbers) of the 10− charge states holomyoglobin (17,567 Da) to the 

selected analyte charge states. Abundance scales in (c) and (d) are relative to (b).
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Figure 2. 
Inset (upper right) Positive nESI mass spectrum of pyruvate kinase a) Post-ion/ion mass 

spectrum after reaction of the 32+ ions of pyruvate kinase with [IcA-6H]6− anions derived 

from nESI of IcA. b) Post-ion/ion mass spectrum after reaction of the 32+ ions of pyruvate 

kinase with the [hMb-13H]13− anions derived from nESI of holo-myoglobin.
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Figure 3. 
The mass spectra of the E. coli ribosome with (a) 0.5 mM and (b) 10 mM Mg2+ 

concentrations. The higher concentration preserves the 70S population centered around m/z 

29,000.
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Figure 4. 
Post-ion attachment MS spectra of the E. coli ribosome subunits, (a) 30S and (b) 50S, 

reacting with with hMb. The concentrations of Mg2+ is 10 mM. The inset in panel (a) is the 

E. coli ribosome precursor spectrum, and the inset in panel (b) is the zoom-in of the 4th 

attachment population. Note, the colored blue (30S), red (50S) and green (70S) borders are 

the isolated precursor populations that were reacted with [hMb-10H]10−.
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Figure 5. 
Post-ion attachment mass spectrum of 70S ribosome-related ions reacting with [hMb

−10H]10−. The 70S ribosome precursor population (green border) are shown in the insert to 

Figure 4a. The insert shows an expansion of the fourth and fifth anion attachment regions.
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