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ABSTRACT 

Different mechanisms have been proposed for the formation of gaseous protein ions during 

electrospray ionization (ESI). In the charged residue model (CRM) ions are produced upon 

nanodroplet evaporation to dryness. This mechanism is thought to dominate in native ESI, where 

proteins retain compact conformations, with charge states close to the Rayleigh charge of protein-

sized aqueous droplets. Much higher charge states are generated from proteins that are unfolded in 

solution. The chain ejection model (CEM) has been proposed for ESI under such denaturing 

conditions. In the CEM proteins are gradually expelled, while mobile H+ equilibrate between the 

droplet and its protruding tail. Providing clear-cut evidence for these scenarios remains difficult, 

because electrosprayed ions do not usually retain any features that reveal their formation 

mechanism. In this work we propose that the stepwise elimination of basic sites can serve to 

distinguish between the CRM and CEM. Using cytochrome c as a model system, we studied proteins 

that had between zero and 19 Lys blocked by acetylation. In native ESI (pH 7) the same low charge 

states were observed regardless of acetylation. This behavior is consistent with the CRM, where 

charge states are governed by protein size, rather than protein surface chemistry. Denaturing (pH 2) 

conditions resulted in much higher ESI charge states. Intriguingly, spectra acquired under these pH 

2 conditions gradually shifted to lower charge states when the number of acetylated Lys was 

increased. This charge reduction is attributed to the fact that lowering the number of basic sites 

compromises the ability of the protein to compete with the droplet for mobile H+ during the CEM. 

In conclusion, we illustrate that simple covalent modifications can help distinguish between protein 

ion formation via the CRM or the CEM. 
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1. Introduction 

The inception of electrospray ionization (ESI) has opened up tremendous analytical opportunities 

[1]. Paul Kebarle (1926 - 2019) was a key contributor to this area, and his seminal reviews remain 

essential reading for any ESI practitioner [2,3]. In addition to using ESI as an ionization technique 

for mass spectrometry (MS) [4-6], electrosprayed ions can be interrogated by ion mobility 

spectrometry (IMS) [7-9] and complementary techniques [10-15]. Protein research is an area where 

ESI-MS has had a particularly large impact [5-8]. One of the most intriguing approaches in this 

context is “native” ESI, where experiments are designed to retain solution-like protein 

conformations and interactions in the gas phase [5,6,16-19]. 

 The mechanisms whereby desolvated analyte ions are formed from nanometer-sized solvent 

droplets in the ESI plume have attracted considerable attention [20-32] and continue to be 

controversial [33-35]. In the commonly used positive ion mode, ESI nanodroplets are charged close 

to the Rayleigh limit zR by excess charge carriers such as H+ and NH4
+ [3,36,37] 

 

zR = 8/e  (0  rdroplet
3)1/2   (1) 

 

where rdroplet = droplet radius,  = surface tension of water, 0 = vacuum permittivity, e = elementary 

charge [3]. Globular [M + zH]z+ protein ions produced by native ESI are characterized by z ≈ zR 

(with rdroplet = rprotein), suggesting that they were formed by nanodroplet evaporation to dryness in 

accordance with the charged residue model (CRM, Figure 1A) [3,23,27,37]. 

 Much more highly charged ions are generated from proteins that are unfolded in solution. 

Unfolding can be triggered by supplementing samples with acid or base, organic cosolvents, heating, 

disulfide cleavage, or cofactor removal [27,38-43]. The empirical relationship between protein 

conformation and ESI charge states allows ESI-MS to be used for probing protein structural changes 

in solution [27,38-43]. 
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The increased ESI charge states seen for unfolded proteins do not reflect the protein titration 

behavior in solution [44,45]. Instead, the high z values of these ions are related to the ESI 

mechanism. It has been proposed that unfolded proteins follow the chain ejection model (CEM, 

Figure 1B) [6,26,27,46,47]. In the CEM, solvent-exposed hydrophobic residues cause the unfolded 

protein to migrate to the droplet surface. The chain is then gradually expelled, proceeding through 

various stages where a steadily growing polypeptide tail protrudes from the droplet. Ejection is 

driven by electrostatic repulsion between the droplet and the protein tail. Excess H+ that are highly 

mobile in water [48-51] and in proteins [52-55] undergo charge equilibration between droplet and 

the protruding protein, driven by the tendency of the system to lower its Coulomb energy by 

maximizing the distance between charges. Because of its stretched-out conformation, the protruding 

chain can accommodate many of these mobile H+. Charge equilibration takes place until droplet and 

protein separate, causing the protein to depart as a highly charged [M + zH]z+ ion (Figure 1B) [27]. 

These CEM events are analogous to the ejection of highly charged [M + zH]z+ monomers from 

gaseous multi-subunit proteins after collisional activation [56-60]. Additional support for the CEM 

comes from proton transfer experiments [47] and supercharging studies [26,27]. 

A third ESI scenario is the ion evaporation model (IEM), where compact, pre-charged 

species desorb from the droplet. The IEM is prevalent for small ions such as Na+ [20,21,24,27,29]. 

Even for proteins, the IEM can be viable. However, this is the case only for proteins that are tightly 

folded, carry a high solution charge, and reside in relatively large droplets [61]. The CRM and CEM 

appear to be much more likely mechanisms for intact proteins [6,27,46,61]. Of note, the IEM 

ejection of small charge carriers such as H+ and NH4
+ plays an ancillary role during protein CRM 

by keeping the shrinking droplets close to zR (Figure 1A) [25,27].  

 The ongoing discussions related to ESI mechanisms reflect the fact that it is difficult to 

provide experimental evidence for specific ion formation pathways. Electrosprayed ions do not 
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usually retain any features that reveal whether they were formed by the CRM, CEM, IEM, or by 

other mechanisms. Some efforts have been made to identify mechanism-specific attributes in 

experimental spectra, e.g., the tendency of proteins to form nonspecific adducts with nonvolatile 

solutes in native ESI is consistent with droplet evaporation to dryness during the CRM [3,16,61]. 

 In the current work, we aim to provide additional experimental support for specific protein 

ESI mechanisms. We hypothesize the following: (1) The experimentally observed charge state of a 

CRM-generated globular protein ion should depend only on the protein radius (eq. 1). “Chemical 

details” such as the number of basic sites on the protein should not affect the charge of CRM-

products [37,45]. (2) A key feature of the CEM is the equilibration of mobile H+ between the droplet 

and its protein tail (Figure 1B) [27]. Protein-bound H+ are known to reside mainly on Lys, Arg, and 

His side chains [59,62]. The H+ binding capability of basic sites can be abrogated by covalent 

modifications [63]. Such covalent blockage can be expected to lower the charge states of CEM-

generated protein ions, because charge equilibration should place fewer H+ on the protein tail if 

some of the basic sites are eliminated. Our experiments on the model protein cytochrome c (cyt c) 

confirm these expectations, suggesting that covalent modifications can indeed help distinguish 

between the CRM and CEM. 

 

 

2. Materials and Methods 

Horse heart cyt c (12360 Da) and acetic anhydride were purchased from Millipore Sigma (St. Louis, 

MO, USA). All other chemicals were supplied by Fisher Scientific (Nepean, ON) or Caledon 

Laboratories (Georgetown, ON). Samples contained 5 μM cyt c in aqueous solution in the presence 

of 10 mM ammonium acetate (pH 7). For Lys acetylation, acetic anhydride was added in 250- to 
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20000-fold molar excess relative to the protein. The reaction was allowed to proceed for 10 minutes 

at 0 °C, followed by solvent exchange using centrifuge filters (Amicon Ultra 0.5, 10 kDa MWCO) 

at 13000 × g for 15 minutes to remove unreacted acetic anhydride and acetic acid produced by acetic 

anhydride hydrolysis. Solvent exchange was repeated 3 times to ensure the sample returned to pH 7 

in 10 mM ammonium acetate. For native ESI-MS these samples were directly infused into the ESI 

source. For denaturing experiments the solutions were supplemented with 0.12 % formic acid (pH 

2). In other words, both types of samples experienced acetylation under the same conditions at pH 

7. Mass spectra were acquired on a SYNAPT G2-Si instrument in positive ion mode (Waters, 

Milford, MA, USA). Aqueous solutions were infused at 5 μL min-1 at an ESI voltage of +2.8 kV, 

without organic cosolvents. Spectra were acquired at a cone voltage of 20 V, with source and 

desolvation temperatures of 80 and 250 °C respectively. Optical experiments were conducted on 

samples identical to those used for ESI-MS, except that pH 2 samples contained HCl instead of 

formic acid. Circular dichroism spectra were acquired on a J-810 spectropolarimeter (JASCO, 

Easton, MD), and fluorescence data were recorded on a PTI Fluorolog QM-7/2005 instrument. All 

experiments were performed in triplicate, with independent samples for each replicate.  

 

 

3. Results and Discussion 

Choice of Model Protein. Cyt c in neutral aqueous solution has a compact native fold (Figure 2A). 

Acidification to pH 2 causes unfolding, with near-complete breakdown of tertiary and secondary 

structure [64]. The protein possesses a large number (24) of basic side chains, giving it a pI around 

9.6 [65]. Almost all of these basic sites are solvent-exposed in the native crystal structure, the 

majority of them (19/24) being Lys (Figure 2B). Lys -NH2 groups can be acetylated using acetic 

anhydride (R-NH2  R-NH-CO-CH3, ΔM = +42 Da) [63,66-68]. This modification abrogates the 
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capability of Lys to undergo protonation in solution, i.e., the positive solution charge and the pI of 

cyt c drop in accordance with the degree of acetylation [66]. Similarly, acetylation greatly reduces 

the capability of Lys to accommodate protons in the gas phase, as this amine  amide conversion 

lowers the gas phase basicity of Lys by as much as ~70 kJ mol-1 [47]. Previous reports suggest that 

acetylated cyt c retains its native structure in neutral solution [66]. The combination of these 

attributes makes cyt c a promising model system for the experiments of this work. Incidentally, cyt 

c biosynthesis involves acetylation of the N-terminus, such that this site is not basic [69]. 

 

Protein Acetylation. Incubation of cyt c with acetic anhydride generated abundant acetylation. Some 

of the resulting mass distributions are exemplified in Figure 3A. The number of acetyl tags increased 

with the molar excess of labeling agent, evident from the progressive shift of the peak envelopes to 

higher mass as a result of multiple +42 Da modifications. The highest number of acetyl tags observed 

was 19, consistent with the number of Lys in cyt c [69] and with the fact that acetic anhydride is an 

amino group-specific labeling agent [63,66-68]. High anhydride concentrations can sometimes 

cause modifications at other side chains [63,70], however, the agreement between expected and 

observed maximum acetylation in Figure 3A indicates that such over-acetylation is not prevalent 

under the conditions used here (the two Cys in cyt c are protected as thioethers [69]). Increasing 

acetylation resulted in some Na+ adducts in the spectra (asterisks in Figure 3A), suggesting that the 

acetic anhydride contained Na+ as a trace impurity. Such adducts are common in ESI-MS [71]. Also, 

acetylated Lys may be more effective at solvating Na+ ions in the gas phase. The quality of our data 

was high enough to discern Na+ adducts from “clean” multiply acetylated [M + zH]z+ ions (Figure 

3A). Adducted signals were thus excluded from the discussion below. 

Figure 3B displays the dependence of average acetylation level Navg on the molar excess of 

acetic anhydride, calculated as 



 8 

𝑁
 Ni  Ii

 Ii
    (2) 

where Ii is the signal intensity of cyt c with a given number of acetyl tags (Ni). This analysis was 

conducted for the 8+ charge state at pH 7 because (as noted below) these solutions provide the most 

unbiased view of the acetylation behavior. The number of acetyl tags increased sharply at low 

concentrations of labeling agent. Beyond 5000-fold molar excess Navg started to level off, reaching 

a value of 16.7  1 for samples that had been exposed to 20000-fold molar excess (Figure 3B). 

 

Acetylation Dependence of ESI Charge State Distributions. In an initial series of experiments, we 

acquired cyt c mass spectra using native ESI, i.e., in aqueous solution at pH 7. Non-acetylated 

controls showed a narrow distribution of low charge states, comprising only 8+ and 7+ ions (Figure 

4A), consistent with earlier reports [72,73]. ESI measurements on acetylated samples at pH 7 

produced very similar results, with 8+ and 7+ as the dominant charge states, even for cyt c that had 

undergone near-complete acetylation in 20000-fold excess of acetic anhydride (Figure 4B-D). 

 Acidification of the samples to pH 2 resulted in a very different behavior. ESI mass spectra 

of unlabeled cyt c at pH 2 showed very high charge states, with a unimodal distribution that peaked 

at 16+ and extending to 21+ (Figure 4E). The observation of these highly charged ions is consistent 

with the fact that cyt c is extensively unfolded at pH 2 [64].Similar spectra have previously been 

reported for cyt c and many other proteins under denaturing solvent conditions [27,38-43]. 

Interestingly, the ESI charge state distributions at pH 2 were highly sensitive to acetylation. 250-

fold excess of acetic anhydride caused a bimodal charge state distribution; the main maximum had 

shifted from 16+ to 14+, and intense 9+/8+ signals appeared (Figure 4F). Upon acetylating the 

protein further, both parts of this bimodal distribution shifted to even lower charge states, until 
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ultimately the spectra were dominated by 8+ and 7+ ions for 20000-fold excess of acetic anhydride 

(Figure 4G, H). 

Complementary to Figure 4, we compiled the ESI-MS data in a way that highlights how the 

intensity of each charge state (summed over all acetylation signals with the same z) depends on the 

labeling level. The resulting plots reaffirm that ESI charge state distributions acquired at pH 7 were 

virtually unaffected by changes in the concentration of labeling reagent (Figure 5A). In contrast, at 

pH 2 the presence of acetyl groups caused major shifts to lower charge states (Figure 5B). To 

highlight the strikingly different behavior at pH 7 and pH 2 even more clearly, we determined 

average charge states zavg according to  

𝑧  zi  Ii

 Ii

   (3)  

where Ii is the added intensity of all acetylation peaks that correspond to a given charge state zi. 

When including all of the peaks in the pH 2 spectra, zavg dropped from 15.7 to 9.3 between zero and 

20000-fold excess of acetic anhydride (Figure 5C, red). When considering only the high charge 

states of the bimodal pH 2 data (21+ to 10+), the drop in zavg was still very significant, from 15.7 to 

11.6 (Figure 5C, magenta). This is in contrast to the pH 7 data, which showed hardly any change 

with zavg = 7.5 and zavg = 7.4 for unlabeled and fully labeled samples, respectively (Figure 5C, black). 

Yet another way of dissecting the data is by determining the charge state distributions of 

individual acetylation levels, i.e., for all protein ions carrying a specific number of acetyl groups. 

Once again, the data obtained in this way show that the charge state distributions acquired at pH 7 

remained virtually unchanged for proteins with different numbers of acetylated Lys (Figure 5D). 

This is in striking difference to pH 2, where an increasing number of acetyl tags shifted the spectra 

to lower charge states (Figure 5E). At pH 2 the value of zavg decreased almost linearly with Δ zavg ≈ 

-0.3 per acetylated Lys when considering all the peaks (Figure 5F, red). When considering only the 
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high charge states in the pH 2 spectra, the slope was somewhat lower, Δ zavg ≈ -0.2 per acetylated 

Lys (Figure 5F, magenta). At pH 7 zavg remained constant (Figure 5F. black). 

 

Acetylation Dependence of Protein Conformation in Solution. Earlier studies on cyt c and other 

proteins suggested that Lys acetylation only causes minor conformational changes in solution, at 

least for pH 7 samples [66,74,75]. Because conformation is a key factor for protein ESI behavior we 

re-examined this aspect by conducting solution-phase optical experiments on cyt c. CD spectroscopy 

reports on secondary structure [76]. CD data acquired at pH 7 were relatively similar for all 

acetylation levels, with minima at 208 nm and 222 nm which reflect a high -helical content (Figure 

6A) [69,76]. A ~20% increase in CD signal amplitude at 222 nm compared to the unmodified protein 

indicates that some regions become more helical after extensive acetylation. Trp fluorescence 

spectra report on protein compactness. In native cyt c the single Trp (residue 59) is quenched by the 

nearby heme [77]. All of the pH 7 samples were virtually non-fluorescent (Figure 6C), implying that 

Trp-59 maintains close contact with the heme even after maximal acetylation. These data support 

the view that cyt c remains tightly folded at pH 7, regardless of acetylation [66,74,75]. 

 As expected, non-acetylated cyt c at pH 2 showed a dominant CD minimum at around 203 

nm (Figure 6B) which reflects the fully unfolded structure of the acid-denatured protein [64,76]. 

Surprisingly, acetylation triggered the formation of some helical structure, evident from CD minima 

at 208 and 222 nm (Figure 6B). However, this acetylation-induced secondary structure appears to 

be non-native, because the pH 2 CD spectra (Figure 6B) are quite different from those in Figure 6A 

(the main minimum for native cyt c is at 222 nm, while the acetylated pH 2 samples have their main 

minima at 208 nm). The CD spectra of the acetylated pH 2 samples are reminiscent of those reported 

for acid/methanol molten-globules [78]. Figure 6D reveals that acetylated cyt c at pH 2 is dominated 

by conformers that are quite compact, as seen by the low Trp fluorescence of these samples (Figure 
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6D). Overall, the optical data of Figure 6C, D confirm that unmodified cyt c at pH 2 is fully unfolded, 

while after acetylation the samples are dominated by non-native, but relatively compact 

conformations. This compaction may be caused by the fact that acetylation reduces the extent of 

charge-charge reduction in solution at pH 2 compared to the unmodified protein [79]. 

 

Ion Production for Native Cyt c at pH 7: Evidence for CRM Behavior. Like many other proteins 

under native ESI conditions, cyt c ions retain a compact globular shape that can be characterized by 

an effective radius rprotein [5,6,16-19,37]. According to the CRM, nanodroplets in the ESI plume 

shrink by solvent evaporation until rdroplet = rprotein (Figure 1A). As the final solvent layer disappears, 

the remaining solution charges bind to the protein [3,23,27,37,45]. Eq. 1 dictates that the net charge 

of the shrinking droplets is close to zR. This net charge includes all charge carriers, including the 

protein [27]. For example, a vanishing 8+ droplet might contain an 8+ protein and no additional 

dissolved ions. Alternatively, the 8+ droplet might contain a 10- protein and 18 excess NH4
+. In both 

cases, droplet evaporation to dryness will generate a [M + 8H]8+ gaseous ion (protein-bound NH4
+ 

will release ammonium, leaving behind H+ [3]). The charge state of a CRM-generated protein ion 

should therefore only depend on rprotein, not on protein-specific parameters such as the number of 

basic sites or the protein charge in solution. 

The aforementioned expectation is confirmed by our pH 7 experiments, where zavg remained 

virtually unchanged at ~7.4+ when the number of basic sites was lowered from 24 down to 5 by Lys 

acetylation (Figure 5C, E). Because the protein net charge exceeds the number of basic side chains, 

it can be assumed that some protonation also occurs at “non-traditional” sites such as Pro and Gln 

[45,80]. The invariability of ESI charge states is in stark contrast to the solution charge of cyt c at 

pH 7 which drops from 7.7+ down to 11.3- upon acetylation of 19 Lys residues (calculated using 

pKa values from [79]). Eq. 1 therefore allows native ESI charge states to be predicted on the basis 



 12 

of rprotein alone, without requiring any other protein-specific parameters [3,23,27,37,45]. For the case 

considered here, eq. 1 predicts a CRM charge of 7.9+ (rprotein = 1.7 nm, M = 12360 Da, d = 1 g cm-

3 [37],  = 0.0589 N m-1 [81]). This prediction is close to the measured value of zavg ≈ 7.4+ at pH 7. 

We conclude that the experimentally observed insensitivity of ESI charge states to the number of 

basic sites at pH 7 represents a hallmark of the CRM. These findings are consistent with ESI-MS 

data on other acetylated proteins [74]. Native ESI experiments on myoglobin variants previously 

found a slight dependence of charge states on the amino acid composition [82], but those effects 

might be attributable to conformational factors (discussed in more detail below). In contrast, under 

the conditions of the current work, CRM charge states at pH 7 were remarkably insensitive to 

changes in the number of basic sites. 

The above CRM-related statements call for a slight qualifier. The high solution charge of 

unmodified cyt c (7.7+ at pH 7) implies that a fraction of protein ions may form via the IEM, while 

the majority follows the CRM [61]. However, acetylation of a few Lys reduces the cyt c solution 

charge sufficiently to eliminate protein IEM. Already at the lowest concentration of labeling agent 

(250-fold excess) the average number of acetylated Lys is 6.3 (Figure 3B) such that the cyt c solution 

charge drops close to zero at pH 7. Thus, protein IEM can be excluded for native ESI measurements 

on any of the labeled samples studied here [61]. 

 

High ESI Charge States of Unfolded Cyt c at pH 2: Evidence for CEM Behavior. As noted, the ESI 

mass spectra of acetylated cyt c at pH 2 showed bimodal charge state distributions (Figure 4F-H). 

Low charge states (9+ to 7+) can be attributed to compact (albeit nonnative) solution conformers, 

that dominate these samples as seen from the optical data of Figure 6C, D. These low charge states 

will be discussed in the subsequent section. 
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Here we focus on the highly charged ions (21+ to 10+) in the bimodal charge state 

distributions of Figure 4E-H. These highly charged ions reveal that, even after acetylation, all of the 

the pH 2 samples still contain a sub-population of solution-phase conformers that are extensively 

unfolded [27,38-43]. The concentration of these unfolded chains in solution appears to be quite low 

(Figure 6), but the presence of exposed hydrophobic residues dramatically enhances their ionization 

efficiency such that they are remain observable with relatively high signal intensity in Figure 4E-H 

[83,84]. A striking feature if these highly charged ions is their dramatic acetylation-induced charge 

state shift, with maxima that change from 16+ in the absence of acetylation down to 11+ for the 

fully acetylated protein (Figure 4E-H, see also the magenta profiles in Figure 5C, F). In the following 

discussion we make the case that this acetylation-induced charge state shift is a direct consequence 

of ion formation via the CEM. 

A central element of the CEM is the occurrence of electrostatically driven charge 

equilibration (via migration of mobile H+) between the droplet and its protein tail. This equilibration 

takes place until the protein separates from the droplet. The z value of the gaseous protein ion is 

therefore determined by the number of excess H+ that reside on the chain at the point when 

separation occurs [6,26,27,46,47]. Under CEM conditions it is to be expected that reducing the 

number of basic sites will lower the capacity of the protein to accommodate H+, thereby decreasing 

the ESI charge state. The behavior of the highly charged cyt c ions in our pH 2 experiments (21+ to 

10+, Figures 4, 5) confirms this CEM-based expectation. 

  An electrostatic toy model can be used to semi-quantitatively illustrate the effects of Lys 

acetylation on ESI charge states under CEM conditions. The model has previously been used in a 

CEM context [85]. We consider a stretched-out cyt c chain that is about to separate from the ESI 

droplet (Figure 7A). The droplet and all basic residues (Lys, Arg, His) are assumed to be spherical 

conductors. The net charge of the system qtot (which represents the excess protons in the system) 
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can equilibrate freely between the droplet and the basic residues, driven by the tendency of the 

system to minimize its electrostatic energy. The positions of basic sites along the chain reflect the 

cyt c sequence. The droplet radius r0 was chosen according to eq. 1, subject to the condition that the 

non-acetylated protein had to have a 15.7+ charge state (matching the experimental zavg at pH 2 prior 

to acetylation, Figure 5C, F). Subsequent Lys acetylation was implemented by eliminating basic 

sites from the model. Ten different random acetylation patterns were tested for each acetylation 

level. Additional details are outlined in the SI. 

 The CEM toy model predicts a dramatic dependence of the protein ESI charge state on the 

number of acetylated Lys. Two scenarios were tested; ejection with the N-terminus first and with 

the C-terminus first. For both scenarios the modeled average protein charge state dropped from 

15.7+ to 6.0+ as the number of acetylated Lys was raised from zero to 19 (blue and green symbols, 

Figure 7B). For proteins containing zero up to ~10 acetyl groups, the predicted trend is in remarkable 

agreement with experimental data for the highly charged cyt c ions at pH 2 (magenta profile in 

Figure 7B). This agreement supports the view that the experimentally observed drop in zavg (from 

16+ to 11+) with increasing Lys acetylation for highly charged cyt c ions at pH 2 represents a 

characteristic feature of the CEM. 

For proteins carrying more than ~10 acetyl groups the model predictions diverge from the 

experimental data, suggesting that additional considerations are required to account for the behavior 

of these very highly acetylated proteins (such as allowing for conformations that are not fully 

stretched [86], or the possible protonation at sites other than Lys/Arg/His [47,80]). It is nonetheless 

remarkable that the extremely simple CEM model of Figure 7 can successfully describe the charge 

state shifts of highly charged cyt c ions at pH 2 for chains carrying up to ~10 acetyl groups. 
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Low ESI Charge States of Unfolded Cyt c at pH 2. Interpreting the behavior of the low charge states 

(9+ to 7+) in the pH 2 spectra is more difficult. The bimodal nature of these spectra suggests that 

there is an ESI mechanistic difference between high charge states (see previous section) and the low 

charge states (discussed here). It is intriguing that the low charge states shift from 9+/8+ (Figure 4F) 

to 8+/7+ with increasing acetylation (Figure 4H). On the one hand, it might be tempting to attribute 

this acetylation dependence to ion formation via the CEM, analogous to the discussion of highly 

charged ions in the preceding section. On the other hand, there are several arguments against the 

CEM for these low charge states. (i) Their charge states are very similar to those of the CRM ions 

formed at pH 7 (Figure 4A-D). (ii) The optical data of Figure 6C/D reveal that the low charge ions 

at pH 2 were formed from compact solution conformers. (iii) It is unlikely that the electrostatic 

repulsion of these low charge ions would be sufficient for CEM ejection from the droplet [27]. 

 In our view, the most likely formation mechanism for the low charge states at pH 2 is the 

CRM. We attribute the slight charge state shift from 9+/8+ to 8+/7+ in Figure 4F-H to acetylation-

induced compaction of the protein in solution. The net cyt c solution charge at pH 2 under the 

conditions of Figure 4F is 18+ (~7 acetyl groups), while the fully acetylated protein in Figure 4H 

(~19 acetyl groups) has a solution charge of 6+. The lower solution charge of the fully acetylated 

protein reduces intramolecular charge repulsion, thereby favoring a slightly more compact solution 

structure. From eq. 1 it can be estimated that a small change in effective protein radius (from 1.8 nm 

to 1.7 nm) can account for the experimentally observed charge state shift from 9+/8+ to 8+/7+. In 

summary, the CRM in combination with a subtle acetylation-induced conformational change 

appears to be what governs the formation of cyt c low charge state ions at pH 2. 
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4. Conclusions 

Understanding how proteins are transferred from solution into the gas phase during ESI remains 

challenging [20-35]. Many recent advances in this area have been based on molecular dynamics 

simulations [24,27,28,30,31,87-89], but such computational data should be taken with a grain of salt 

until they are backed up by experiments. When detecting electrosprayed proteins by IMS/MS it is 

usually impossible to extract the ion “history”, i.e., the mechanism by which analytes were released 

from solution. The fact that that denaturing ESI produces higher protein charge states than native 

ESI strongly suggests that different mechanisms are at play in these two cases. However, charge 

states alone do not provide clear-cut answers when it comes to ion formation pathways. The current 

work provides a new experimental tool that can help distinguish ESI mechanisms.  

Our data demonstrate that progressive Lys acetylation does not affect the charge states of 

protein ions in native ESI, as long as the protein conformation in solution is unaffected by these 

chemical modifications. This behavior represents a hallmark of the CRM where charge states are 

governed by protein size rather than protein surface chemistry (eq. 1) [3,27,37,90]. In contrast, the 

ESI charge states of unfolded proteins decrease dramatically as more and more Lys are acetylated – 

an effect that is consistent with the CEM [6,26,27,46,47]. The CEM toy model of Figure 7 explains 

why Lys acetylation reduces the charge of electrosprayed protein ions; it is because lowering the 

number of basic sites compromises the ability of the departing chain to compete with the droplet for 

mobile H+. In summary, the response of electrosprayed proteins to the covalent blockage of basic 

sites is an interesting approach for ESI mechanistic studies, although the interpretation of such 

experiments can be complicated by protein conformational changes. 
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Figure 1. Cartoon depiction of two protein ESI models. ESI nanodroplets are shown in blue. The 
protein is depicted in red, excess H+ are indicated as “+”. (A) CRM, where compact proteins are 
released via droplet evaporation to dryness. IEM events of H+ and other small charge carries keep 
the shrinking droplet close to the Rayleigh limit. (B) CEM where stretched-out chains are ejected 
from the droplet as highly charged ions. The high charge states are caused by electrostatically-driven 
migration of mobile H+. 
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Figure 2. (A) Crystal structure of cyt c (1HRC). The 19 Lys side chains are shown as sticks, with 
-NH2 groups (the sites of acetylation after acetic anhydride exposure) highlighted as blue spheres. 
(B) Cyt c sequence, with basic residues highlighted in blue. Asterisks indicate the sites of covalent 
heme attachment (Cys14 and Cys17).  
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Figure 3. (A) Partial ESI mass spectra, showing the number of +42 Da acetyl tags for cyt c 8+ at 
pH 7. Data are displayed for an unlabeled control, and after exposure to 250, 5000, and 20000-fold 
molar excess of acetic anhydride (top to bottom). Asterisks indicate Na adducts. (B) Average 
number of acetyl tags (eq. 2) vs. acetic anhydride molar excess. Experimental data (circles) are the 
average of three independent replicates, error bars represent standard deviations. An interpolation 
curve is included to guide the eye. 
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Figure 4. (A-D) Native ESI mass spectra of cyt c (aqueous solution at pH 7) after incubation with 
increasing amounts of acetic anhydride. (E-H) Mass spectra of the same samples electrosprayed 
under denaturing conditions at pH 2. The molar excess of acetic anhydride (relative to the protein) 
is indicated in each panel. Also indicated are the charge states of selected protein ions.  
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Figure 5. Panels on the left show cyt c charge state distributions (after adding the signal intensities 
of all acetylation levels for any given value of z) at (A) pH 7 and (B) pH 2 vs. acetic anhydride 
concentration. (C) Dependence of average charge state (eq. 3) on acetic anhydride concentration. 
Panels on the right show charge state distributions at (D) pH 7 and (E) pH 2 for protein ions carrying 
different numbers of acetylated Lys, extracted from experiments that used 2000× acetic anhydride. 
(F) Average charge state (eq. 3) vs. number of acetylated Lys, extracted from experiments that used 
between zero and 10000× acetic anhydride. Analysis of the pH 2 data in panels C and F was 
performed twice: for the entire charge state distributions (red) and only for the high charge states 
(21+ to 10+, magenta). 
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Figure 6. Acetylation-dependent changes of cyt c structure in bulk solution probed by optical 
spectroscopy. (A) CD spectra acquired at pH 7 and (B) at pH 2. (C) Trp fluorescence data recorded 
at pH 7 and (D) at pH 2. 
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Figure 7. CEM model for exploring the effects of Lys acetylation on the ESI charge state of cyt c. 
(A) Model layout. A stretched-out protein (chain of small beads) is about to separate from the ESI 
droplet (large blue sphere). The droplet and basic residues (small blue beads: Lys, Arg, His) can 
carry charge. Acetylated Lys (pale blue, marked “Ac”) cannot carry charge. Also, all other residues 
(gray) cannot carry charge. The net charge of the system equilibrates (red arrows) between droplet 
and unmodified basic residues, such that Coulomb energy is minimized. (B) Average ESI charge of 
the protein vs. number of acetylated Lys. Experimental data are in magenta (pH 2, high charge state 
signals from Figure 5F). Green and blue symbols are model predictions for randomly acetylated 
Lys, for proteins being ejected with the N-terminus or C-terminus first. 
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CEM Electrostatic Toy Model: Implementation Details 

The toy model of Figure 7A was used to qualitatively illustrate the impact of Lys acetylation on the 

charge states of protein ions that leave the ESI droplet via the CEM. The model represents extension 

of work by Ryce and Wyman [91], and it has previously been used in a CEM context [85,86], as 

well as for droplet fission [92], and for the collision-induced dissociation of protein complexes [60]. 

The model is structured as follows: 

(i) The protein chain is ejected from the ESI droplet in a linear (fully stretched) conformation. 

This assumption is consistent with Monte Carlo simulations [86] and MD results [27]. 

(ii) Charge can partition freely between the ESI droplet and the protruding chain; this charge 

partitioning takes place up to the point when droplet and protein separate from one another. This 

aspect of the model reflects the highly mobile nature of H+ in water [48-51] and in gaseous proteins 

[52-55]. 

(iii) The droplet and all protein residues are treated as spherical beads with a density of 1 g 

cm-3 and radii that are denoted as ri [37]; i = 0 represents the droplet, while i = 1-105 (104 residues 

plus the N-terminal acetyl group) represent the protein. Beads 1-105 all have the same size, while 

bead 0 is much larger (see details below). We assume that protein charge can only reside on the 

basic amino acids Lys, Arg, and His [59,62]. The positions of these basic beads are defined by the 

cyt c sequence [69]; giving rise to two scenarios where the chain leaves the droplet with the N-

terminus or the C-terminus first. The midpoint distance between the protein beads is 4 Å, which 

coincides with the C distance in a polypeptide chain [86]. The protein mass of 12360 Da 

corresponds to bead radii r1 to r105 of 0.361 nm. The electrostatic framework used here assumes that 

all charge-carrying beads are physically separated [91], however, the bond distance and ri values 

outlined above would result in partial overlap of some adjacent basic residues. To solve this problem 
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we slightly modified the placement of a few basic residue in the cyt c sequence (highlighted in color, 

below) by one position:  

 

Original sequence: 
 
Ac-GDVEKGKKIF VQKCAQCHTV EKGGKHKTGP NLHGLFGRKT GQAPGFTYTD 
 ANKNKGITWK EETLMEYLEN PKKYIPGTKM IFAGIKKKTE REDLIAYLKK ATNE 
 
Modified sequence: 
 
Ac-GDVEKGKIKF VQKCAQCHTV EKGKGHTKGP NLHGLFRGKT GQAPGFTYTD 
 ANKNKGITWK EETLMEYLEN PKYKIPGTKM IFAGKIKIKE REDLIAYLKA KTNE 
 

In addition, we assigned a permanent 1+ charge to Q16, to account for the presence of one positive 

charge in this CAQC region to account for the ferri-heme+ in cyt c [93]. 

(iv) The ESI droplet was assumed to be at the Rayleigh limit prior to ejection of the chain 

(eq. 1), with  = 0.05891 N m-1 [81]. To match the experimentally observed charge state of 15.7+ 

for the non-acetylated protein, the droplet radius was set to r0 = 5.3 nm. This represents the only 

adjustable parameter of the model. This value of r0 corresponds to a total charge of qtotal = 44+ (eq. 

1), which subsequently partitions over the droplet and all of the basic residues. 

(v) The droplet and all basic residues were considered to be electric conductors. Each basic 

residue can carry a fractional charge qi  1 e. Charge partitioning is governed by the tendency of the 

system to minimize its overall electrostatic energy V  

 

  𝑉 ∑   ∑ ∑  (4) 

 

where the index i refers to chargeable beads (droplet and basic residues) only. Image charges were 

not considered because they have been shown to only have very minor effects [91]. Similarly, proton 
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hydration energies and proton affinities were not included in the model because these factors are of 

very similar magnitude (around 1000 kJ mol-1) such that they cancel out when comparing the 

energies of different charge partitioning patterns [94,95]. Lys acetylation was modeled by holding 

the charge of the corresponding beads at zero. Minimization of the electrostatic energy in eq. 4 was 

performed by adjusting the charges qi on each chargeable bead using Microsoft Excel Solver. 

Predicted protein charge states qprotein correspond to the sum of qi for all basic residues, and qdroplet 

= qprotein  qtotal. 
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