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ABSTRACT: “Native” electrospray ionization (ESI) mass spectrometry (MS) aims to transfer 

proteins from solution into the gas phase while maintaining solution-like structures and 

interactions. The ability to control the charge states of protein ions produced in these experiments 

is of considerable importance. Supercharging agents (SCAs) such as sulfolane greatly elevate 

charge states without significantly affecting the protein structure in bulk aqueous solution. The 

origin of native ESI supercharging remains contentious. According to one model, SCAs trigger 

unfolding within ESI droplets. In contrast, the “charge trapping model” envisions that SCAs 

impede the ejection of charge carriers (e.g., NH4
+ or Na+) from the droplet. We addressed this 

controversy experimentally and computationally by employing 18C6 crown ether as a mechanistic 

probe in native ESI-MS experiments on holo-myoglobin. Remarkably, 18C6 suppressed the 

supercharging capability of sulfolane. Molecular dynamics (MD) simulations reproduced the 

experimental charge states. The MD data revealed that 18C6 altered the location of charge carriers 

in the ESI droplets. Without 18C6, sulfolane covered the droplets in an ionophobic layer that 

impeded charge carrier access to the surface. In contrast, 18C6 complexation caused charge carrier 

enrichment in this surface layer, thereby promoting charge ejection. For late droplets all the water 

had left and the protein was encapsulated in sulfolane; charge ejection at this stage continued only 

in the presence of 18C6. As a result, evaporation to dryness of charge-depleted 

water/sulfolane/18C6 droplets produced low protein charge states, whereas charge-abundant 

water/sulfolane droplets generated high charge states. Our data support the view that native ESI 

supercharging is caused by charge trapping. Unfolding within the droplet may play an ancillary 

role under some conditions, but for the cases examined here protein structural changes are not a 

causative factor for supercharging. Our conclusions are bolstered by dendrimer supercharging 

experiments. 
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Electrospray ionization (ESI)1 transforms solution phase proteins into multiply charged gaseous 

ions for analysis by mass spectrometry (MS). Of particular interest are “native” ESI-MS 

experiments2-4 that aim to preserve solution structures and interactions in the gas phase. These 

studies employ non-denaturing aqueous solutions and gentle ion sampling conditions. Native ESI-

MS reports on protein binding stoichiometries.2-5 Complementary information is obtainable from 

dissociation experiments2, 6, 7 and ion mobility spectrometry.8-10  

 In positive ESI the protein solution is dispersed into droplets that carry excess H+, NH4
+, or 

Na+.11, 12 Evaporation and fission events close to the Rayleigh limit produce progressively smaller 

droplets.11, 13 The mechanisms of analyte ion release from these nanodroplets were shrouded in 

controversy for many years.1, 11, 12, 14-17 Recent molecular dynamics (MD) simulations helped 

address some of the questions in this area.18-24 For example, it is now widely accepted that globular 

proteins are released via droplet evaporation to dryness during native ESI,20-24 as envisioned by the 

charged residue model (CRM).11, 25 Charge carriers bind to the protein during the final stages of 

evaporation, generating ions such as [M + zH]z+ or [M + zNa]z+.11 

 The dissociation behavior26-32 and conformations of gaseous proteins33-35 are governed by 

their charge state z. As a result, there is considerable interest in ways to manipulate these charge 

states.33, 34, 36-39 Native ESI generates low z values close to the Rayleigh charge of protein-sized 

water droplets,11, 25 in accordance with the CRM.20-24 Much higher charge states are generated 

from proteins that are unfolded in bulk solution.40, 41 According to the chain ejection model (CEM) 

these highly charged ions form during protein expulsion from the droplet surface.42-44 

 A common strategy for modulating protein charge states is the use of supercharging agents 

(SCAs).45, 46 SCAs are added to the sample at low concentrations that do not significantly affect 

the protein structure in bulk solution.44, 47 Yet, SCAs significantly enhance charging during ESI. 

Typical SCAs (such as sulfolane, C4H8SO2) possess a nonpolar hydrocarbon moiety and one or 
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more polar groups.32, 45, 47 Their low volatility makes them evaporate more slowly than water, such 

that late ESI nanodroplets are SCA-enriched.32, 45, 47, 48 Supercharging takes place for native30, 38, 45, 

47, 49-53 and for denaturing solutions.32, 44, 54 Here, we focus on the role of SCAs in native ESI, i.e., 

the conversion of folded solution phase proteins to highly charged gaseous ions.30, 38, 45, 47, 49-52, 55 

 The mechanism of native ESI supercharging remains controversial.45, 46, 48, 50, 54, 56 

According to one proposal supercharging is caused by thermal or chemical unfolding in SCA-

enriched droplets.47 Within this model, SCAs cause proteins to switch from the CRM to the 

CEM.44 Although this “unfolding model” offers an intuitive explanation for supercharging, its 

validity is under dispute.30, 45, 55, 57-59 The elevated CCSs observed for some supercharged 

proteins44, 47, 58 do not prove that unfolding takes place within the droplet; alternatively, unfolding 

could be caused by Coulombic repulsion after release into the gas phase.58, 60 A number of 

supercharged proteins retain a native-like compactness,30, 60 making it unlikely that unfolding 

constitutes the root cause of supercharging. Also, weakly bound complexes can be supercharged 

without undergoing dissociation,30, 45, 55 prompting, Robinson et al.59 to conclude that 

“supercharging does not appear to perturb the structure in that unfolding is not detected”. 

 Our group recently addressed this issue by applying MD simulations in which Na+ served 

as excess charge carrier for probing the supercharging mechanism, focusing on the SCAs sulfolane 

and m-nitrobenzyl alcohol (m-NBA).58 The MD-generated [M + zNa]z+ ions closely matched the z 

values of experimentally observed sodiated and protonated protein ions, both with and without 

SCAs. In the simulations proteins were released via droplet evaporation to dryness. Droplet 

shrinkage was accompanied by charge carrier ejection. The remaining charge carriers underwent 

binding to the protein during the final stage of evaporation. The simulations indicated (i) SCA 

enrichment at the droplet surface, followed by (ii) formation of an SCA layer around the protein 

after complete water evaporation. Both factors inhibited charge carrier ejection from the droplet 
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because SCAs are ionophobic58 (e.g., the NaCl solubility in sulfolane is four orders of magnitude 

lower than in water61). We thus proposed58 that supercharging is caused by charge trapping, not by 

unfolding. This “charge trapping model”58 and the aforementioned unfolding model44, 47 represent 

two very different mechanistic views of protein supercharging in native ESI. 

 The current work examines the supercharging mechanism from a new perspective. Crown 

ethers can bind small cations, thereby enhancing the solubility of these charge carriers in 

nonaqueous solvents.62, 63 We will test the following hypothesis: The charge trapping model58 

envisions that supercharging is caused by the low solubility of charge carriers in the SCA-enriched 

droplet layers. Under such conditions, the capability of crown ethers to act as phase transfer 

catalysts62, 63 should facilitate the shuttling of charge carriers to the droplet surface, thereby 

favoring charge ejection. We predict that these conditions will lower the extent of protein charging 

in the presence of SCAs. 18-crown-6 (18C6) is of particular interest due to its ability to 

accommodate ESI-relevant species (Na+, NH4
+ and H3O+) in solution and in the gas phase.62, 64-67 

Previous studies explored 18C6 binding to Lys+ and N+-termini of gaseous peptides or proteins,68-

72 but the consequences of crown ethers for the ESI process remain largely unexplored.39 The MD 

simulations of this work, as well as experiments on proteins and dendrimers, support the proposed 

hypothesis. We report for the first time that 18C6 acts as a powerful supercharging antidote. These 

findings support the view that native ESI supercharging is caused by charge trapping. 

 

 

Materials and Methods 

Protein ions were produced from neutral aqueous solutions by nanoESI using gold-coated 

borosilicate glass emitters at a flow rate of ~40 nL min-1. Mass spectra were acquired on a Synapt 

instrument (Waters, Milford, MA). Gromacs 573 was used for MD simulations24, 58 on various 
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droplets with an initial radius of 4 nm: (a) 8000 waters, (b) 7500 waters and 32 18C6, (c) 5300 

waters and 460 sulfolane, (d) 4800 waters, 460 sulfolane, and 32 18C6. Simulations producing [M 

+ zH]z+ ions would require ab initio methods that are unsuitable for the system size and time scale 

studied here.74 As in previous work,35,70 our simulations thus used Na+ as charge carriers, 

culminating in the formation of [M + zNa]z+ instead of [M + zH]z+.11 Production runs were 

conducted at 370 K for 75 ns, followed by 200 ns at 450 K. Using standard MD, the slow 

evaporation of sulfolane and 18C6 would cause an unacceptable increase in wall clock time.58 We 

thus subjected sulfolane and 18C6 to forced evaporation58 starting at t = 150 ns. i.e., after the 

droplet had shrunk to a fraction of its initial size due to complete water loss. The forced 

evaporation algorithm is analogous to the use of a biasing potential, which represents a widely 

used strategy for accelerating MD simulations.75-77  Complete details are found in the SI. 

 

 

Results and Discussion 

Effects of 18C6 on ESI Charge States. This work focused on holo-myoglobin (hMb), a heme-

protein complex that served as model system for many earlier mechanistic studies.38, 45, 47, 53, 58 

Native ESI in aqueous ammonium acetate solution generated hMb ions in the 8+ and 9+ charge 

states (Figure 1a), very similar to earlier data recorded on different instruments and with different 

ESI sources.40, 47, 58 Addition of 1 mM 18C6 resulted in crown ether adduction,68 and a shift to 

slightly lower charge states (from 8+/9+ to 6+/7+, Figure 1b). Collisional activation caused loss of 

the 18C6 adducts, while the charge state distribution remained virtually unchanged (Figure 1d). 

 

18C6 Suppresses Supercharging. Sulfolane is a typical SCA. As expected from earlier reports,30, 

32, 38, 44, 45, 47, 49-52, 54 high charge states (around 15+, Figure 1e) were observed when 
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electrospraying hMb from sulfolane-containing aqueous ammonium acetate. The supercharged 

protein ions largely retained their heme group,45 whereas denaturation in solution usually disrupts 

heme-protein interactions.40 Remarkably, the addition of 1 mM 18C6 to the sulfolane-containing 

solution suppressed supercharging, i.e., the hMb charge state distribution shifted from around 15+ 

into the 6+ to 9+ range (Figure 1f). The experiments were repeated with collisional activation 

(cone 120 V). Similar to the sulfolane-free solutions (Figure 1b, d), these harsher conditions 

removed 18C6 adducts without major changes of the charge state distribution (Figure 1f, h). It 

appears that the capability of 18C6 to act as supercharging antidote has not been reported before. 

 

18C6 Effects in NaCl-Containing Solutions. Native ESI-MS experiments on hMb were repeated 

in solutions containing NaCl instead of ammonium acetate, giving rise to the formation of [M + (z-

n)H + nNa]z+ ions, all the way to fully sodiated [M + zNa]z+.11 These conditions resemble those 

used for the subsequent MD simulations, where Na+ served as charge carrier. In addition to gentle 

ESI conditions, we tested the effects of source activation by raising the cone voltage. 

Alternatively, collisional activation was applied by raising the trap CE (Figure S2). All 

experiments were also repeated with ubiquitin, another common test protein (Figure S3). 

The data obtained for the NaCl-containing samples resemble those of Figure 1 and can be 

summarized as follows: Sulfolane causes supercharging. Addition of 1 mM 18C6 to the sulfolane-

containing solution shifts the spectra back to low charge states. This supercharging suppression 

was observed even when lowering the 18C6 concentration from 1 mM to 0.1 mM or 0.01 mM 

(Figure S4). Collisional activation removes 18C6 adducts without major charge states alterations. 

Thus, 18C6-induced shifts to lower charge states are not primarily caused by the loss of 18C6-

bound charge carriers from the gaseous protein. This conclusion is consistent with previous 

work,71 where it was noted that collisional charge loss (such as protein-NH3
+18C6  protein-
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NH2 + [18C6+H]+) is enthalpically unfavorable, in agreement with the data of Figure S1. 

Therefore, the capability of 18C6 to act as supercharging antidote must have a different origin. We 

resorted to MD simulations for uncovering the basis of this phenomenon. 

 

Comparing MD and Experimental Results. The ESI droplets modeled here (initial radius 4 nm) 

were significantly larger than in earlier studies,18-24 resembling the size regime encountered in 

experiments.11 Charge states predicted by MD simulations on four types of hMb-containing 

droplets are compiled in Figure 2, along with the corresponding experimental data. Gratifyingly, 

the MD data reproduced the experimental trends. Water droplets produced charge states around 

8+/9+. Slightly lower charge states were seen for water/18C6. Supercharged proteins with z values 

around 14+/15+ were produced from water/sulfolane droplets. The addition of 18C6 to the 

water/sulfolane droplets dramatically reduced the extent of protein charging. The subsequent MD 

trajectory analyses reveal the physical reasons underlying the sulfolane and 18C6 effects on 

protein ESI charge states. 

The forced evaporation tool applied during the final stages of droplet shrinkage 

necessitated small corrections for MD charge states generated in the presence of 18C6 (see SI 

Methods). Figure 2 includes results obtained with and without this correction. The MD data 

reproduced the experimental trends, regardless whether the correction was applied or not.  

 

Common Features of MD Trajectories. Snapshots taken from representative MD runs for the 

four conditions are summarized in Figure 3. All trajectories shared several features: The 

evaporating droplets retained an approximately spherical shape, with the protein in the interior. 

Multiply charged gaseous hMb was produced via solvent evaporation to dryness, as envisioned by 

the CRM.20-24, 58 Droplet shrinkage was accompanied by Na+ ejection from the droplet surface. 
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None of these IEM events14, 18, 42 involved completely desolvated Na+, instead the departing charge 

carriers were bound to 18C6 and/or several water or sulfolane molecules. Examples of such IEM 

events are highlighted in Figure 3. Ejected 18C6-bound charge carriers can be observed 

experimentally. Aqueous ammonium acetate/18C6 solution produced intense signals for [18C6 + 

NH4]+ and [18C6 + Na]+ (Figure S5), underscoring the role of Na+ as ubiquitous contaminant in 

analyte solutions,11 and giving credence to the use of Na+ in our simulations.24, 58 

 

Principles that Govern the ESI Charge States of Proteins. Before proceeding, it is helpful to 

summarize the rules that govern the charge carrier behavior in native ESI.24, 58 (i) Charge carriers 

can experience only two fates, ejection from the droplet or binding to the protein. (ii) The ejection 

of bare charge carriers from desolvated proteins is not feasible, at least not for the charge state 

range considered here.78 (iii) Any charge carriers that are not ejected from the droplet will become 

part of the protein charge. (iv) Prerequisite for each charge ejection from the droplet is that the 

charge carrier can (at least transiently) reside close to the droplet surface; any factor that tends to 

exclude charge carriers from the surface will lower the charge ejection efficiency. From (i) - (iv) it 

follows that any factor that hinders charge carrier access to the droplet surface will increase the 

protein charge z. The repercussions of these considerations will become clear in the next section. 

 

MD Trajectories Reveal the Basis of Charging and Supercharging. In aqueous droplets water 

and Na+ shared the same radial distributions (Figure 4a), reflecting the favorable solvation of Na+ 

in H2O.79 Under these conditions Na+ can roam the entire solvent-occupied volume, including 

positions at the droplet surface from where charge ejection readily takes place (Figure 4b). As the 

final water molecules evaporated, charge ejection came to a halt (Figure 4b, c). The remaining Na+ 

underwent irreversible binding to hMb (Figure 3a, t  92 ns) at protein carboxylates (Figure S6). 
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 For water/18C6 droplets (Figure 3b) all 18C6 were located close to the droplet surface, 

consistent with their amphiphilic nature.62, 63, 80-82 Na+ exhibited a bimodal radial distribution, 

comprising water-solvated Na+ in the droplet interior and [18C6 + Na]+ at the droplet surface 

(Figure 4d). The positioning of [18C6 + Na]+ at the liquid/vapor interface facilitated ejection of 

these complexes from the droplet. Thus, the high surface affinity of [18C6 + Na]+ was responsible 

for the slightly lower protein charge states in water/18C6 compared to pure water (Figure 2). The 

behavior seen here for [18C6 + Na]+ mirrors the facile IEM ejection of other cationic solutes that 

carry nonpolar groups.12 Charge ejection ceased just prior to evaporation of the last water 

molecules (Figure 4e,f). At this point, residual Na+ and [18C6 + Na]+ underwent ion pairing with 

protein carboxylates, while non-sodiated 18C6 bound to Lys+ (Figure S6).68-72 These MD-

predicted 18C6 adducts were experimentally observable under gentle ESI conditions (Figure 1b). 

The number of MD-adducted 18C6 (10  1) was consistent with the experimental data of Figure 

1b, where the most intense signal corresponded to hMb6+ attached to 10 crown ethers. 18C6 

removal by MD forced evaporation (Figures 3b, 4e) or by collisional heating (Figure 1d) produced 

fully desolvated hMb. 

Water/sulfolane droplets (Figure 3c) showed sulfolane enrichment in the outermost layers. 

This nanoscale segregation is consistent with phenomena reported for other binary mixtures, such 

as methanol/water or ethanol/water, where the nonaqueous component undergoes surface 

enrichment despite being “fully miscible” in bulk solution.80-83 A key driving force for the 

sulfolane/water segregation seen here is the maximization of enthalpically favorable water-water 

contacts in the droplet core.84 (Analogous arguments explain why 18C6 is driven to the surface of 

the water/18C6 droplets discussed in the preceding paragraph.80-84) For the ESI water/sulfolane 

droplets of Figure 3c these segregation phenomena produced a sulfolane-enriched surface layer 

that surrounded the protein-containing aqueous core (Figure 4g). The ionophobic nature of 
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sulfolane58, 61 (along with the high water affinity of Na+)79 largely confined the charge carriers to 

the droplet interior. The resulting Na+ depletion at the droplet surface reduced the charge ejection 

probability. Because of this reduced IEM efficiency, a larger number of Na+ remained trapped 

within the droplet compared to the water or water/18C6 droplets (Figures 4h vs. 4b, 4e). Complete 

H2O loss from the water/sulfolane droplets subsequently generated sulfolane-encapsulated hMb, 

concomitant with irreversible binding of all remaining Na+ to protein carboxylates (Figure 3c, t = 

92 ns). Further charge loss would require the occurrence of highly unfavorable events, i.e., 

dissociation of protein-COO-Na+ ion pairs, followed by Na+ diffusion through the ionophobic 

sulfolane environment. Hence, the protein attained its final “supercharged” z value after all water 

had left the droplet, but long before evaporation of the sulfolane shell had gone to completion.  

These data for water/sulfolane reflect the charge trapping model outlined in the 

Introduction.58 This mechanism causes supercharging via two interrelated factors, i.e., (i) 

formation of a SCA layer at the droplet surface that tends to confine charges to the aqueous 

interior, thereby impeding charge ejection. (ii) After complete water loss, the protein becomes 

surrounded by an SCA shell and the remaining charge carriers are forced to associate with protein 

carboxylates. Charge partitioning during droplet shrinkage is governed by the low affinity of 

charge carriers for the SCA, their greater affinity for protein carboxylates, and their high affinity 

for water58, 79 For the three droplet types discussed so far (water, water/18C6, water sulfolane), 

only Na+ solvation by water prevented irreversible charge carrier binding to the protein. Charge 

ejection came to a halt once the number of H2O dropped below ~200 (vertical lines in Figure 4b, e, 

h), forcing freely diffusible Na+
aq to transition into carboxylate-bound environments. 

As noted, a key element of the charge trapping model is that SCAs exhibit a low charge 

carrier affinity. This aspect is consistent with earlier work that focused on protein charging by H+, 

where it was noted that SCAs generally exhibit a low H+ affinity in solution (i.e., a weak Brønsted 
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basicity).48, 85 These parallels support the view that the charge trapping model is not limited to 

droplets containing Na+, but that it also applies to H+ and other ESI-relevant charge carriers. 

In water/sulfolane/18C6 droplets the charge carriers exhibited a bimodal distribution, with 

H2O-solvated Na+ in the interior and abundant sulfolane-solvated [18C6 + Na]+ in the outermost 

droplet layers (Figure 4j). The latter reflect the capability of crown ethers to solubilize cations in 

unfavorable solvents.62, 63 [18C6 + Na]+ enrichment at the droplet surface facilitated the ejection of 

these charged complexes. Numerous [18C6 + Na]+ remained at the surface of the droplet even 

after complete water evaporation, thereby ensuring continued charge ejection and suppression of 

charge carrier binding to the protein (Figure 3d at t = 92 ns, Figure 4k, l). In summary, the MD 

data reveal that 18C6 nullifies the charge-enhancing effects of the SCA by eliminating charge 

trapping. Our results confirm the hypothesis stated in the Introduction, i.e., the proposal that 18C6 

binds charge carriers (Na+, NH4
+, H3O+)62, 64-67 and shuttles them through the SCA trapping layer. 

 

Relationship between Supercharging and Unfolding. Our MD runs showed that hMb in 

water/sulfolane retained a compact structure until the droplet had almost completely dried out 

(Figure 3c), long after the final z value had been attained via Na+ binding. Coulombically driven 

unfolding of the supercharged protein started to take place during the final solvent evaporation 

steps (Figure S7). Hence, for the conditions examined here, unfolding is caused by supercharging 

and not vice versa. In other words, our data argue against the idea that native ESI supercharging is 

caused by protein unfolding within the droplet, with subsequent protein extrusion from the droplet 

surface.44, 47 Instead, our findings support the view that supercharging is caused by charge 

trapping. While supercharged hMb undergoes unfolding in the gas phase,47, 58 other supercharged 

proteins are more resilient and retain native-like properties.30, 45, 55, 60 The experimental observation 
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of such compact supercharged proteins30, 45, 55, 60 would be difficult to reconcile with the unfolding 

model,44, 47 while our charge trapping model readily explains how such species can form. 

Notwithstanding the aforementioned conclusions, we do not rule out that unfolding may 

contribute to supercharging under some conditions, likely in combination with the SCA-mediated 

charge trapping outlined above. The latter scenario is supported by data on disulfide intact and 

reduced proteins.44 The possible occurrence of protein unfolding within the droplet will depend on 

various factors, including the droplet lifetime,86 confinement effects,87 and interactions with 

gas/liquid interfaces.88 

 

Dendrimer Supercharging. Dendrimers are hyperbranched globular macromolecules that are 

incapable of large-scale unfolding.89, 90 These analytes are well suited for further scrutinizing the 

competing supercharging models. The charge trapping model predicts that dendrimers will 

undergo supercharging, while according to the unfolding model dendrimers should be immune to 

SCAs.44, 47 For meaningful test experiments it is important to use dendrimers with ”protein-like” 

properties, i.e., with both acidic and basic sites, and with a MW similar to that of typical proteins. 

Earlier work46 examined the behavior of DAB-16 (1687 Da) and DAB-64 dendrimers 

(7168 Da). The former did not undergo supercharging. For the latter, the presence of SCA in water 

caused a broadened charge state distribution that suggested supercharging for a sub-population of 

the analytes. The implications of those data46 for proteins are inconclusive The absence of 

carboxylates in DAB dendrimers prevents analyte charging via R-COO- neutralization, unlike for 

proteins where carboxylates represent the main charge carrier binding sites.24 In addition, the small 

size of DAB-16 raises questions as to whether this species exhibits true CRM behavior.1 

 Here we tested the behavior of G5 PAMAM succinamic acid dendrimer. Its theoretical 

MW (41669 Da) is comparable to proteins that have previously been subjected to native ESI 
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supercharging.30, 45, 55, 59, 60 This dendrimer possesses both basic sites (tertiary amines) and acidic 

moieties (succinamic acid groups). A slight complication is the fact that PAMAM dendrimers 

generally exhibit mass heterogeneity arising from defects in their branched structures, particularly 

for large species that are comparable in size to proteins.90 ESI mass spectra recorded in aqueous 

solution showed several broad maxima that can be attributed to the charge state range of 7+ to 12+ 

(Figure 5a). Upon addition of sulfolane the spectra underwent a dramatic shift towards lower m/z, 

corresponding to charge states around 15+ and higher (Figure 5b). Similar data were obtained 

when repeating the experiments in NaCl-containing solution (Figure S8). These spectra 

demonstrate the occurrence of sulfolane-induced supercharging for the PAMAM dendrimer, 

confirming the prediction of the charge trapping model. 

 

 

Conclusions 

The current work demonstrates that MD simulations represent a powerful tool for probing the 

behavior of ESI droplets containing multiple interacting components. We applied crown ethers as 

a mechanistic probe of the ESI process. The ability of 18C6 to act as phase transfer catalyst62, 63 

alters the location of charge carriers inside ESI droplets, with dramatic consequences for protein 

charge states. Crown ethers may also influence protein structures in solution91, 92 and in the gas 

phase,70 but our data do not support the view that such conformational factors are responsible for 

the charge state shifts reported here. The mechanistic insights obtained in the current work can be 

summarized in cartoon form (Figure 6), where blue “+” symbols indicate charge carriers. While 

the current work focused on Na+, Figures 1, S2, S3 suggest that similar considerations also apply 

to other ESI-relevant charge carriers such as H3O+ and NH4
+.11, 85 
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Evaporating ESI nanodroplets experience internal Coulomb repulsion which tends to 

trigger charge ejection via the IEM.17 The efficiency of these events is modulated by the capability 

of charge carriers to migrate to the droplet surface (because only surface charges can undergo IEM 

ejection12, 14). In aqueous solution (Figure 6a) the favorable solvation characteristics afforded by 

water allow charge carriers to adopt positions throughout the droplet, including locations close to 

the surface from where they can be ejected. The relatively few remaining charge carriers in the 

vanishing droplet bind to the protein, producing low CRM charge states.11, 24, 25 

The addition of SCA leads to supercharging via charge trapping (Figure 6b).58 The SCA 

initially forms an ionophobic surface layer. As a result, charge carriers preferentially reside in the 

droplet interior such that their IEM efficiency is reduced; thus, a larger number of charge carriers 

remain in the droplet compared to the purely aqueous droplets. Once all the water has evaporated 

the SCA encapsulates the protein. Unfavorable interactions with the SCA force the remaining 

charge carriers to associate with the protein. All these (many) charge carriers remain bound until 

the SCA layer has evaporated – producing a desolvated supercharged protein ion. Depending on 

their structural resilience, supercharged proteins may undergo electrostatically driven unfolding 

(as in the case of hMb47, 58), or they can retain compact conformations (as demonstrated for several 

other proteins30, 45, 55, 59, 60). Our MD simulations and dendrimer supercharging data do not support 

the view that unfolding within the ESI droplet is the root cause of supercharging.44, 47  

 Figure 6c illustrates how 18C6 acts as supercharging antidote. 18C6 solubilizes charge 

carriers in the SCA, allowing the charge carriers to reside at the droplet surface such that IEM 

ejection proceeds with high efficiency. Compared to the supercharging conditions of Figure 6b the 

droplets lose more charge, such that the dried-out protein at the end of the process has a lower z. 

Experimental supercharging spectra exhibit wide charge state distributions (Figure 1e, g), 

whereas our simulations produced fairly well defined z values (Figure 2). The experimentally 



 16 

observed charge state range is attributed to the heterogeneous nature of evaporation/fission events 

in the ESI plume, which will yield nanodroplets with different SCA concentrations.11 

Nanodroplets containing more SCA will produce higher z values.47, 58 Modeling this heterogeneity 

is difficult, as it would require knowledge of the exact ESI plume composition. Regardless of these 

nuances, it is remarkable how well the current MD data capture the experimental trends, i.e., a 

dramatic shift to higher charge states in the presence of sulfolane and the suppression of 

supercharging by 18C6 (Figure 2). 

Our use of 18C6 as a mechanistic ESI probe expands on previous studies, where this 

remarkable molecule was applied to examine protein structures in solution68 and in the gas 

phase.69, 70 In future work we hope to apply strategies similar to those used here for uncovering the 

mechanistic basis of supercharging under denaturing conditions, where the charge states formed 

are even higher than under the native ESI conditions examined here.32, 44, 54 
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Figure Captions 

 

Figure 1. Mass spectra acquired after electrospraying holo-myoglobin without (panels on left) and 

with 1 mM 18C6 (panels on right) in neutral aqueous solution containing 1 mM ammonium 

acetate. (a, b) Data recorded without sulfolane under gentle conditions, i.e., cone 20 V. Extensive 

adduct formation in (b) is due to noncovalent attachment of up to ~14 18C6. (c, d) Same as in (a) 

and (b), but with in-source activation (cone 100 V). (e, f) Spectra acquired after addition of 1% 

sulfolane under gentle conditions (cone 20 V). (g, h) Same as in (e) and (f), but with in-source 

activation (cone 120 V). h8+, a14+, etc. denote hMb and aMb charge states. * indicates free heme; 

# refers to an unidentified cluster. 

 

 Figure 2. ESI charge states of hMb obtained experimentally and from MD simulations. 

Experimental values are averages of three measurements acquired under the conditions of Figure 1 

(cone 100 V, trap CE 4 V). MD data are based on five replicate runs for each condition. MD data 

for 18C6-containing droplets are shown with and without forced evaporation correction. Error bars 

represent standard deviations. 

 

Figure 3. Snapshots taken from MD trajectories that culminate in the production of desolvated 

hMb ions from ESI nanodroplets. Four solvent conditions were tested: (a) water, (b) water/18C6, 

(c) water/sulfolane, (d) water/sulfolane/18C6. Time points are indicated along the left hand side. 

Charge states of protein ions at the end of the simulation runs are shown (at t = 275 ns). IEM 

ejection events of solvated and/or 18C6-complexed Na+ are highlighted. Coloring: Protein, pink; 

heme, black; Na+, blue; water oxygen, red; sulfolane, dark green; 18C6, orange/red.  
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Figure 4. MD data for four types of hMb-containing ESI droplets, as noted along the top. Top row: 

Spatial distribution of solutes, averaged over t = 25 to t = 32 ns in all repeat runs. For 18C6-

containing droplets two separate Na+ distributions are shown, reflecting the behavior of sodium in 

[18C6 + Na]+ vs. all other sodium ions (denoted as Na+
free). Middle and bottom rows: Time-

dependent changes in droplet composition for four typical trajectories, reflecting the occurrence of 

solvent evaporation and charge ejection. Dashed vertical lines indicate the point where 200 water 

molecules remain in the droplet; after this point only panel (k) shows Na+ ejection (as [18C6 + 

Na]+). Dotted blue lines indicate Na+ data after correction for [18C6 + Na]+ forced evaporation 

(see SI Methods). The coloring of droplet components matches that of Figure 3. 

 

Figure 5. ESI mass spectra of G5 PAMAM dendrimer in aqueous solution containing ammonium 

acetate (a) without sulfolane, (b) with sulfolane. Mass heterogeneity obscures individual charge 

states. Red lines indicate expected peak positions for the calculated theoretical mass.  

 

Figure 6. Cartoon summary of MD and experimental results. (a) Native ESI in aqueous solution, 

producing low charge states. A similar scenario is encountered for water/18C6 droplets (not 

shown). (b) Supercharging via the charge trapping. A highly charged protein is formed because 

charge ejection from the droplet is hindered. The supercharged protein may undergo gas phase 

unfolding. (c) 18C6 acts as supercharging antidote; it prevents charge trapping by promoting the 

ejection of charge carriers from the droplet surface. “X+” represents charge carriers such as Na+, 

H3O+ or NH4
+. “IEM” indicates charge carrier ejection (field emission). 

 

  



 22 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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