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ABSTRACT: The ion evaporation model (IEM) and the charged residue model (CRM) represent
cornerstones of any discussion related to the mechanism of electrospray ionization (ESI).
Molecular dynamics (MD) simulations have confirmed that small ions such as Na" get ejected
from the surface of aqueous ESI droplets (IEM), while folded proteins in native ESI are released
by water evaporation to dryness (CRM). ESI of unfolded proteins yields [M + zH]*" ions that are
much more highly charged than their folded counterparts. A chain ejection model (CEM) has been
proposed to account for the protein ESI behavior under such non-native conditions (Anal. Chem.
2013, 85, 2-9). The CEM envisions that unfolded proteins are driven to the droplet surface by
hydrophobic and electrostatic factors, followed by gradual ejection via intermediates where
droplets carry extended protein tails. Thus far it has not been possible to support the CEM through
MD simulations using realistic protein models and atomistic force fields. Such endeavors require
much larger droplets than in previous MD studies. Also, the incorporation of CEM-related H"
migration is difficult. The current work overcomes these challenges in MD simulations on
unfolded apo-myoglobin (aMb) in droplets with 5.5 nm radius (~22,500 water molecules). We
focused on solutions at pH ~4 where the aMb solution charge coincides with the charge on some
of the electrosprayed ions (22+ to 27+), such that H" migration could be neglected. Na" ions were
added to ensure a droplet charge close to the Rayleigh limit. We found that 16/17 MD runs on
various protonation patterns produced [M + zHJ" ions via chain ejection. The predicted stretched-
out aMb conformations were consistent with experimental collision cross sections. These results
support the view that unfolded proteins follow the CEM. Overall, the IEM/CRM/CEM triad can

account for a wide range of ESI scenarios involving various types of analytes.



Electrospray ionization (ESI) has revolutionized mass spectrometry (MS) by allowing the facile

transfer of proteins and other analytes from solution into the gas phase.! During ESI charged
droplets emanate from a high voltage capillary. Solvent evaporation and jet fission decrease the
droplet size to the nanometer range, while maintaining a charge close to the Rayleigh limit.>” The
mechanisms whereby analyte ions emerge from ESI nanodroplets remain controversial.® 318
Recent progress in this area has been fueled by molecular dynamics (MD) simulations. MD studies
revealed that small ions such as Na" undergo field emission from the droplet surface,'> '%-%!
consistent with the ion evaporation model (IEM).® 2?2 Simulations on peptides,”® globular
proteins,?* and nucleic acid duplexes® indicated that these larger species are liberated by droplet
evaporation to dryness, as envisioned by the charged residue model (CRM).>

“Native” protein ESI experiments aim to preserve solution-like structures and interactions
in the gas phase by employing non-denaturing aqueous solutions and gentle ion sampling
conditions.?®? Structural retention under these conditions is promoted by the low CRM charge
states of protein ions, which are close to the Rayleigh charge of protein-sized water droplets.**

Electrosprayed protein ions can be further interrogated by ion mobility spectrometry
(IMS)***5 and by various activation methods.***® Collision-induced dissociation (CID) of
multisubunit complexes usually causes ejection of one highly charged chain.?® This behavior has
been attributed to gradual unfolding of one subunit, H" migration onto the unraveling chain, and
subsequent separation of this chain from the complex (Figure 1a).3% 4% 4! This CID model is
consistent with IMS data,?* 37 the mobile nature of H* in gaseous proteins,**** and the fact that H"
migration onto the unraveling chain will minimize electrostatic repulsion.*® 4’

While the CRM is widely accepted for globular proteins in native ESL> # 1 2% 48 the

behavior of unfolded proteins is more controversial.'>*4° [M + zH]*" ions formed from unfolded



proteins exhibit wide charge state distributions centered at much higher z values than in native
ESI. This effect is encountered after unfolding by acid,’® °! base,> heat,>* disulfide cleavage,®*
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mutations,” and cofactor removal.’! The high charge states of unfolded proteins can boost mass

56, 57 58,59

analyzer performance and enhance top-down fragmentation.

Various attempts have been made to explain the dramatic shift to higher charge states seen
for unfolded proteins. Early work proposed that ESI charge states reflect the titration behavior in
solution,®® but subsequent studies showed this not to be the case.’> ®!>©2 Other ideas focused on the
accessibility of titratable sites,’® > % but even in native proteins most titratable sites are accessible
at the surface.® It has also been proposed that COO™ groups may neutralize positive sites in folded
gaseous proteins.!?> Although such zwitterionic contacts are well documented,® it is unclear if they
can account for conformation-dependent charge state changes.*® Other studies pointed out that the
gas-phase basicity of biomolecular ions could result in H transfer from the solvent vapor.'? %
While all these ideas are interesting, they do not directly address the mechanism whereby unfolded
proteins emerge from ESI nanodroplets.

Unfolded proteins in solution adopt disordered conformations, similar to certain synthetic
polymers such as polyethylene glycol (PEG).®” MD simulations of PEG-containing aqueous ESI
droplets by Consta et al. revealed that PEG binds Na" from the solvent, followed by polymer
extrusion from the droplet surface.® Our laboratory proposed that the ESI process for unfolded
proteins follows similar avenues.!> According to this “chain ejection model” (CEM, Figure 1b),
the protein is driven to the droplet surface by electrostatic and hydrophobic factors. The protein
then undergoes gradual ejection via “tadpole-like” structures where the droplet carries an extended
protein tail. This CEM scenario'® bears close parallels to the CID process of multi-subunit systems

(Figure 1). Specifically, a central aspect of the protein CEM is the migration of mobile H between

the droplet and the protruding polypeptide tail. This H' transfer causes the unfolded protein to



depart as a highly charged ion, analogous to H' transfer during CID which causes the departing
subunit to be highly charged.'> H" migration is absent for sodiated PEG, i.e., the CEM scenarios
of unfolded proteins and PEG chains are not equivalent.

Several studies have endorsed the CEM.!> 26 ¢ 70 However, it is unsettling that protein
CEM processes have never been supported by atomistic MD simulations. Instead, the idea relies
on simple coarse-grained models, Monte-Carlo methods,' and salt adduction studies.”! Atomistic
ESI simulations on unfolded proteins face two challenges. (1) Mobile H' are difficult to treat
computationally. MD methods are available for H" transfer in the gas phase,*®*’ but H" migration
in water (and between water and protein, Figure 1b) requires ab initio tools. The computational
cost of these tools makes them unsuitable for ESI droplets.”>’* (2) ESI droplets have to
accommodate the analyte at the onset of the simulation. This is not a problem for native proteins,
where a few thousand water molecules are sufficient for building a droplet that completely engulfs
the analyte.’* 2> In contrast, the increased dimensions of unfolded proteins®’ require larger
droplets, driving up computational cost which scales as N> with the number of atoms.”

The current work scrutinizes the viability of the CEM by conducting atomistic MD
simulations on ESI droplets containing unfolded proteins. Myoglobin has been used in numerous

24, 30, 50, 51, 63, 69, 71 apd therefore it was chosen as model

earlier ESI mechanistic investigations,
protein for our work as well. Difficulties associated with the treatment of mobile H™ were
circumvented by focusing on carefully selected pH environments. Graphics processing unit
(GPU)-accelerated algorithms’® allowed us to overcome challenges related to droplet size. MD

simulations were complemented by ESI-MS/IMS experiments. Our results support the view that

the ESI process of unfolded proteins in aqueous solution proceeds via the CEM.



Materials and Methods

Apo-myoglobin (aMb, Sigma, St. Louis, MO) was prepared by butanone extraction. The protein
was dialyzed against 10 mM neutral aqueous ammonium acetate, followed by acidification with
formic acid to pH 4 or pH 2. ESI-MS and IMS data were acquired on a Synapt G2 instrument
(Waters, Milford, MA). Aqueous aMb (5 uM) was infused at 5 uL min™' using a standard Z-spray
ion source at +2.8 kV. The source and desolvation temperatures were kept low (25 °C and 40 °C)
and the cone was set to 5 V to minimize the in-source activation. IMS calibration using a set of
reference proteins yielded effective He collision cross sections (€2).”’

MD simulations were carried out using Gromacs 2016 with GPU acceleration.”® The
Charmm36 force field’® was chosen for the protein due to its excellent performance in previous
solution-phase folding studies’ and droplet simulations.?* TIP4P/2005 water®® was used because it
properly reflects the water surface tension over a wide range of temperatures.®! Unfolded protein
structures were initially produced by heating aMb (1WLA without heme) from 320 K to 450 K in
vacuum using canonical charge states over 20 ns. Conformers generated toward the end of these
runs served as starting points for droplet simulations. Spherical water droplets with 5.5 nm radius
(~22,500 water molecules) were built around the aMb chains, and the protein charge was set to
22+, 27+, or 33+ (see details below). All runs started with a droplet charge of 47+ which
corresponds to the Rayleigh charge zz of a 5.5 nm aqueous droplet,>*2* calculated as zz = 8n/e x
(&0 ¥ ¥*)'2. To attain this regime, charges contributed by aMb were supplemented by Na* ions in
random positions. The droplet simulations employed a pseudo-PBC approach®? that is equivalent
to vacuum boundary conditions” but provides much shorter Gromacs run times. The ESI
simulation temperature was set to 370 K, reflecting the presence of heating elements in typical ion

sources.®> All runs employed trajectory stitching mode.?* Under this scheme the system was



coupled to a Nosé-Hoover thermostat,3* and evaporated water or Na* that had moved more than
100 nm from the center of mass were removed in 250 ps intervals.?* After each of these segments
new velocities were sampled from a Maxwell-Boltzmann distribution prior to starting the
subsequent simulation window. Droplet evaporation in our simulations is a quasi-irreversible
process that produces desolvated analyte ions, consistent with typical ESI source conditions.®> We
do not consider subsequent free jet expansion events that may cause the re-adsorption of solvent
molecules for certain analytes.®> All runs were repeated three to five times with different initial
aMb structures, Na* positions, and starting velocities. The simulation time window was 75 ns.
After release into the gas phase the desolvated protein was allowed to run for an additional 500 ns
at 320 K; this lower temperature was chosen to reflect gentle ion sampling conditions.?®2% 8¢ He
collision cross sections were calculated using the trajectory method in Collidoscope.®” These Q

values were determined by extracting MD structures from the 500 ns trajectories in 100 ns

intervals.

Results and Discussion

ESI-MS and IMS Experiments. ESI mass spectra of aMb acquired at pH 4 showed a bimodal
charge state distribution peaking at 9+ and 18+ (Figure 2a). The protein is known to be structurally
heterogeneous in solution at pH 4, comprising compact conformers and disordered species.’! %
This heterogeneity is reflected in the spectrum of Figure 2a, where compact conformers gave rise
to lower charge states (around 9+), while the more unfolded chains formed charge states around

18+.5! Acidification to pH 2 caused further unfolding,%® consistent with a shift to higher ESI

charge states (around 20+, Figure 2b).°! The highest detectable charge state was 27+.



IMS data for charge states 22+ to 27+ are shown in Figure 2¢ (the complete dataset is
shown in Figure S1). 22+ ions had collision cross sections of (3870 * 30) A2, whereas higher
charge states showed larger Q values, e.g., (4190 + 100) A? for 27+. This trend reflects the internal
Coulomb repulsion experienced by the gaseous ions.>**! For the highly charged ions considered in

Figure 2c¢, collision cross sections measured at pH 4 and pH 2 were virtually indistinguishable.

ESI Modeling Strategy. We already noted how difficult it is to model H" migration in a droplet
that carries a polypeptide tail (as envisioned within the CEM, Figure 1b).!> Such H transfer can
cause the gas phase protein charge to be very different from that in solution.>> °"-%2 However, the
magnitude of this disparity depends on the conditions. The solution charge is dictated by the pKa
values of titratable sites and by pH.** Hence, a judicious choice of pH can result in a scenario
where the protein solution charge resembles the charge state of the resulting gaseous ions. Figure 3
shows that at pH ~4 the aMb solution charge is around 22+ (pH 4.25) to 27+ (pH 3.75). Gas phase
ions with charge states 22+ to 27+ can be produced by electrospraying aMb at pH 4 (Figure 2a).
CEM-related H" migration between droplet and protein will be minimal under these conditions
because solution charge ~ gas phase charge. In this specific case it is reasonable to model the ESI
process without mobile H", thereby greatly simplifying the computational approach.

Prior to applying the strategy outlined above, one has to consider that the droplet pH may
deviate from that of the bulk solution. Solvent evaporation tends to increase the H concentration.
On the other hand, the analyte solutions used here contained formic acid which acts as a buffer
around pH 4 (the pKa of formic acid is 3.75). Therefore, the assumptions (1) solution pH ~ droplet
pH and (2) [protein charge in solution] = [protein charge after ESI] provide a reasonable

foundation for modeling the ESI behavior of unfolded aMb in the 22+ to 27+ charge states at pH 4.



Another aspect that has to be addressed is the intramolecular H' distribution. Most charge
states can be implemented via a multitude of protonation patterns.!? To test whether the aMb
behavior is sensitive to this aspect we performed simulations on different patterns (Figure S2).
Three 22+ protonation patterns were tested, referred to as 22+[A] (all sites protonated, except His),
22+[B] (N-terminus and all Arg/His/Lys protonated, all Asp and some Glu deprotonated), 22+[C]
(all sites protonated, except for some Lys). 27+ simulations were conducted where all sites were
protonated, except for some Lys. Simulations on fully protonated aMb (33+) were included as well,
although this value is beyond the range observed in our experiments.

To ensure that unfolded aMb chains were fully contained within the initial ESI droplet we
employed a droplet radius of 5.5 nm. To the best of our knowledge, these are the largest protein-
containing ESI droplets modeled to date. GPU-acceleration’® helped overcome the computational
cost associated with this system size. TIP4P/2005 water®® was chosen because it reproduces the
water surface tension, thus ensuring that the simulations yielded realistic data.?* The droplets were
initially charged to the Rayleigh limit>* by supplementing the aMb charge with Na* ions, keeping
in mind that Na* represents a typical ESI charge carrier.> Other ions such as NH4" or H3O" would

likely yield qualitatively similar results to those discussed below for Na".

MD Simulations Confirm CEM Behavior. Aqueous ESI droplets containing a single unfolded
aMb chain were subjected to MD simulations. Typical data for protonation patterns 22+[B] and
27+ are shown in Figure 4. Within a few ns the protein migrated from the droplet interior close to
the surface (Figure 4a, 5 ns; Figure 4b, 2.5 ns). This was followed by partial aMb eruption as a
hydrated bulge (Figure 4a, 7 ns). At this particular point Na* and aMb?**" had partitioned into
opposite regions of the droplet, highlighting the electrostatic forces within the system (see also

Figure S3). Protein expulsion subsequently produced an electrostatically stretched tail that



protruded into the vapor phase (Figure 4a, 10 ns; Figure 4b, 12.5 ns). Further expulsion then
caused aMb separation from the droplet. Nascent gaseous proteins retained some water which
evaporated within 75 ns. Data very similar to those of Figure 4 were also seen for the other
protonation patterns (22+[A], 22+[C], 33+, Figure S4), confirming that the behavior reported here
is robust and reproducible. Figure 4 embodies the central result of this work: for the first time
atomistic MD simulations confirm the formation of gaseous ions from unfolded proteins via the
CEM.

The CEM trajectories showed slight variations. In some instances, aMb ejected with a
small droplet attached to one terminus. These small droplets then evaporated without separating
from the chain (Figure S5). Another variation involved ejection in a hairpin conformation. The
hairpins either opened up as they departed from the droplet (22+[A], Figure S6a), or they retained
looped conformations (22+[B], Figure S6b). In one instance aMb ejected without extensive
stretching (22+[B], Figure S6c¢). All other (16 out of 17) runs showed the hallmark of the CEM,
i.e., aMb ejection via droplets that carried an electrostatically stretched protein tail, consistent with
the mechanism of Figure 1b."> None of the unfolded aMb chains showed CRM behavior, i.e.,

protein release via droplet evaporation to dryness.

Charge Loss at the Rayleigh Limit. Our simulations started with a droplet charge zp close to the
Rayleigh limit zz.>* Droplet shrinkage due to water evaporation (Figure 5a) had a tendency to
increase the electrostatic repulsion further, forcing the droplets to shed charge. Three competing
charge loss processes were encountered. The first was the IEM ejection of Na* (Figure 4a). The
second was CEM ejection of the protein. Multiple Na* ejections occurred early during each run,

followed by long plateaus where Na* loss had come to a halt (Figure 5b). These plateaus represent

10



the regime where formation of a protruding protein tail had decreased the electrostatic repulsion
within the droplet to such an extent that Na" ejection became kinetically unfavorable.

The third charge loss process was the formation of Na'-containing progeny droplets via jet
fission, a phenomenon well known from imaging studies on larger ESI droplets.>® Fission events
reminiscent of those experimental data,> ¢ involving water filaments, took place in several MD
runs and generated progeny droplets comprising ~50 water molecules and one or two Na™ (Figure
S7). Similar to IEM ejection of Na“, jet fission was limited to time points prior to formation of a
protein tail. Plots of zp / zr confirmed that the droplets stayed close to the Rayleigh limit during
these early stages (Figure 5¢). We limited the time frame of Figure 5c to the initial ~4 ns during
which protein ejection had not started yet in most runs, keeping in mind that the zz expression used
here?* applies only to spherical systems.

All three of the aforementioned charge loss processes were kinetically viable, but
ultimately protein ejection was the main avenue by which the droplets relieved electrostatic stress.
Specifically, IEM and progeny droplets accounted for the loss of no more than ten Na®, while
protein ejection deprived the droplet of 22 to 33 charges (Figure 5b). In addition to its electrostatic
driving force, CEM behavior is favored by the fact that unfolded proteins possess many solvent-
exposed hydrophobic side chains. The tendency of hydrophobic moieties to migrate to the
liquid/vapor interface, rather than stay in the droplet interior, is well established.!> ¥ The case is
completely different for folded proteins, where most hydrophobic sites are buried, and where
water interacts favorably with solvent-exposed hydrophilic/charged residues.®* The latter
conditions cause folded proteins to remain within the ESI droplets until evaporation to dryness,
resulting in CRM behavior.!®> Solvent evaporation to dryness causes CRM-produced protein ions
to carry adducts arising from nonvolatile solutes, including Na" and other charge carriers.> !* In

contrast, the CEM simulations of the current work did not reveal a single instance of Na"

11



adduction to aMb. This behavior is in line with the experimental finding that acid-unfolded

proteins are less prone to adduction than their natively folded counterparts.’!

Protein Conformations after CEM Ejection. For each ESI simulation the behavior of desolvated
aMb after ejection from the droplet was explored in 500 ns MD runs. Representative structures
from these vacuum simulations were extracted, and their Q values were compared with
experimental IMS data (Figure 6). Averaging the results of all aMb 22+ simulations yielded Q2 =
(3790 £ 300) A2, in good agreement with the experimental result of (3870 + 30) A2. Simulated 27+
ions had Q = (4190 + 100) A2, close to the measured value of (4050 + 30) A2, The MD structures
that most closely matched the experiments are shown along the right hand side of Figure 6. These
electrostatically stretched proteins had a stick-like appearance, with local a-helices, and some coil
formation at the termini. Electrostatic repulsion caused 27+ aMb to be slightly longer (overall
length ~ 350 A) than the 22+ ions (~ 310 A).

Overall, the results of MD runs on protonation patterns 22+[A], 22+[C], and 27+ agreed
well with the experimental data (Figure 6). The zwitterionic pattern 22+[B] deserves a closer look.
Two 22+[B] runs produced relatively compact structures that were incompatible with experiments
(Figure 6b, left). Non-local salt bridges in these runs limited the extent of electrostatic stretching.
A third 22+[B] run did yield a stretched structure that matched the measured Q value (Figure 6b).
Salt bridges in this third run only involved sites in close sequence proximity. Our data thus do not
exclude the existence of local zwitterionic motifs in unfolded gaseous proteins, but non-local salt
bridges (involving side chains separated by tens of residues) are unlikely. We note that previous
evidence for zwitterionic motifs in the gas phase was obtained primarily for tightly folded

12, 65

proteins, rather than unfolded species.
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The gas phase conformations generated in our 500 ns vacuum simulations were governed
by the morphology of the protein during ejection. Proteins that left the droplet as stretched chains
retained extended conformations (Figures 3, 4a); proteins that ejected in more compact structures
(Figure S6b, c) gave rise to less extended ions (Figure 6b, left). The near-absence of
conformational changes in the 500 ns runs suggests that this conformational memory persists for
time periods much longer than the simulation window explored here (overlays in Figure 6). The
agreement between experimental data and MD-derived Q values in Figure 6 thus supports the

fidelity of our MD data, and it bolsters the view that the observed ions are CEM products.

Conclusions

This work marks the first time that the production of gaseous ions from unfolded proteins via the
CEM has been corroborated in MD simulations using an atomistic force field for protein and
solvent. The MD data are supported by IMS experiments, bolstering the view that unfolded
proteins are ejected from ESI droplets as electrostatically stretched chains (Figure 1b).!> This CEM
behavior can be contrasted to the CRM, which is operational in native ESI where protein are
folded.?*

Computational challenges precluded the inclusion of H" migration between droplet and
protein (Figure 1b) in our simulations. Depending on the titration behavior of the protein, H
migration may increase or decrease the protein net charge during ejection. Here we focused on
aMb around pH 4, where z ~ solution charge, such that H" migration could be neglected. How
likely is it that more advanced modeling strategies involving mobile H™ would overthrow the
viability of the CEM? Our IMS experiments demonstrated that the gas phase conformations of

aMb 22+ to 27+ produced at pH 4 were indistinguishable from those generated at pH 2. This is
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despite the fact CEM-related H" migration at pH 4 is negligible (z ~ solution charge), whereas pH
2 will be associated with significant H" transfer (z < solution charge). Hence, H" migration does
not seem to affect the properties of these ions. In addition, our MD simulations consistently
produced CEM behavior for various protonation patterns and charge states, all the way to aMb**".
It thus appears that CEM behavior is a robust property of acid-unfolded proteins. Based on the
arguments presented, it seems unlikely that this conclusion would change when applying
computational strategies that allow for H" migration.

Notwithstanding the aforementioned comments, it would be desirable for future studies on
the ESI behavior of unfolded proteins to employ more sophisticated models that include H"
migration as well as H" transfer to background gas molecules.® Such strategies will be required
for quantitatively explaining the wide range of ESI charge states seen for unfolded proteins (Figure
2). We hypothesize'® that much of this charge heterogeneity can be attributed to protein ejection
from differently sized droplets, in conjunction with the fact that denatured proteins comprise
various conformers that may accumulate different numbers of H during ejection.!>>! It is possible
that the CEM is not the only mechanism that is operative during ESI of denatured protein. Only
the highly charged ions in the spectra were attributed to the CEM, while less abundant ions in low
charge states (such as 9+/10+, Figure 2b) may represent CRM products. In future work it will also
be interesting to explore the behavior of ESI-induced protein aggregation, an effect that may take
place under conditions where droplets contain more than one protein molecule.”® We hope that the
current work will stimulate additional studies aimed at deciphering all these intricacies associated
with the ESI process, as well as the possible involvement of the CEM in “supercharging”

experiments.®
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Figure Captions

Figure 1. Cartoon depiction of two analogous gas phase processes. (a) CID of a noncovalent
protein complex. Subunits are depicted as spheres, excess H" are represented by “+” signs. One
subunit (red) undergoes unfolding, and the protruding tail accumulates charge due to H" migration
from the residual complex. The subunit leaves as a highly charged unfolded ion. (b) Proposed
chain ejection model (CEM) for the release of an unfolded protein from an ESI droplet. As the
protein gets gradually ejected, the protruding tail undergoes charge equilibration with the droplet

via H" migration. The protein leaves as a highly charged unfolded ion. Modified from ref.!®

Figure 2. Experimental ESI mass spectra for aMb recorded in aqueous solution at pH 4 (a) and pH
2 (b). Selected charge states are indicated. Panel (c) shows IMS collision cross section (Q)

distributions for highly charged ions acquired at pH 4 (blue) and pH 2 (red).

Figure 3. Calculated aMb net charge in solution vs. pH (black). Also shown are the contributions
of titratable sites (basic = blue; acidic = red), weighted by their abundance in the protein sequence.
The number of sites and their pKa values® are: 1 N-terminus® (7.4); 2 Arg" (12.0); 19 Lys" (10.8);
11 His" (6.5); 8 Asp (4.0), 13 Glu (4.4), 1 C-terminus (3.9). Hatch marks highlight the range
around pH 4, where the solution charge is between 22+ (pH 4.25) and 27+ (pH 3.75). CEM
production of gaseous ions in these charge states from pH ~4 droplets will involve minimal H"

migration because gas phase charge = solution charge.

Figure 4. Typical snapshots from CEM simulation runs on Rayleigh-charged aqueous droplets
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containing unfolded aMb. The protein net charge was (a) 22+ (pattern 22+[B]) and (b) 27+. Na" is
blue, the protein backbone is magenta, positive/negative charges on the protein are highlighted as
cyan/red spheres, respectively. Water oxygen is shown in red. The zoom level decreases from top

to bottom. “IEM” in (a) highlights the field emission of a Na" ion.

Figure 5. MD simulation data for typical CEM runs on aMb protonation patterns 22+[A] (green),
22+[B] (black), 22+[C] (orange), 27+ (blue), and 33+ (red). (a) Number of water molecules and
(b) number of Na" in the droplet vs. time. The end of each profile marks the point where the
protein chain separates from the droplet. (c) Droplet charge zp relative to the Rayleigh charge zz,

focusing on the initial regime where protein ejection had not started yet.

Figure 6. Experimental IMS data measured at pH 4 (blue) and pH 2 (red) for charge states 22+ (a-
c¢) and 27+ (d). Vertical black lines represent average Q values from individual MD runs, standard
deviations are indicated as horizontal bars. The four panels represent data for different protonation
patterns, as indicated. Shown on the right are MD structures of those trajectories that best matched
the experimental data (pink asterisks, overlays of five structures between 100 ns and 500 ns, all at
the same zoom level, N-termini pointing to the left). Also included in (b) are MD structures from
two runs that yielded more compact structures than those observed experimentally.

Positive/negative charges on aMb are shown as cyan/red spheres, respectively.
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