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ABSTRACT: Molecular dynamics (MD) simulations are used to model
changes in the conformational preferences of a model peptide during the
transition from a hydrated environment (charged nanodroplet generated by
electrospray ionization) to the solvent-free peptide ion. The charged droplet
consists of ∼2400 water molecules, 22 hydronium ions, and 10 chloride and
contains a single Substance P (SP) [SP + 3H]3+ ion (SP3+; amino acid
sequence RPKPQQFFGLM-NH2). Initially, droplet shrinkage involves a
combination of solvent evaporation and ejection of excess charge, primarily
hydronium ions. Further droplet shrinkage leads to a series of fission events, which includes the loss of some Cl− ions. SP3+ ions
adapt to the smaller size droplet through small conformational changes that result in coiling of the hydrophobic C-terminus of
the peptide on or near the droplet surface, intramolecular interactions involving the hydrophilic N-terminus of the peptide, and
water-mediated interactions between the SP3+ ion and H3O

+ and Cl− ions. Calculated collision cross sections (CCS) for SP3+

ions at various stages of desolvation are consistent with the results obtained from cryogenic ion mobility-mass spectrometry
(cryo-IM-MS) measurements. Specifically, early in the decay of the charged droplet SP3+ ions favor an extended conformation,
whereas a compact conformer is favored during the final stages of dehydration.

■ INTRODUCTION

Native-electrospray ionization (n-ESI) has provided new
dimensions to biological mass spectrometry, making possible
transitions from the determination of primary (1°) structure to
studies of higher order (2°, 3°, and 4°) structure, thereby
opening new vistas in the field of structural biology.1−3 The use
of gas-phase structure determination approaches as probes of
solution-phase biomolecule structure necessitates understanding
how solution-phase structure(s) are influenced as they transition
from solution to solvent-free, gas-phase ions.4,5 While early
fundamental studies of electrospray ionization (ESI) were
focused on issues related to the generation of ions from charged
liquid droplets, the growing emphasis on structure determination
using mass spectrometry raises new questions, specifically the
question posed by Breuker and McLafferty, “for how long, under
what conditions, and to what extent, can solution structure be
retained without solvent?”6 Studies by Chen et al. partially
addressed this question; they presented evidence that ubiquitin
(an ordered protein)7,8 and apo- and partially metalated
metallothionein-2A (a disordered protein)9 ions formed using
“native-state” ESI are indeed formed as native or “native-like”
conformers,9,10 but great care must be taken in order to preserve
the nascent ion population, especially for flexible/disordered
proteins.
ESI of large biomolecules has inspired much experimental and

theoretical research aimed at understanding the underlying

mechanism(s) of ion formation.11−15 The two most widely
accepted models used to describe ESI ion formation are (1) the
charge residue model (CRM), where nanodroplets that contain a
single analyte ion evaporate to dryness and the charge on the
droplet is transferred to the analyte,14,16−21 and (2) the ion
evaporation model (IEM), which assumes the surface charge
density of a droplet is sufficiently high to eject a small hydrated
ion that resides on or near the surface of the droplet.14,19,20,22,23

Hogan et al. combined the elements of the CRM and IEM
ionization mechanisms as the charged-residue/field-emission
model.24 Consta et al. described a mechanism whereby
macromolecule ions are extruded from the charge droplet,25

and Konermann et al. described a similar chain ejection model
(CEM), which they propose as a mechanism for ionization of
disordered polymers.26,27 Molecular dynamics (MD) simula-
tions have provided tremendous insights and detailed models for
understanding the transition from small (nm diameter) droplets
to the solvent-free ion,28 and a recent review by Consta et al.
describes more rigorous treatment of the ESI mechanism and the
factors that determine droplet fission.19,25,29

Our understanding of the transition from solution to the
solvent-free, gas-phase ion is largely derived from MD
simulations, but there exists a paucity of experimental evidence

Received: October 13, 2016
Published: January 27, 2017

Article

pubs.acs.org/JACS

© 2017 American Chemical Society 2981 DOI: 10.1021/jacs.6b10731
J. Am. Chem. Soc. 2017, 139, 2981−2988

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b10731


to validate the models describing this process, especially how late
desolvation processes affect conformational preferences of the
analyte ions.30 Cryo-ion mobility-mass spectrometry (cryo-IM-
MS) provides a means for direct observation of the effects of
hydration on the size/shape of biomolecule ions. This approach
provides a means to experimentally measure the size and
abundances of hydrated ions of the type [M + nH]n+·(H2O)x,
where x ranges from a few hundred water molecules to only the
remnant water molecules interacting with the most hydrophilic
functional groups, and finally to the solvent-free, gas-phase
ion.31−34 In the case of the amphipathic peptide SP
(RPKPQQFFGLM-NH2) [M + 3H]3+ ions, the transition
from solution to the gas phase occurs via a series of dehydration
steps that can be traced to a single, compact peptide ion
conformer.31,33 Similar structural changes that occur late in the
dehydration reactions have been observed for ionic water clusters
(H+(H2O)n, dialkylammonium cations, site-specific mutants of
substance P (Q5A, Q6A, and Q5,6A), and the reverse sequence
of substance P (MLGFFQQPKPR-NH2).

32,33 Here, we use MD
simulations to examine the effects of the changing solvent
environment on the conformation of the SP3+ ion as the droplet
size decreases by fission events, ejection of small ionic water
clusters, and evaporation of single water molecules. The results
from MD simulations suggest that interactions of SP3+ ions with
H2O, H3O

+, and Cl− (introduced as a simple counterion)
influence intramolecular interactions that lead to kinetic trapping
of the compact conformer; these effects are also examined by
ambient ESI-IM-MS.

■ EXPERIMENTAL SECTION
Molecular Dynamics Simulations. MD simulations were

conducted on a 176-core SGI Altix 450 cluster at the Texas A&M
University Laboratory for Molecular Simulation. The AMBER 11
molecular dynamics package and AMBER ff99SB force fields were used
in this study. GAUSSIAN 03 and RED III35 were used to create custom
amino acids that were not supported in AMBER. Hydronium ion
parameters were obtained from results of Baaden et al.36 All CCS values
for the peptide ions were calculated using the MOBCAL trajectory
method.37,38

All simulations were performed on a water droplet consisting of
approximately 2400 TIP3P water molecules (with the exception of a

single simulation droplet consisting of approximately 3400 water
molecules), and the vacuum box size was set to ∼230 Å. For all
simulations, droplet energy minimization was performed and followed
by 20 ps for droplet equilibration at 360 K. Trial desolvation simulations
were performed to evaluate the effects of droplet temperature, charge,
and electrostatic nonbonding cutoff on simulated droplet fission events,
solvent evaporation, and overall droplet dynamics (see Supporting
Information, Figures S1−S8). Simulations performed using a cutoff of 8
and 100 Å indicated only minor differences in overall droplet dynamics;
consequently, a cutoff of 8 Å was used for all subsequent simulations in
order to minimize computational cost. The Rayleigh limit for a droplet
consisting of approximately 2400 TIP3P water molecules is ∼13, as
calculated using the surface tension of the TIP3P water model.39,40

From the trial simulations, it was determined that an overall charge of
15+ would be used for all simulations. This decision was based on the
fact that such droplets undergo some solvent evaporation prior to
experiencing fission events consistent with that previously reported.41,42

The temperature for each simulation was set to 360 K using a Langevin
thermostat.31 A temperature of 360 K (mimicking the capillary
temperature of the cryo-IM-MS instrument and the source temperature
of the ambient Waters Synapt G2) was chosen from the trial simulations
for all subsequent simulations. In the final stages of dehydration, the rate
of evaporation slowed dramatically, and the temperature was increased
to 420 K.

The TIP3P model has limitations in that H2O is treated as a static,43

nonpolarizable ion44 and the surface tension is lower than the real value
for water.40 Despite these differences, previous evaporation simulations
using the TIP3P model indicate similar behavior when compared to
other complex water models,45 but the TIP3P model has the benefit of
being less computationally expensive. The electrostatic nonbonded
cutoff was set to 8 Å in order to minimize computational cost, and the
vacuum simulation box size was set to ∼230 Å.

Wilm estimated that an ESI droplet of 200 nm diameter generated
from a solution containing 1 pmol/μL of analyte contains on average a
single analyte molecule.46 Therefore, each simulation was performed on
a droplet containing a single SP3+ ion. Note that the N-terminus, R1, and
K3 were protonated due to their high proton affinities and the use of
acidic conditions.47 In summary, a total of 12 MD simulations were
performed on water droplets that contained a single SP3+ ion, 22 H3O

+,
and 10 Cl− anions resulting in a total charge of 15+ within the droplet.

Three sets of four replicate MD simulations were carried out for
droplets containing a SP3+ ion, H3O

+, and Cl−. The droplet for the first
set of four simulations was constructed by placing the extended solution-
phase conformer of SP3+ in the center of the droplet and randomly
placing H3O

+, and Cl− near the peptide; all replicates for the first set of

Figure 1. Snapshots of the early stages of the desolvation process of a droplet containing SP3+, chloride, and hydronium ions from a single simulation
shown after (A) 0 ps, (B) ∼400 ps, (C) ∼560 ps, (D) ∼825 ps, (E) ∼1500 ps, and (F) ∼1550 ps.
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simulations began with exactly identical ion locations (results of the set 1
shown in Figure S9A−D). The second set of four simulations was
carried out using the same peptide structure, but each simulation was
constructed using randomly placed H3O

+, and Cl− within the droplet
(see Figure S9E−H). The final four simulations were performed starting
with a droplet containing randomly placed Cl− and H3O

+ ions and a
compact SP3+ ion with a CCS that is similar to the experimentally
determined value for conformer A of 316 Å2 (see Figure S9I−L).31,48

The charge sites on the peptide were fixed on the most basic functional
groups, viz. the N-terminus and the arginine and lysine side chains.
Sample Preparation. SP and melittin from honeybee venom (both

from Sigma-Aldrich, St. Louis, MO, USA) were used without further
purification. Each peptide was diluted to a concentration of 10 μMwith
18MΩwater, water/0.1% formic acid (98% w/w, Fluka), or water/0.1%
hydrochloric acid (37.3% w/w, Fisher Scientific, Pittsburgh, PA, USA).

IM-MS Measurements. All cryogenic ESI-IM-MS data were
acquired on a home-built instrument.49−51 Note that a capillary voltage
of 363 K and drift cell temperature of 85 K were used for each
acquisition. All ambient ESI-IM-MS data were acquired using a Waters
Synapt G2 HDMS instrument (Manchester, UK). The instrument was
tuned to minimize collisional activation. The instrument conditions
used were as follows: sample cone 10 V, extraction cone 1 V, trap bias 25
V, helium cell flow rate 200 mL/min, IMS nitrogen flow rate 50 mL/
min.9

■ RESULTS AND DISCUSSION

Evolution of the ESI Droplet from MD Simulations.
Consta et al. and Konermann et al. have performed desolvation
simulations on charged droplets containing cations and anions to
investigate the effect of their ions on the ESI mechanism.30,52−56

Figure 2. (A−C) Three plots showing the CCS of SP3+ (RPKPQQFFGLM-NH2) ions (raw data, black line; smoothed, yellow line) and numbers of
water molecules (blue points) vs time extracted from selected simulations. The experimentally determined CCS of SP3+ (316 and 368 Å2) are also shown
for reference (orange and green dash respectively). Note that simulations labeled A and B begin with an extended SP3+ ion conformation, and the
simulation labeled C began with a compact conformer having a CCS of 316 Å2. Structures labeled as i−iv depict representative snapshots of the
simulations (A−C) from (i) the start of the simulation, (ii) initial peptide structural equilibration, (iii) hydrophobic side-chain surface coiling, and,
finally, (iv) to the end of the simulation. Blue dots represent water molecules, purple spheres represent Cl− ions, and H3O

+ ions are shown in green.
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Here, a total of 12 replicate MDS were carried out wherein a SP3+

peptide ion was placed at the center of a water droplet with a net
charge of 15+, achieved by the addition of 22 H3O

+ and 10 Cl−

ions randomly dispersed within the droplet. Figure 1 shows
snapshots from a representative simulation illustrating the
observed events in the first 2 ns of desolvation. Early in the
evolution of the droplet, water evaporation and water/hydro-
nium cluster ejection dominate the desolvation process (see
Figures 1A and 1B); however, some of the hydronium and
chloride ions also migrate to the droplet surface resulting in
droplet distortion and formation of “spiky protrusions”, as noted
previously by Consta et al.19,52,57 As the droplet shrinks and the
charge on the droplet surpasses the Rayleigh limit, fission of these
lobes carry away hydronium and chloride ions (Figure 1C).
Following these fission events, the droplet regains a more
spherical shape (Figure 1D), and water evaporation once more
dominates the desolvation process. Upon further reduction in
droplet size by evaporation, the surface charge on the droplet
once more approaches the Rayleigh limit, resulting in an
additional droplet fission event (Figure 1E), after which water
evaporation resumed. The final product of droplet fission and
dehydration is a complex that is composed of SP3+, H3O

+, Cl−,
and a few molecules of H2O (structure I), which is consistent
with the CRM mechanism described by Consta et al.19 and
Konermann et al.20 Note also that the shapes (“spiky
protrusions”) of the droplets, especially those shown in panel
C, are very similar to those reported previously.58 The process of
droplet fission/evaporation as shown in Figure 1 was observed in
all other replicate desolvation simulations.

MD Simulations of the Effects of Fission/Dehydration
on the Conformation of the SP3+ Ion. Figure 2 shows the
results of three representative simulations of the 12 performed on
SP3+ in this study (results of all 12 replicate simulations are
shown in Figure S7). Figure 2A, 2B, and 2C show changes in the
calculated CCS values and conformational preferences (i−iv) for
a SP3+ ion as the number of water molecules in the droplet
changes as a function of time. Note that the starting structures for
the SP3+ ions in Figure 2A-i and 2B-i are fully elongated
structures having a calculated CCS of 420 Å2, whereas the
starting structure of SP3+ in Figure 2C-i is a compact conformer
having a CCS ≈ 320 Å2 that is similar to conformer A (316 Å2)
reported by Silveira et al.31,48 The most notable aspect of these
simulations is that Cl− and H3O

+ ion interactions with water and
the peptide ion play important roles in defining the conforma-
tional preference of the solvent-free, gas-phase peptide ion. For
example, as the numbers of water molecules decrease, both H3O

+

and Cl− ions cluster around the protonated N-terminus and R
and K side chains of the SP3+ ion. Consta et al. reported similar
simulations for a PEG molecule in a droplet containing Na+ and
Cl− ions. PEG-anion adducts were not observed owing to the
absence of anion binding sites on the PEG molecule, but they
noted that the presence of counterions had an indirect impact on
the charge state and formation of PEG Na+ adduct ions.56

Konermann et al. reported simulation studies for an ESI droplet

containing a protein (ubiquitin, cytochrome C, or holo-
myoglobin) and Na+ and Cl− ions, and they noted minimal
impact on the protein structure after droplet desolvation;30

however, in these studies, the detailed inter/intramolecular
interactions involving the small ions and the protein were not
probed in depth. The following discussion focuses on the
changes in the conformation of the SP3+ ion that occur as a result
of reduction in the droplet size as well as the presence of H3O

+

and Cl− ions.
During the early stages of each simulation (∼300 ps), SP3+

ions adopt a distribution of conformations that have CCS values
centered around ∼395 Å2, independent of the initial
conformation (see representative structures in Figures 2A-ii,
2B-ii, and 2C-ii). This CCS value of ∼395 Å2 is consistent with
the calculated CCS from the PDB structure (2KS9) reported
from solution phase NMR studies.59 Under these conditions the
hydration layer for peptides corresponds to multiple solvation
shells, which should closely approximate a “bulk-like” solvent
environment.60 The convergence to a CCS of ∼395 Å2 can be
attributed to conformational equilibration from initial non-native
structures to bulk-like, solution-phase structures, especially for
the elongation of the compact starting conformer for Figure 2C-i.
Upon further reduction in droplet size the hydrophobic side
chains migrate to the droplet surface, which leads to coiling of the
hydrophobic C-terminal region (see representative structures in
Figure 2A-iii, 2B-iii, and 2C-iii). After this coiling event, the
hydrophobic region remains desolvated as shown in Figure 2.
During the early stages of the simulations, intermolecular
interactions between the counterions and the SP3+ ions are
transient such that the counterions and polar residues of the
peptide are solvated by the water. Upon further droplet shrinkage
by water evaporation, ion−ion intermolecular and peptide
intramolecular charge solvation exhibits increasing influence on
the conformational preference of the peptide. The CCS of the
final structures shown in Figure 2A-iv, 2B-iv, and 2C-iv are within
4% of the experimentally determined value of 316 Å2 for the
compact conformer, previously denoted as conformer A.31,48 It
has been previously reported that intramolecular charge
solvation involving the charge-carrying N-terminus, arginine
(R1), lysine (K3), and the polar glutamines (Q5 and Q6) is
essential for preserving the kinetically trapped SP3+ ion
conformer A;31,48 the final structures obtained from these
simulations exhibit multiple intramolecular interactions that
define the conformation of the desolvated peptide ion.
Furthermore, in each case the H3O

+ and Cl− ions are clustered
around the N-terminal region of the peptide, which suggests that
these interactions diminish charge solvation by the glutamine
side chains.
Although the general trends observed in the simulations

shown in Figure 2 are apparent in each of the 12 simulations,
there are several noteworthy variations. For example, early in the
simulation shown in Figure 3A and 3B the CCS for SP3+ ions
begins to converge to more compact conformers (Figure 3A-i
and 3B-i); however, these conformers are short-lived and rather
quickly rearrange to extended conformers. Also, late in the
desolvation process the trajectory shown in Figure 3A does not
show evidence of convergence to a compact conformer, whereas
Figure 3B does show evidence for convergence to a compact
conformer. It appears that the structural transitions that occur in
these intermediate regions may involve independent pathways
for forming compact conformers as well as extended conformers
(368 Å2), the latter being products of the dehydration observed
in the cryo-IM-MS experiment.
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The differences in the final structures observed for the
simulations shown in Figure 3A and 3B are attributed to
differences in counterion interactions during the late stages of
dehydration. At the end of the simulation shown in Figure 3A-iii,
the H3O

+ and Cl− ions are dispersed along the peptide backbone
between the two strands of a turn-type structure, thereby
inhibiting intramolecular charge solvation previously shown to
favor formation of a compact conformer.31,48 However, at the
end of the simulation shown in Figure 3B-iii, H3O

+ and Cl− ions
are clustered around the N-terminus, as shown in Figure 2, and
the charged and polar glutamine side chains are still free to
participate in intramolecular charge solvation interactions that
favor formation of compact conformers.
Overall, the simulations shown in Figures 2 and 3 illustrate the

influence of inter-/intramolecular charge solvation interactions
between SP3+, Cl−, H3O

+, and H2O to the final conformational
preference of the peptide. Different types of interactions
observed in the simulations are illustrated in Figure 4. Figure
4A contains a plot of the distance between the R1 guanidinium
group carbon atom (R1Cζ) and the Q6 side-chain terminal
carbon atom (Q6Cδ) for the simulation reported in Figure 2A.
The colored structures shown in Figure 4B correspond to the
colored regions of the plot in Figure 4A. The purple structure

denotes SP3+ when the distance between R1Cζ and Q6Cδ is less
than 9 Å and a chloride ion and water molecule form a bridge
between the protons on the guanidinium ion and the Q6 side
chain amide group. When the chloride ion moves out of the
bridging interaction, the distance between R1 and Q6 is >9 Å.
The distance plot indicates that SP3+ interconverts between the
two structures represented by purple and red. One such
conversion results in the guanidinium group forming a bridge
involving a single water molecule to the glutamine side chain;
note the chloride ion has remained at the N-terminus and/or
near the K3 side chain. The chloride ion binds more strongly to
the ammonium ion of lysine and the N-terminus rather than the
guanidinium ion of arginine owing to the more diffuse charge.
The final transition occurs when the remaining water molecule is
removed, intramolecular charge solvation is dominant, and the
R1Cζ−Q6Cδ distance is <5 Å resulting in a structure represented
in the blue. Later in the simulation, the guanidinium ion is charge
solvated by multiple backbone carbonyl groups, which also
results in formation of a compact conformer. The intramolecular
charge solvation of the guanidinium ion is preserved until the end
of the simulation (the structure is shown in Figure 2A-iv).
Overall, these changes in intramolecular charge solvation suggest
that the position of Cl− ions indirectly affects conformational

Figure 3. (A and B) Two plots showing the (raw data, black line;
smoothed, yellow line) CCS of SP3+ ions and (blue points) numbers of
water molecules vs time extracted from selected simulations. The
experimentally determined CCS of SP3+ (316 Å2 orange dash and 368
Å2, green dash) is also shown for reference. Structures labeled as i−iii
depict representative snapshots of the simulations (A and B): (i) the
postfission compact structures observed at ∼2000 ps, (ii) the elongated
structures observed later in the simulation, and (iii) the final frame of the
desolvation simulation. Blue dots represent water molecules, purple
spheres represent chloride ions, and hydronium ions are shown in green.

Figure 4. (A) Distance plot between R1Cζ and Q6Cδ during the time
period 3300 to 4200 ps for the simulated results presented in Figure 2A,
and (B) representative structures determined by K-clust algorithm for
the color-coded regions for the trajectory shown in (A). Water
molecules are shown as small dots. A single Cl− ion is shown as the large
sphere; the other Cl− ions are not shown because they do not appear to
influence the R1Cζ and Q6Cδ distance. The distance between the two
carbon atoms of interest are labeled with black dashed lines. Structures
are color coded with respect to the colored regions in panel (A).
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preferenceshad the Cl− not relocated to the N-terminal region
of the peptide prior to the final stages of evaporation, the peptide
could not have formed a compact conformer. The final structures
from each simulation indicate that a few water molecules remain
bound to the SP3+ ion; however, it is important to note that the
water molecules have lost all bulk-solvent characteristics and as
such function as an adduct. Similarly to that reported previously,
water adducts have minimal impact on the conformational
preference of the biomolecule.27

Our previous SP paper showed evidence that intramolecular
interactions involving the glutamines (Q5 and Q6) are
responsible for formation of the compact conformer; i.e., the
compact conformer is destabilized for the Q5A, Q6A, and Q5,6A
mutants, and to a much lesser extent for F7A, F8A, and/or C-
terminal mutation.48 The data presented herein support the
identification of intramolecular interactions between the charged
residues and Q5, Q6, F7, F8, and the C-terminus as integral to
producing a compact conformer in that such interactions were
observed in all simulation results producing a compact
conformer. These residues provide charge solvation as the
droplet decreases in size; an example of such an interaction is
shown as the blue structure in Figure 4B. However, the final
compact structures exhibit a variety of intramolecular inter-
actions that may or may not include Q5, Q6, F7, F8, or the C-
terminus.
In total, 12 desolvation simulations were performed (full CCS

maps are shown in Figure S9). Those simulations that form
compact desolvated conformations have demonstrated that the
desolvated compact peptide ion is stabilized via multiple
intramolecular interactions involving some combination of the

N-terminus, C-terminus, R1, K3, Q5, Q6, and backbone carbonyl
groups. In addition, the formation of these intramolecular
interactions is more likely when the counterions migrate and
assemble on the N-terminal region of SP3+.

Effects of Chloride Anions on Dehydration and
Conformation of SP3+ Ions. Anion adduction to ESI product
ions has been shown to exhibit significant effects on charge state
distributions, protein conformational preference, and protein
complex stability.61−65 Of specific relevance to this study, a
recent study has shown that Cl−, H2O, and H3O

+ adducted
protein ions are observed using ambient ESI mass spectra if care
is taken to minimize collisional activation, and the adducted Cl−

ions played a direct role in defining the conformational
preference of a desolvated protein ion.65 Although the
simulations presented in this study suggest that interactions
between hydrated SP3+ and Cl− ions are retained until the final
stages of ESI droplet evaporation, the ESI mass spectra of SP in
0.1% HCl acquired using both cryogenic (Figure 5A) and
ambient (Figure 5B) MS show no evidence of peptide−chloride,
−hydronium, or −water clusters. Despite this absence of explicit
peptide−chloride adduct ions in the mass spectra, there is
indirect evidence that the presence of Cl− influences the ESI
process. For example, the abundances of [M + 3H]3+ and [M +
2H]2+ ions in the mass spectra of SP sprayed from pure water,
0.1% formic acid, and 0.1% HCl solutions are quite different.
Specifically the abundance of SP3+ is attenuated relative to SP2+

ions from solutions containing formic acid and HCl (Figure 5A−
B), which is a direct result of formate and Cl− ion-induced charge
reduction as noted previously by Mirza and Chait.61 Possible
mechanisms by which charge reduction reactions occur have

Figure 5. (A) The ESI-mass spectra acquired using cryo-MS of SP sprayed from water/0.1% formic acid (top, black) and water/0.1% HCl (bottom,
blue) showing the decrease in charge induced by the presence of Cl− adducts. Note that the mass spectrum for m/z less than 475 is amplified by five to
better show the [M+ 3H]3+ ion and starred peaks are not adduct peaks but instead correspond to a 16Damass increase, likely the product of methionine
oxidation. (B) The ESI-mass spectra acquired under ambient conditions of SP sprayed from water (top, black) and water/0.1% HCl (bottom, blue)
showing the decrease in charge induced by the presence of Cl− adducts. (C) The ESI-mass spectra of melittin (GIGAVLKVLTTGLPALIS-
WIKRKRQQ-NH2) acquired under ambient conditions resulting from water (top, black) and water/0.1% HCl (bottom, blue). Chloride-adducted
melittin, [M + nH + xCl](n−x)+, is observed with a total charge of 3+ when HCl is added to the sample solution (see inset for ions where x = 0−2). (D)
CCS profiles observed for melittin [M + 3H]3+ ions electrosprayed from water (i) and [M + nH + xCl]3+ ions electrosprayed from water/0.1% HCl (ii).
Each [M + nH + xCl]3+ ion in (ii) is labeled for the number of chloride adducts (x = 0−2).
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been suggested. For the specific case of 0.1% HCl solutions, we
interpret these results as evidence that Cl− adduct ions are
retained upon complete desolvation, but subsequent reactions
leading to loss of Cl−, HCl, and/or H+(H2O)nCl

− are favored in
the gas phase.61,65−67 This hypothesis was further tested by
examining the effects of Cl− ions on the ESI product ion yield for
the amphipathic peptide melittin. In the case of melittin we
observed both the products of charge reduction reactions as well
as peptide−Cl− adduct ions, specifically [M + nH + xCl](n−x)+

(Figure 5C). The differences between the mass spectra of SP and
melittin are attributed to the higher number of hydrophilic amino
acid side chains, which increases the overall number of charge
carriers as well as anion binding sites. Note that the cryo-MS
instrument lacks sufficient mass resolution to differentiate the
presence of two H2O molecule adducts from that for a chloride
adduct, especially with increasing charge; consequently, the ESI
mass spectra reported for melittin (Figure 5C) were acquired
using a high resolution instrument under ambient conditions.
The MD simulations for SP3+ ions suggest that the location of

counterions adducted to the peptide could influence the
conformational preference of the desolvated peptide. The
experimental CCS profiles for the protonated SP and melittin
ions electrosprayed from water and water/0.1% HCl solutions
are indistinguishable; however, the abundances of the compact
conformers are higher for the melittin−Cl− adduct ions (Figure
5D). Melittin has been the subject of several ion mobility
studies.68−71 The reported solution-phase structure of melittin
consists of two α helices connected by a short flexible hinge
region.72 Florance et al. reported a single CCS value of 544 Å2 for
the [M + 3H]3+ ion.70 More recently, May and McLean71 have
shown that the [M + 3H]3+ ions are composed of three
conformer families, compact (CCS ≈ 410 Å2), intermediate
(CCS ≈ 485 Å2), and extended (CCS ≈ 515 Å2) conformers.
The observed CCS profiles for [M + 3H]3+ ions (Figure 5D)
indicate two distinct conformer populations, similar to those
reported.70,71 A small increase in the abundance of the compact
conformer for the [M + 4H + 1Cl]3+ ion is observed, but an even
larger increase in the abundance of the compact conformer is
observed for [M + 5H + 2Cl]3+ ions. This preference for a
compact conformer of chloride-adducted melittin is consistent
with previously published results.65

■ CONCLUSIONS
MD simulations of the dehydration of ESI-formed droplets
containing a SP3+ ion, chloride counterions, and hydronium ions
yield new insights into peptide ion conformational changes in the
final stages of dehydration. Combining the results of MD
simulation with those from cryo-IM-MS affords new insights
about the effects of decreasing droplet size and increasing
concentration of H3O

+ and Cl− (and other counteranions) on
the conformational evolution of an amphipathic peptide. The
changes in the CCS of the SP3+ ion and the peptide structure
reveal that the droplet volume primarily dictates the structure of
the SP3+ ion.When fully immersed in the water droplet, SP3+ ions
favor an extended conformation that is similar to that reported by
Silveira et al.31,33,48 and the solution-phase structure reported by
Gayen et al.59 As the droplet shrinks, the hydrophobic C-
terminus migrates to the droplet surface. Upon further
dehydration inter/intramolecular charge solvation of the charge
sites becomes increasingly prevalent and these interactions
define the final conformational preference of the desolvated SP3+

ions. Although several of the simulations did not yield a compact
conformer for the desolvated SP3+ ion, this appears to be a result

of alternative charge solvation interactions involving H3O
+ and

Cl− ions that impede intramolecular interactions that favor
formation of an extended conformer. Despite the transient role
of water in the formation of intramolecular interactions, the final
few water molecules remaining bound to the peptide ion
demonstrate minimal effect on the peptide conformational
preference. This can be explained by the loss of bulk solvent
characteristics; the remaining water molecules function as a
simple adduct, suggesting that the peptide ion is effectively
“solvent-free.” In summary, SP conformational preference
changes dramatically over the course of the ESI process, multiple
intramolecular interactions between charged sites and polar sites
on the peptide are necessary to form compact conformers with
CCS values consistent with the kinetically trapped compact
conformer,48 and the interruption of these intramolecular
interactions through intermolecular charge solvation can inhibit
formation of the compact conformer.
It is apparent from MD simulations that the peptide−cation/

anion cluster survives until the final stages of the desolvation
process; however, these clusters are notably absent from the ESI-
MS spectra of SP electrosprayed from HCl acidified solutions.
Although the observed charge reduction suggests that peptide−
cation/anion clusters survive the desolvation process, these ions
do not survive transmission through the instrument. Instead, the
clusters undergo reactions that are best described as gas-phase
ion/ion reaction chemistry.73 This explanation is supported by
results obtained from ESI-IM-MS of melittin, viz. the observed
chloride adduct ions and charge reduction product ions. Overall,
these MD simulations provide unique insight into key micro-
scopic events occurring throughout the desolvation of electro-
sprayed peptide ions and counterions and the inter/intra-
molecular interactions that influences the conformational
preferences.
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