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Formation of gaseous protein ions from aqueous
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The transition of proteins from solution into the gas phase during native electrospray ionization (ESI)
continues to be an enigmatic topic. Molecular dynamics (MD) simulations are an important avenue for
gaining mechanistic insights, but most previous MD studies did not consider the role of proton transfer (PT)
events. Here, we overcome this limitation by implementing a droplet mobile-proton MD (dMPMD) protocol
for aqueous ammonium acetate solutions. The droplet radius (up to 8.5 nm) and protein size (up to 55 kDa)
are the largest studied to date, bringing the simulations closer to experimental conditions than any earlier
modeling studies. Consistent with experiments, our data show that PT among NH,*, acetate (Ac”), and
protein sites produces NHsz and acetic acid (HAc). NHz vaporizes rapidly, while HAc accumulation causes
Ac™/HAc buffering at pH 4.76 + 1. Droplet evaporation near the Rayleigh limit produces gaseous proteins
with a net charge close to that of protein-sized water droplets, in line with the charged residue model (CRM).
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The CRM/Rayleigh framework applies regardless of amino acid sequence and residue basicity. For proteins
with very few basic sites, charging involves carbonyl-trapped NH4* adducts. Switching to gas-phase mobile-
DOI: 10.1039/d6cp00481d proton MD (gMPMD) simulations, we track proteins after their release from droplets, culminating in native-like

conformers with numerous salt bridges. Our data provide unprecedented insights into the ESI process, and
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1 Introduction

Electrospray ionization (ESI) has become indispensable for
mass spectrometry (MS) studies on proteins and other
biomacromolecules.” “Native” ESI experiments aim to retain
solution-like structures and interactions in the vacuum of the
mass spectrometer.” '® Results from ion mobility spectrometry
(IMS) and other techniques indicate that native-like protein
conformations can indeed survive on experimental IMS/MS
time scales,"'™® provided that suitable conditions are used.'”*®
Some structural changes will nonetheless occur during the transi-
tion from solution into the gas phase. The exact nature of these
changes remains a matter of debate."*

The ESI process starts with solution in a high voltage
capillary. Droplets emitted from a Taylor cone at the capillary
outlet undergo repeated cycles of fission and evaporation.
Throughout these events, the net number of charges on each
droplet stays close to the Rayleigh limit**~>3

zg = 81/e X (goyr°)"/> (1)
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the maturation of nascent protein ions to metastable structures that are detectable in experiments.

with r = droplet radius, y = surface tension, e = 1.602 x 107" C,
and ¢, = 8.854 x 10> F m ', Different mechanisms may be
operational for the formation of desolvated protein ions from
the final nanodroplets in the ESI plume. Previous work suggests
that native ESI favors the charged residue mechanism (CRM),
where proteins are released upon nanodroplet evaporation to
dryness.*"**** Alternatively, gaseous proteins may form via the
ion evaporation mechanism (IEM) which involves the electro-
static ejection of ions from the nanodroplet surface.”®?’
The IEM dominates for small species such as metal cations,
but even proteins can show IEM behavior under certain
conditions.”>*®*° Various other ion formation scenarios have
been proposed as well.>**® Regardless of the mechanism,
exposure to non-physiological pH or other unfavorable factors
at any point during ESI can trigger protein unfolding and the
dissociation of ligand interactions.**™*?

Bulk solution experiments promote the stability of native
proteins by using neutral aqueous buffers with background
electrolytes (e.g., 50 mM phosphate with 100 mM NacCl at pH 7).
Unfortunately, such non-volatile solutes tend to associate with
proteins during ESI, culminating in heterogenous adduct clusters
instead of “clean” [M + zH[*" ions.>"** Several ESI-compatible
(volatile) buffers and additives have been tested,*”**™*® but
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most native ESI studies continue to rely on aqueous ammo-
nium acetate (NH4Ac).” This salt decomposes via proton
transfer (PT). The resulting products, ammonia and acetic
acid, have a high evaporation propensity (NH," + Ac™ — NH; +
HAc).>""** Protein-bound NH," can evaporate as NHj, leaving
behind a proton. Similarly, protein-bound Ac™ can evaporate
as HAc after acquiring a proton.*?>*° Thus, NH,Ac solutions
favor the formation of [M + zHJ*" ions without undesired
adducts.”

Despite its widespread use, NH,Ac is not an ideal additive
for ESI. NH,Ac produces a physiologically relevant near-neutral
environment in water,”®>! but NH,Ac solutions do not have
buffering capacity at pH 7.** Instead, they buffer =1 pH units
around the pK, values of HAc (4.76) and NH," (9.25). Thus,
addition of acid or base to neutral NH,Ac solution can cause
large pH changes that destabilize native proteins.***%*3¢ Two
factors contribute to acidification in positive ESI mode: (i) water
oxidation in the emitter releases protons.”” (ii) For NH,Ac-
containing droplets, PT generates NHjz, a basic gas that evapo-
rates rapidly. The other product (HAc) is a liquid acid that
evaporates more slowly. Thus, HAc accumulation lowers the
droplet pH until acetate buffering starts to take place, from the
initial value of pH 7 down to 4.76 + 1.*> How exactly this mildly
acidic droplet milieu affects proteins during the ESI process
remains to be explored.?’

Molecular dynamics (MD) simulations of nanodroplets have
become an important tool for probing ESI mechanisms.?>>*7%>
Instead of focusing on [M + zH[*" ions that are most relevant in
experiments, many earlier MD studies modeled analytes that
were charged by metal adduction, e.g., [M + zNaJ*". This
approach sidesteps a limitation of classical MD force fields,
i.e., their inability to capture the formation and dissociation of
covalent bonds (such as PT events involved in [M + zH["
formation). Over the past few years, mobile-proton MD (MPMD)
methods have opened the door to simulations on ESI
droplets**°*%” and gaseous protein ions**°**%® with PT.

We recently proposed an MPMD approach for modeling the
behavior of NH,Ac in ESI droplets (referred to as dMPMD,
where the “d” stands for “droplet””).*> For the first time, that
work captured the PT-mediated formation of NH; and HAc.
However, our study”® only examined analyte-free ESI droplets.
Our subsequent goal was to ‘“‘extend these simulations to ESI
droplets containing proteins [...], to obtain a truly molecular
understanding of native ESI"’.** The present study accomplishes
this goal.

While the current work was in progress, we became aware of
a paper by Cordes and Gallagher.®” Building on our recently
developed methodology,**®® ref. 67 also modeled protein ion
formation from NH4Ac-containing aqueous droplets.®” By pur-
suing a strategy complementary to that of ref. 67, the current
work provides novel mechanistic insights into native ESI via a
two-step strategy. Initially, we performed dMPMD simulations
for modeling the release of protein ions from ESI droplets into
the gas phase. Subsequently, the fate of these nascent ions was
explored using gas-phase MPMD simulations (gMPMD, where
the “g” stands for ‘‘gas phase”), to explore their structural
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evolution in vacuo. Our approach allows computational studies
on droplets and proteins in an unprecedented size range. For
the first time, these simulations capture the complete sequence
of ESI events, from proteins in droplets to metastable gas-phase
structures that can be compared to IMS experiments, with
inclusion of PT events along the entire pathway.

2 Methods

ESI-IMS/MS experimental settings and MD details can be found
in the SL

2.1 Droplet simulations: general aspects

Like previous ESI simulations,’®®® we used the CHARMM36
force field.”® The application of pseudo-periodic boundary
conditions (for droplets and for gas phase proteins, see
Section 2.4) ensured an environment equivalent to vacuum
boundary conditions,® thereby eliminating artifacts caused
by finite cutoffs for nonbonded interactions.”* Protein titratable
sites were initially set for pH 5.4," ie., nt" (N-terminus), R", K",
H', D, E7, and ct~ (C-terminus) (Fig. S1). Crystal structures of
ubiquitin (1UBQ), lysozyme (1AKI), and pepsin (4PEP) served as
starting points. Missing residues in TTR file 3GRG necessitated
the use of AlphaFold 3 to generate starting structures (Fig. S3).”>

Droplets contained water, NH,", Ac~, and HAc, with a
protein initially centered. Parameters for non-protein solutes
were taken from ref. 43. Molalities were used to ensure con-
sistent NH,Ac concentrations in the non-protein part of the
droplets. Ubiquitin droplets with an initial radius of r, = 3 nm
had a NH,Ac molality of 2.3 m, corresponding to a molarity of
1.6 M when considering the entire droplet volume. For 3 nm
lysozyme droplets, we used 2.3 m (1.5 M). Molalities of 6 nm
droplets were 1.15 m (1.00 M, 0.99 M, 0.96 M, and 0.93 M
for ubiquitin, lysozyme, pepsin, and TTR). Ubiquitin runs with
ro = 8.5 nm employed 1.05 m (0.92 M). These NH,Ac concentra-
tions are higher than those of bulk ESI solution, where [NH,Ac]
is typically 10-100 mM.” However, the droplets simulated here
represent a regime where water evaporation has increased
solute concentrations.>' The [NH,Ac] of 1.6 M for r, = 3 nm
matches the conditions of our earlier work.** NH,Ac concen-
trations for larger droplets were chosen such that [NH,Ac]
approached 1.6 M once the droplets had shrunk to 3 nm.
Additional HAc were included to ensure an initial [Ac™ ]/[HAc]
ratio consistent with the Henderson-Hasselbalch equation
(eqn (2)) for pH 5.4.%

(number of Ac™)

PH=PRHA T8 (o mberor HAG) )

Additional NH," were inserted to bring the droplet charge
to the Rayleigh limit (eqn (1)) with y = 0.05891 N m . The
resulting zi values were 18+ for r, = 3 nm, 52+ (6 nm), and
88+ (8.5 nm). Negatively charged droplets were modeled with
excess Ac~ to implement the droplet charge, while adjusting
the initial number of HAc to ensure a pH of 5.4 (eqn (2)).
Droplets underwent energy minimization, followed by 500 ps of
equilibration during which the temperature was raised to 370 K.
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After maintaining 370 K for much of the run, the temperature
was raised to 450 K for promoting the final evaporation steps. The
370 K/450 K periods were 50 ns/25 ns for r, = 3 nm, 112.5 ns/
37.5 ns (6 nm), and 137.5 ns/37.5 ns (8.5 nm). Although typical
ESI interfaces employ droplet heating, the MD temperatures used
here are likely higher than those in experiments, where droplet
temperatures have been estimated to be ~320 K.”* Unfortunately,
droplet runs at T < 320 K yield slow evaporation rates that
preclude studies of ESI events.> This is especially true for TIP4P/
2005 water which evaporates more slowly than other models,
keeping in mind that those other models have unrealistically
low surface tension.”* Using TIP4P/2005 water at 370 K/450 K
overcomes these problems, as shown previously.®®®" 77!
A possible concern with the temperature regime in our simula-
tions is the occurrence of thermal protein unfolding. However,
the data discussed below (as well as earlier experiments”> and
simulations®*®"*”7") demonstrate that the short time scale of
ESI precludes thermal unfolding under the conditions used
here. Droplet volume was determined as Vgroplee = [mMass of
water + solutes + protein (kg)]/[1000 kg m ], and droplet radii
for eqn (1) were estimated using Vgyoplec = 4/317°.

2.2 Droplet pH

The pH of evaporating droplets was determined from their Ac™/
HAc ratio (eqn (2)).*> The small droplet size studied here
implies that the pH-derived number of free H;0" (Ny,0+) tends
to be less than 1. Analogous situations are encountered in
bioenergetics, when studying sub-cellular compartments.”®””
The definition pH = -log[H;0'] remains valid in such small-
volume systems, provided that Ny o is interpreted as a tem-
poral average.”®”” Specifically, one can consider the average
number (Ny,0+) = Varoplet X 10~ P" x N, for droplets undergoing
rapid Poissonian fluctuations between instances where they
contain 0, 1, ... H;0".”®”7 For example, a droplet containing
zero H;0" (90% of the time) and 1H;0" (10% of the time) would
have (Ny, o+) = 0.1. The situation is even more striking for the
pH range considered here; e.g., a droplet with radius 3 nm at
PH 3.76 (the lower end of Ac”/HAc buffering) has (Ny o) ~ 0.01.
The fleeting nature of H;0" under these conditions prompted us
to model ESI droplets without explicitly including H;O".

2.3 Droplet MPMD (dMPMD) simulations

Simulations used trajectory stitching, where runs were broken
down into 250 ps segments. Evaporated species (>4 X r, from
the center) were removed after each segment. The next segment
then started with the remaining coordinates and velocities.
Repeat runs used different initial coordinates and velocities.
After each segment, the algorithm allowed for PT from proto-
nated donors to Ac™, and from NH," to deprotonated acceptors
(Fig. 1 and Fig. S4). Possible donors were NH," (any HN atom),
nt" (any HN atom), R" (HNS), K (any HN atom), H" (HN&1 or
HNe2), D% E°, and ct’. Possible acceptors were Ac~, nt®, R® (N3),
K (Ng), H® (deprotonated N&1 or Ne2). Also, any oxygen in D™,
E~, and ct” was a possible acceptor. PT among side chains (or
side chains/termini) was not considered because it generally
exceeded the maximum allowed distance.

This journal is © the Owner Societies 2026
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Fig. 1 Proton donors and acceptors considered for the dMPMD algorithm

of this work. Arrows indicate possible PT reactions. Snapshots of all PT
events are exemplified in Fig. S4.

Donor/acceptor pairs were identified as PT candidates if
they were H-bonded to one another, with a distance less than a
specific cutoff (PT_dist_max, see below). Unless noted other-
wise, PT was executed with a probability PT_prob = 0.1 for
each candidate pair. NH,"/NH; and Ac /HAc conversion was
performed as described*® (Fig. S4A, top panel). Protonation/
deprotonation of side chains and termini was performed
using GROMACS pdb2gmx. Rapid NH; evaporation from the
droplet justifies modeling PT from NH," to Ac™ as an irrever-
sible step.”® Protein sites were able to switch back and forth
between protonation states, e.g. K" deprotonation by Ac™, with
subsequent K° protonation by NH,". For determining the
maximum distance for which PT was permitted (PT_dist_-
max), we generated H-bond distance histograms for all possi-
ble donor/acceptor pairs (Fig. 1) using the strategy of Fig. S5.
Histogram maxima were used as PT_dist_max for each
pair (Fig. S6).

2.4 Gas-phase MPMD (gMPMD) simulations

Desolvated protein ions released from ESI droplets were sub-
jected to gMPMD."”® The temperature was set to 300 K to
mimic non-activating IMS/MS conditions.>”"'™*® To ensure
consistency with previous gMPMD work,"*”® the OPLS-AA force
field”® was used. 200 ns trajectories were stitched together from
1 ns segments with fixed proton configurations. After each
segment, protonated sites (nt*, R*, K*, H", E°, D°, ct®) were
allowed to undergo PT to deprotonated sites (nt’, R, K H°, E™,
D, ct"). The next segment then continued from the updated
proton configuration. Proton redistribution was governed by
minimization of the energy term

Eompmp = Ecoul * Epa (3)
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Ecou captures intramolecular charge solvation via electrostatic
interactions among all atoms

Ly (@

Ecou = —
4TES() Tij

i>j
where g; and g; are atomic charges, and r; are distances.
Protonation of a titratable site lowers Eyppyp by an amount
equal to its intrinsic proton affinity (PA).** For N sites, this
corresponds to

N
Epa = — ) PA(k) x (5)
k=1

with J; = 1, 0 for protonated and deprotonated sites, respec-
tively. Gly was added to the lysozyme nt and the TTR ct to avoid
the presence of two titratable sites in one residue.”® gMPMD
runs started from droplet-generated protein structures and
charge states (z). To account for declustering during ion
sampling,*! residual adducts were removed without altering z
(e.g., NH," was replaced by a proton). From a random protona-
tion configuration with the appropriate z, proton redistribution
was then performed by minimizing Egvpmp (eqn (3)), before
commencing the gMPMD runs.

2.5 Comparison of algorithms

Compared to the dMPMD/gMPMD approach of ref. 67, the
strategy used here is conceptually simpler and has lower
computational cost, allowing simulations in an unprecedented
size range (see Section 3.4 and 3.5). Key differences compared
to ref. 67 are as follows:

(i) Ac”/HAc buffering stabilizes the droplet pH at 4.76 £ 1 in
native ESI experiments and in our simulations (eqn (2)).** The
sparsity of H;O" under these conditions prompted us to model
droplets without explicitly including H;O" (see Section 2.2).
This strategy eliminated the need to simulate H;O" Grotthuss
diffusion,®®®” thereby streamlining the code and facilitating its
application to large systems. In contrast, ref. 67 modeled ESI
droplets with a high H;0" abundance that is difficult to
reconcile with a Ac”/HAc-buffered milieu.*’ It cannot be ruled
out that in ESI experiments a small fraction of protein proto-
nation events involve transiently formed H;O'. However, for
any H;O" that might be present, Ac~ is a much more likely
proton acceptor (e.g., ubiquitin only has <12 vacant protona-
tion sites at pH 5.4 [Fig. S1], while a r, = 6 nm droplet contains
544 Ac”). Thus, the direct participation of H;O" in protein
protonation will be minimal, providing additional justification
for not explicitly considering H;O" in our MD strategy.

(ii) Ref. 67 executed PT on the basis of AG® estimates. Their
eqn (2) predicts that NH," + Ac- — NH; + HAc in droplets has
AG° = +26 k] mol~*. This unfavorable value is at odds with the
fact that NH; and HAc readily form in evaporating NH,Ac
solutions,” illustrating that bulk thermodynamics may be
unsuitable for predicting the behavior of non-equilibrium
systems with liquid/vapor interfaces. Similarly, AG° values
estimated from gas-phase basicities (GPBs) in ref. 67 did not
consider electrostatic charge solvation effects which are key for
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determining PT favorability.">**”®%° The use of the empirical
probability parameter PT_prob in our work sidesteps these
issues (see Section 2.3).

3 Results and discussion
3.1 Assessing the viability of dMPMD simulations

The goal of this work was to design an efficient strategy
for modeling native ESI, i.e., the formation of gaseous protein
ions from aqueous NH,Ac droplets, with inclusion of PT.
This was achieved by extending our earlier dAMPMD approach,
where proteins were not considered.** In addition to NH,"
and Ac™, all protein titratable sites were allowed to participate
in PT (Fig. 1). As a first step, we verified the fidelity of our
computational strategy by applying it to relatively small dro-
plets (r, = 3 nm), representing a regime close to the end of
the fission/evaporation cascade in the ESI plume.”" Also, this
size range matches typical dimensions used in earlier MD
WOrk.35’54_63

Ubiquitin (8656 Da, pI 6.6) is a widely studied model
protein.""®77881 Fig. 2A illustrates trajectory snapshots in
positive ion mode. Water evaporation caused droplet shrink-
age. PT-generated NH; and HAc evaporated as well. Charge loss
from the evaporating droplets took place via NH," IEM
ejection.”®?” These events culminated in 6+ gaseous ubiquitin.
The observed droplet evaporation to dryness implies that this
protein ion was formed via the CRM.*"**

Fig. 2 includes data from 20 repeat runs, all of which
followed a pattern similar to Fig. 2A. Most water evaporated
within 25 ns (Fig. 2B), concomitant with a stepwise decrease in
droplet charge via NH," IEM events (Fig. 2C). PT produced NH;
and HAc (Fig. 2D and E). The high volatility of NH; translated in
a low NH; steady-state concentration (Fig. 2D). In contrast, the
lower volatility of HAc caused accumulation of this acid,
resulting in a pH decrease from 5.4 to ca. 4.5 (Fig. 2D, F and
eqn (2)). The droplet charge remained around 80% of the
Rayleigh limit (Fig. 2G and eqn (1)). Some proteins retained
one or two solutes at the end of the 75 ns simulations, with
binding of a single NH," as the most common outcome
(Fig. 2H). The ESI charge state distribution, obtained by tallying
all charges at the end of the 20 runs (side chains, termini, and
adducts) ranged from 5+ to 7+, consistent with experiments®”"”®
(Fig. 2I).

PT of donor-acceptor candidate pairs was executed with a
probability PT_prob (see Section 2.3). This probability repre-
sents an empirical parameter rather than a physically derived
property. The value of PT_prob = 0.1 used for Fig. 2 matches the
settings employed earlier for protein-free droplets.*® To test the
effects of PT_prob, we performed ubiquitin simulations under
different PT_prob regimes (Fig. S7). The different settings
affected how the droplet composition changed over time.
However, all simulations ultimately produced similar protein
charge states (Fig. S7, bottom), covering the range of 5+ to 7+
that matches experimental spectra.’””® In other words, the
simulation outcomes were largely insensitive to the choice of

This journal is © the Owner Societies 2026
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Fig. 2 Ubiquitin native ESI (dMPMD) simulations in ro = 3 nm aqueous NH4Ac droplets, using positive ESI mode. (A) Trajectory snapshots. NH4*, Ac™,
NHs, and HAc are shown in spacefill representation, water is shown as lines that are barely discernible, the protein is colored green. All other panels show
data from 20 repeat runs. (B) Number of H,O in droplet, (C) net droplet charge, (D) number of solutes in droplet, (E) cumulative number of PT events from
NH,4* to Ac™, and PT events involving the protein, (F) droplet pH, (G) relative droplet charge. Panels F and G only show the time range down to ~50 H,O,
because the corresponding egn (1) and (2) refer to aqueous systems. Also included in panel G is the average z/zg in this 20 ns window. (H) Protein adducts
at the end of droplet evaporation. (I) Simulated protein ESI charge state distribution (including adducts).

PT_prob, prompting us to retain PT_prob = 0.1 for all data
discussed below.

Simulations were also conducted on lysozyme (14305 Da,
pl 10.5), another common model protein.®””® ESI events for
lysozyme resembled those for ubiquitin (Fig. S8). dMPMD-
generated lysozyme charge states ranged from 7+ to 9+, match-
ing experimental data.®””®

3.2 Positive and negative ion mode ESI

While most ESI studies employ positive ion mode, experiments
can also be performed in negative ion mode where protein anions
are released from negatively charged droplets.®””®% After verifying
the viability of our algorithm in positive ion mode (Fig. 2 and
Fig. S8), we simulated 7, = 3 nm droplets in negative ion mode. The
net droplet charge was implemented by excess Ac™ . The ensuing
events were analogous to those in positive ion mode, ie., evapor-
ating droplets underwent Ac~ IEM events, yielding CRM charge
states that matched the experimentally observed range (5- to 6- for
ubiquitin, 6- to 8- for lysozyme, Fig. S9 and $10).*””®

This journal is © the Owner Societies 2026

Native ESI experiments in negative ion mode tend to pro-
duce slightly lower charge states |z| than in positive ion
mode.%”788%:83 This effect was reproduced in our simulations,
where average z values were 5.5- vs. 6.1+ for ubiquitin, and 7.0-
vs. 8.1+ for lysozyme (Fig. 2 and Fig. S8-S10). Our simulations
reveal that this disparity is rooted in the ejection behavior of
excess charge carriers, NH," vs. Ac™, illustrated for ubiquitin in
Fig. S11. Charge ejection always occurred with a solvation shell.
For droplets that still contained abundant water, ejected NH,"
and Ac~ were mainly solvated by H,O (Fig. S11C and J). As the
droplets gradually dried out, solvation by HAc became more
prevalent (Fig. S11G and N). The absolute system charge in
positive and negative ion mode was indistinguishable at ¢ ~
30 ns (Fig. S11B), implying that “wet” droplets do not hold the
key for explaining the charge disparity between positive and
negative ion mode. Instead, differences manifested themselves
when the systems were almost anhydrous. Charge loss in
positive ion mode became rare at ¢ > 30 ns, with only a single
ejection in 20 simulations (Fig. S11C-G). Negative ion mode
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exhibited a higher charge loss propensity at this late stage, with
14 ejections for ¢ > 30 ns (Fig. S11J-N). Thus, our data show
that toward the end of droplet evaporation, Ac -mediated
charge loss in negative ion mode is more facile than NH,"-
mediated charge loss in positive ion mode. This trend was also
seen for lysozyme (Fig. $12).

In summary, the dMPMD strategy developed here is suitable
for modeling native protein ESI in positive and negative ion
mode. All 7, = 3 nm droplet runs showed protein ion production
via the CRM, accompanied by IEM charge ejection (solvated
NH," or Ac™ in positive or negative ion mode, respectively).
Simulated protein charge states were in agreement with
experiments.”® Except for Fig. S9-S12, all data in this work
represent positive ion mode.

3.3 dMPMD simulations on r, = 6 nm droplets

The droplets discussed above with r, = 3 nm represent a late
stage of the ESI process.>! Many earlier studies were restricted
to this size range, as dictated by computational cost,?>>476%:63
The streamlined approach used here facilitates investigations
on much larger droplets, offering the opportunity to capture a
more extensive segment of the ESI process. Larger droplets are
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also required for modeling high MW proteins that exceed the
size of r, = 3 nm droplets.

dMPMD simulations on r, = 6 nm droplets were performed
for ubiquitin and lysozyme, as well as pepsin which represents
a large monomeric protein (35 kDa, pI ~ 3, protein radius =~
3 nm). We also modeled droplets containing transthyretin
(TTR), a 55 kDa noncovalent tetramer (pI =~ 5, protein
radius & 3.5 nm). Results for TTR are illustrated in Fig. 3. Data
for the other three proteins are summarized in Fig. S13-S15.
All ry = 6 nm trajectories showed droplet evaporation to
dryness, following a sequence of events similar to that seen
for the ry = 3 nm droplets in Fig. 2 and Fig. S8-510. Simulated
charge state distributions for ubiquitin were virtually identical
for 3 nm and 6 nm droplets (Fig. 2I and Fig. S13I). The same
was true for lysozyme (Fig. S8I and Fig. S14I). Overall, our
simulations reveal that the CRM is operative for proteins across
a wide size range (we tested 8.5 kDa to 55 kDa), with different
acid/base properties (we examined pI 3 to 10.5), and for droplet
radii up to at least 6 nm. TTR represents the largest protein to
date that has been subjected to ESI simulations (Fig. 3).

Simulated ESI charge state distributions for ubiquitin, lyso-
zyme, and pepsin from r, = 6 nm droplets were almost identical
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to the results of native ESI-MS experiments (Fig. 4A-F). Pub-
lished TTR spectra show some variability, reflecting the TTR
propensity to undergo chemical modifications (Fig. S2), and the
capability of the flexible N-termini to adopt different conforma-
tions (Fig. S3). Experimental TTR charge states in the literature
cover the range of 13+ to 17+."%*% Our experiments yielded
15+ to 17+ (Fig. 4G). The simulated TTR charge states of 14+ to
16+ are consistent with the experimentally observed range
(Fig. 4H). The overall agreement between experimental spectra

ESI-MS Experiments

View Article Online
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and simulation results in Fig. 4 is remarkable, attesting to the
robustness of our dAMPMD approach.

3.4 Residual adducts

Native ESI experiments on small proteins often produce ions
that are adduct-free (Fig. 4A and C). This behavior arises from
the PT events in Fig. 1, that convert non-volatile NH," and Ac™
into volatile NH; and HAc.*"** dMPMD-generated protein ions
carried slightly higher adduct levels than in experiments, with

dMPMD Simulations
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Fig. 4 Native ESI mass spectra compared to dMPMD-generated protein charge states for ro = 6 nm droplets. (A) and (B) Ubiquitin, (C) and (D)
lysozyme, (E) and (F) pepsin, and (G) and (H) TTR. Each simulated spectrum is based on 20 replicates. Dashed red lines and red humbers indicate ESI
charge states predicted as 0.85 x zg, where zg is the Rayleigh charge of a protein-sized water droplet (eqn (1)), using radii determined from the protein
mass assuming spherical shape and a 1 g cm™> density.?* Shown along the right are representative protein structures after 150 ns of droplet

evaporation.
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(italicized) oxygens. (B) Pepsin 11+ produced in the dMPMD runs of Fig. S15, with 14 bound NH,4* ions. (C) and (D) Close-up of NH,4* binding to pepsin.
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of [pepsin + (11-n)H + NNH4I™* are shown for n = 0 (red), and n = 1, ..., 5 (blue). Panel F also shows water loss, a common event during collisional

activation of S/T-containing proteins (the S/T content of pepsin is 21%).8”

NH," as the most prevalent charged adduct. Ubiquitin and
lysozyme mainly formed [M + (z-1)H + NH,J*". NH," binding
resulted from ‘“carbonyl trapping” by backbone and side chain
C=0 groups (Fig. 5A).

Carbonyl-trapped NH," was particularly abundant in pepsin
simulations, with occasional participation of other binding
sites such as Ser-OH (Fig. 5B-D and Fig. S15H). Consistent
with their high abundance in our MD data, NH," adducts were
observed in native ESI mass spectra of pepsin (Fig. 5E and
Fig. S16). Collisional activation caused a gradual shift to lower
m/z (Fig. 5E and F). The process did not change the protein
charge, implying NHj; loss rather than NH," ejection (Fig. S17).
This interpretation is consistent with earlier experiments.**°
The MS/MS data of Fig. 5 suggest that collisional heating
triggers PT from residual NH," to acceptor sites on the protein
(acceptor + NH," — acceptor-H" + NH;).>! The scarcity of cano-
nical basic acceptors in pepsin (a total of 5 sites, Fig. S1) implies
the involvement of relatively unfavorable acceptors after colli-
sional activation, such as side chains of Asn, GIn, Pro, and
possibly even backbone carbonyls.*® These unfavorable proton
acceptors likely also participate under denaturing conditions that
produce [pepsin + zHf" ions without NH," adducts (Fig. S2D).

Native ESI mass spectra of large protein complexes tend
to show peak broadening, an effect often attributed to “salt
adduction”.” Adduct-mediated broadening is exemplified by
the TTR experimental data in Fig. 4G. Our dMPMD results show
that residual HAc is a main contributor to peak broadening
(Fig. 3H). Some HAc adducts were buried in internal cavities of
TTR, illustrating why native ESI can produce adducted ions
even in the absence of salt contaminants (Fig. 34, ¢ = 150 ns).
Collisional activation during ion sampling promotes partial
loss of these adduct (Fig. S18).

Phys. Chem. Chem. Phys.

3.5 Pushing the MD size range to r, = 8.5 nm droplets

Ideally, ESI simulations would start with droplets in the r, ~
100 nm range, as this size is produced at the Taylor cone in
typical experiments.”! In addition to capturing analyte ion
formation, such simulations would be expected to show droplet
fission events that precede formation of the final nanodroplets.
Sadly, ry & 100 nm droplets are far out of range for existing MD
methods. The minimum radius required for droplet fission
has been estimated to be ca. 8.5 nm, whereas charge loss for
smaller droplets is limited to IEM events>® (as seen here for
o = 3 nm and 6 nm).

To access a regime that covers a wider range of behaviors, we
performed dMPMD on ubiquitin-containing droplets with 7, =
8.5 nm (~76 000 H,0). To our knowledge, these are the largest
ESI droplets simulated using MD techniques (Fig. 6A). Three
runs were performed, each of which required ~ 1 month of wall
clock time. Each run produced a gaseous protein via the CRM
(Fig. S19), similar to the smaller droplets discussed earlier
(Fig. 2 and Fig. S13). Protein charge states were 5+ (twice) and
7+, consistent with the experimentally observed range (Fig. 4).

The shrinking r, = 8.5 nm droplets retained a spherical
shape throughout most of their life cycle (Fig. S19A). NH,"
and Ac” were distributed uniformly in the aqueous phase
(Fig. S20A-C). The NH; radial distribution showed a local
maximum at the droplet surface, representing PT products that
had diffused to the droplet periphery and that were about to
evaporate (Fig. S20D). Highly pronounced surface accumula-
tion was seen for HAc (Fig. S20E). The high surface affinity
reflects the less favorable water solvation of HAc compared to
Ac™. HAc enrichment at the liquid/vapor interface is consistent
with the ESI behavior of other partially nonpolar species.®®%°
Most of the HAc molecules at the surface had their carboxylic
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(A) Initial droplet size and water content for the different dAMPMD simulations of this work. Ubiquitin is shown for size comparison. All other panels

illustrate evaporation and jet fission of a ro = 8.5 nm droplet containing NH4Ac and ubiquitin in positive ion mode. (B) and (C) Absolute and relative droplet
charge; arrows indicate the fission time point. (D) and (E) dMPMD snapshots marking the onset and the end of jet fission. Panel E shows the composition
and charge of five progeny droplets (highlighted by circles). Full ESI trajectories are shown in Fig. S19.

acid group in contact with water, while the desolvated
methyl group protruded into the vapor phase (Fig. S20H). The
protein tended to reside relatively close to the surface as well,
instead of retaining its initial centered position in the droplet
(Fig. S20F).

Strikingly, each of the large droplets underwent a jet fission
event, causing a sudden reduction in overall charge (Az = 9 in
Fig. 6B and C). Fission started with elongation of the initially
round droplet (Fig. 6A, ¢ = 0 in Fig. S19A), followed by formation
of a Taylor cone-like protrusion that released a burst of progeny
droplets from its tip (Fig. 6D and E). Several progenies were
multiply charged; the largest one in Fig. 6E had a 3+ charge and
contained ~200 molecules. This progeny size is in contrast to
the IEM ejection of singly charged ions (typically NH," with
~10 H,0) that represents a competing charge loss mechanism
(Fig. 2A and 3A and Fig. S19A). None of the progeny droplets
contained a protein under the conditions studied here,
although we cannot rule out the feasibility of such protein
IEM or “intermediate regime ESI” events.>**"

This journal is © the Owner Societies 2026

The MD data in Fig. 6 resemble experimentally observed jet
fission events.”’ > Only very few past MD studies ventured into
a droplet size regime where such events become feasible.’**
The unprecedented size used here for the first time produced
trajectories that captured the entire range of droplet behaviors,
i.e., jet fission, evaporation to dryness with numerous IEM
events, culminating in a CRM-generated gaseous protein ion
(Fig. 6 and Fig. S19, S20).

Simulation data supporting the CRM were previously
obtained for much smaller droplets.> A weakness of those
earlier studies is the possibility that their outcomes might have
been biased by the initial droplet size used. It is gratifying that
trajectories consistent with the CRM were also obtained for the
very large droplets simulated here, confirming that earlier
mechanistic insights were not tainted by size-related artifacts.

3.6 The CRM/Rayleigh framework

Our dMPMD data reveal that under native ESI conditions each
protein remains trapped inside a shrinking droplet, up to the

Phys. Chem. Chem. Phys.
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point where the solvent has evaporated to dryness. This sce-
nario matches the definition of the CRM.’> Evaporating ESI
droplets are governed by two competing trends: (i) H-bonds and
other cohesive interactions favor a near-spherical droplet shape
that maximizes intermolecular contacts by minimizing the
surface-to-volume ratio. (ii) Electrostatic repulsion destabilizes
the droplet, promoting charge loss in the form of droplet
fission and IEM events. The competing factors (i) and (ii) cause
the evaporating droplets to stay in a regime where the net
droplet charge is at ca. 85% of the Rayleigh limit (0.85 is the
average z/zg from all , = 6 nm runs). Evaporation ends when
only the dry protein remains, at which point the charge of the
vanishing droplet becomes the charge of the nascent protein
ion. Droplet shrinkage at ~0.85 zg, implies that the protein
charge will be z ~ 0.85 zz of a protein-sized droplet. The
predictions of this CRM/Rayleigh framework are in good agree-
ment with simulated and experimental ESI charge states (Fig. 4,
dashed lines), supporting earlier proposals.>">*%

Fig. 4 demonstrates that the CRM/Rayleigh framework
applies to proteins that have vastly different sizes and basici-
ties. An interesting scenario arises for proteins that possess very
few basic sites. Specifically, pepsin contains only five canonical
basic moieties (1nt, 2R, 1K, 1H, Fig. S1). From this amino acid
composition, one might expect that pepsin should be unable to
carry a charge greater than 5+. However, the CRM/Rayleigh
framework predicts a native ESI charge of ~11+, which is in
agreement with experiments and simulations (Fig. 4E and F).
Our data show that native ESI charging beyond 5+ in pepsin is
mediated by carbonyl-trapped NH," ions (Fig. 5 and Fig. S15H),
as previously suggested on the basis of experimental data.*®

It has been proposed that residue basicity plays a key role for
protein charging in native ESL®” This assertion contradicts
experiments that demonstrated major disparities between ana-
lyte basicity and ESI charge states.’ Instead, the CRM/Rayleigh
framework implies that protein size is the single most impor-
tant determinant of native ESI charge states.”®**9*°* The
expected size dependence was reproduced in our simulations
for proteins representing a wide range of basicities, demon-
strating that basicity is not a key determinant of native ESI
protein charge states,>**99%94

3.7 From nascent ions to metastable gas-phase structures

After their release from ESI droplets, protein ions adapt to the
solvent-free environment.'>*® The net charge of each ion is
fixed once it is in vacuo, but spatial protonation patterns
continue to evolve because protons are highly mobile in the gas
phase.®®?>%% Many earlier MD studies have explored gaseous
proteins,:33:68:69:997104 it most of them faced two limitations.
(i) They started from X-ray or NMR structures, although droplet-
generated structures would be a more realistic starting point.
(if) Mobile protons were not considered. Here we address both
of these issues. (i) Gaseous proteins were modeled as a con-
tinuation of droplet simulations. (ii) We allowed for PT among
all titratable sites, using a gas-phase mobile proton MD
(gMPMD) algorithm where PT is governed by proton affinities
and electrostatics (see Section 2.4)."%7%
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Following their CRM production from r, = 6 nm droplets
(Section 3.3), ubiquitin, lysozyme, and TTR in the most abun-
dant charge states were modeled by gMPMD. Fig. 7 illustrates
data for TTR. The radius of gyration (R, reflecting the overall
protein size) remained close to the initial solution value
throughout the droplet stage of the simulations (0-150 ns).
During the subsequent 200 ns in the gas phase, TTR underwent
a slight compaction, culminating in a R, 6.5% lower than for
the solution structure (Fig. 7A). Similar compaction events have
been reported for other complexes.'°*'°"'% Structural changes
throughout the droplet and gas-phase simulations resulted in a
~1 nm RMSD relative to the solution structure (Fig. 7B). Fig. 7C
puts this RMSD into context, highlighting that most aspects of
the solution architecture were retained in the gas phase, albeit
with some distortion of B sheets and loops.

The final gaseous TTR structures exhibited an extensive salt
bridge network, involving protonated basic sites and R-COO™
moieties (Fig. 7D). The presence of these R-COO™ moieties in
[M + zHJ" ions may seem counterintuitive, prompting many
earlier MD studies to employ all-positive protonation patterns.
However, it is now well established that intramolecular charge
solvation and nearby positive charges can stabilize R-COO™
groups (eqn (4)).>>"°>'°® The zwitterionic motifs formed in our
gMPMD simulations are consistent with those data (Fig. 7D).
Starting from the initial pH 5.4 droplet pattern (Fig. 7E), the
zwitterionic character of TTR initially diminished until the
droplet stage of the simulations had terminated (Fig. 7F).
During the subsequent 200 ns in the gas phase, intramolecular
PT generated additional positively charged sites and R-COO™
groups. All of the latter were involved in salt bridges (Fig. 7G
and Fig. S21).

gMPMD simulations on ubiquitin and lysozyme yielded data
similar to those for TTR, with numerous salt bridges, and with
retention of native-like structures (Fig. S21-S23). A few ubiqui-
tin and lysozyme runs generated slightly unfolded conformers,
indicating that the gas phase resilience of these low MW
proteins is somewhat lower than that of TTR, likely reflecting
their larger surface-to-volume ratio. The propensity of ubiquitin
to produce a small fraction of semi-unfolded conformers has
been noted previously in IMS experiments,">”® although most
ions retained compact structures (consistent with our simula-
tions, Fig. S22).

In the case of pepsin, the scarcity of basic residues and the
overabundance of acidic sites called for a slightly different
simulation strategy. Consistent with experiments,*® dMPMD-
generated ions showed complete protonation of acidic sites.
Protonation of the five basic sites, along with six NH," adducts,
resulted in a 11+ overall charge. Complete protonation of
carboxylates implies the absence of salt bridges and mobile
protons. Gas-phase simulations on pepsin were therefore per-
formed with static protons. Pepsin retained a native-like but
slightly collapsed gas-phase structure (5.9% lower R, than the
X-ray structure, Fig. S24).

The gMPMD structures of ubiquitin and lysozyme were in
excellent agreement with IMS experiments (Fig. S25A-D). For
pepsin and TTR, experimental collision cross sections were
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slightly lower than for the gMPMD structures, indicating that
gas-phase collapse of these proteins did not fully go to comple-
tion on the 350 ns time scale of our simulations (Fig. S25E-H).

4 Conclusions

The mechanism(s) of protein ion formation during ESI, and the
extent to which these ions retain solution-like structures have
remained controversial for many years.'®*%?>3%53%7 our simu-

lations offer unprecedented insights into these events, focusing

This journal is © the Owner Societies 2026

on NH,Ac droplets that represent native ESI conditions, with
inclusion of PT reactions. Our data capture the entire sequence
of events, from proteins in droplets to nascent desolvated ions
to IMS/MS-detectable gas-phase conformers. The droplets mod-
eled here have radii up to 8.5 nm, the largest size simulated to
date. Similarly, TTR (55 kDa) is the largest protein for which ESI
simulations have been performed.

The dMPMD approach used here captures the experimental
finding®® that PT converts NH,Ac solution into an Ac™/HAc
buffer that stabilizes the droplet pH at 4.76 + 1 (see, e.g., Fig. 2F
and 3F). Our data demonstrate that this mildly acidic milieu
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allows the retention of folded protein conformations on the
short (ns to ps)*! time scale of nanodroplet evaporation, with-
out acid-induced denaturation.*® Even the subsequent loss of
solvent only causes relatively small changes. The final gas-
phase structures still resemble the initial solution conforma-
tions, albeit with a slight compaction (Fig. 7C and Fig. S22C,
$23C, $24C)."°1°119 Thus, our findings bolster the view that
solution-like structures can survive the transition from solution
into the gas phase during native ESI,*"*>'"'8

Our simulations support the CRM/Rayleigh framework, which
offers a simple way to predict native ESI charge states.>'?>**%%
The model entails protein release into the gas phase upon droplet
evaporation to dryness. Because the droplets stay close to the
Rayleigh limit throughout their life cycle, the “residue” formed
when the last solvent disappears has a net charge close to that of a
protein-sized aqueous droplet. We demonstrate that this concept
applies regardless of protein size and physicochemical para-
meters, for a pI range of at least 3.2 to 10.5. In addition, this
model applies to native ESI in both positive and negative ion
mode, provided that subtle stability differences of NH,"-charged
vs. Ac -charged systems during the final stages of desolvation are
taken into account.

Our findings contrast the proposal®’ that protein charging is
governed by residue basicity. Support for our view that basicity
is not critical for native ESI charging comes from experiments
on proteins that behave according the CRM/Rayleigh frame-
work, despite not possessing any titratable side chains (such
that there is no PT between protein and solvent during ESI).*?
Native ESI charging for such proteins is mediated by NH,"
adducts, similar to the pepsin behavior seen here. Pertinent
insights also come from MD data on aqueous ESI droplets
containing Na" as the only type of charge carrier. [M + zNaJ*"
ions formed from such droplets have charge states matching
those of experimentally observed [M + zHJ*" ions.®® This con-
sistent charging behavior is despite the fact that protonation
and Na' binding are very different types of events, the latter not
being governed by basicity.

Earlier investigations highlighted possible alternatives to
the CRM/Rayleigh framework, demonstrating that small pro-
teins may undergo IEM ejection.>® However, protein IEM is
viable only for compact conformers that carry a large charge
(e.g. ubiquitin'** at pH 3).>® For the conditions studied here,
droplets were buffered at pH 4.76 + 1, thereby precluding the
accumulation of a large solution charge on ubiquitin. It is
therefore unsurprising that the current simulations did not
show protein IEM. Instead, we observed CRM behavior regard-
less of protein and droplet size. The persistence of compact
structures under native ESI conditions also precludes ion
formation via the chain ejection mechanism (CEM), a pathway
pursued by unfolded proteins.®®

The streamlined dMPMD algorithm used here allows ESI
droplet simulations in an unprecedented size regime. By track-
ing the behavior of these large systems through the entire
sequence of events (fission, evaporation, gas-phase ion for-
mation), we were able to capture a much larger segment of
the overall ESI process than previous modeling studies. In the
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future, we plan to extend this range even further, all the way to
the ESI capillary and the formation of ESI droplets at the Taylor
cone. Initial progress toward this goal has been achieved,'"’
albeit not for macromolecular analytes such as proteins.
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