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Abstract
Electrosprayed multi-protein complexes can be dissociated by collisional activation in the gas
phase. Typically, these processes follow a mechanism whereby a single subunit gets ejected with a
disproportionately high amount of charge relative to its mass. This asymmetric behavior suggests
that the departing subunit undergoes some degree of unfolding prior to being separated from the
residual complex. These structural changes occur concomitantly with charge (proton) transfer
towards the subunit that is being unraveled. Charge accumulation takes place up to the point where
the subunit loses physical contact with the residual complex. This work develops a simple
electrostatic model for studying the relationship between conformational changes and charge
enrichment during collisional activation. Folded subunits are described as spheres that carry
continuumsurface charge. The unfolded chain is envisioned as random coil bead string. Simulations
are guided by the principle that the system will adopt the charge configuration with the lowest
potential energy for any backbone conformation. A finite-difference gradient algorithm is used to
determine the charge on each subunit throughout the dissociation process. Both dimeric and
tetrameric protein complexes are investigated. Themodel reproduces the occurrence of asymmetric
charge partitioning for dissociation events that are preceded by subunit unfolding. Quantitative
comparisons of experimental MS/MS data with model predictions yield estimates of the structural
changes that occur during collisional activation. Our findings suggest that subunit separation can
occur over a wide range of scission point structures that correspond to different degrees of unfolding.
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Hemoglobin, Asymmetric charge partitioning

Introduction

E lectrospray ionization mass spectrometry (ESI-MS) has
become a well established tool for the characterization

of noncovalent protein–protein and protein–ligand com-
plexes [1–7]. The gentle nature of ESI [8] and nanoESI [9]
allows the transfer of intact biological assemblies into the
gas phase as multiply protonated species (assuming that
measurements are conducted in positive ion mode). The
binding stoichiometries of these complexes can be deter-
mined on the basis of mass measurements. Also, affinity

estimates can be obtained based on signal intensity ratios of
the free and bound species [10–14]. Key to the success of
these studies is the use of experimental conditions that
facilitate gentle ion sampling [15, 16], and that minimize
inadvertent dissociation [17–19] or nonspecific clustering
[20, 21].

Mounting evidence suggests that protein complexes in
the gas phase can retain much of their solution structure
[22]. This correlation greatly expands the scope of gas phase
structural investigations such as ion mobility measurements
[22–24], gas phase hydrogen exchange [25], and optical
spectroscopy [26]. In addition, a host of ion activation
methods are available for the dissociation of protein
assemblies [27–32].
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Collision-induced dissociation (CID) represents the most
widely used approach for the fragmentation of biomolecular
ions in the gas phase. CID may be conducted on different
types of mass spectrometers and at various physical
locations along the ion path, e.g., in rf-only multipoles,
traveling-wave ion guides, ion cyclotron resonance cells, and
in the ion sampling interface [30, 33]. CID involves
relatively slow (microsecond) heating of analyte ions,
mediated by multiple collisions with neutral gas molecules
[34]. When applied to protein–protein complexes, CID
conditions are typically chosen such that noncovalent
subunit interactions are disrupted while covalent bonds
remain intact [29, 35].

An intriguing phenomenon during CID of multi-protein
assemblies is the prevalence of fragmentation pathways
whereby a single subunit is ejected with a disproportionately
high amount of charge relative to its mass. The first example
of this “asymmetric charge partitioning” was reported by
Schwartz et al. [7] who observed that CID of streptavidin
[4 M+14H]14+ ions yields [M+7H]7+ and [3 M+7H]7+ ions.
In this example, the monomeric product ion carries half of
the precursor charge, but only a quarter of the mass. Similar
effects have been observed for numerous other protein
complexes, ranging in size from dimers to multi-subunit
assemblies [3, 33, 36–41], as well as for DNA duplexes [42,
43]. The extent of asymmetry is somewhat dependent on the
experimental conditions [33], but only very few systems
exhibit completely symmetric CID behavior [36]. Asym-
metric charge partitioning also occurs during blackbody
infrared dissociation of protein–protein assemblies [31, 44].

A conceptual framework has evolved to rationalize the
occurrence of asymmetric charge partitioning [3, 30, 31, 33,
37, 45, 46]. This framework is based on the view that
electrosprayed multi-protein assemblies initially retain a
compact conformation, where excess protons are distributed
more or less uniformly on the surface of the complex.
Collisional activation induces gradual unfolding of a single
subunit, accompanied by electrostatically driven proton
transfer to this subunit. This transfer of charge comes to an
end when the partially unfolded subunit has passed the
“scission point,” i.e., when it has separated from the residual
complex. The charges on the complementary CID product
ions reflect the extent of proton transfer that has occurred up
to the scission point.

The subunit unfolding framework outlined above is
supported by several lines of evidence. (1) Proton mobility
within collisionally activated polypeptide ions [47, 48] as
well as charge transfer between protein subunits [31] are
well documented. (2) Intramolecular crosslinks diminish the
extent of charge asymmetry, in line with the expectation that
subunit unfolding will be impeded under these conditions
[33, 37]. (3) Because unfolding is a time-dependent process,
symmetric partitioning is favored when employing surface-
induced dissociation (a picosecond process [49, 50]) instead
of CID, which proceeds on a microsecond time scale [30].
(4) Ion mobility measurements on collisionally activated

multi-protein complexes confirm the presence of semi-
unfolded intermediate structures [35, 51, 52]. (5) Electro-
static models that allow for subunit unfolding yield data that
are in qualitative agreement with experimental observations
[44]. In contrast, models based on static subunit structures
underestimate the extent of asymmetric charge partitioning
[45, 53–55].

Although the general validity of the subunit unfolding
framework is undisputed, several aspects related to asym-
metric charge partitioning remain incompletely understood.
For example, some theoretical studies predict that charge-
symmetric behavior should generally be favored on the basis
of kinetic arguments [46, 56]. Another aspect that has
received little attention is the fact that CID product ions
typically display a wide distribution of charge states, despite
the use of precursor ions with a precisely defined number of
excess protons. The last feature is particularly interesting, as
it suggests the existence of competing fragmentation path-
ways. Some previous computational investigations treated
charge migration by using manual intervention to move
protons among amino acid side chains [44, 46, 56].
Strategies of that type can make it difficult to adequately
account for conformationally driven charge migration.

The goal of this study is to describe the CID process of
noncovalent protein–protein complexes using a simple
electrostatic model. We aim to account for product ion
abundance distributions in a quantitative way, thereby
providing insights into the protein structural changes occur-
ring during collisional activation. This work incorporates
ideas put forward in previous studies, particularly Klassen’s
protein structure model [44], Thachuk’s Coulomb repulsion
model [46, 56], the two-sphere model of Ryce and Wyman
[53], and a droplet fission model developed by our group
[57].

Theoretical Framework
The model developed here is applicable to protein com-
plexes with different geometries and subunit compositions.
For reasons of simplicity, we will first discuss a homodimer
composed of two subunits, A and B, that both have the same
initial radius r1. Prior to collisional activation, both subunits
are described as spheres, consistent with the globular fold of
many protomers (Figure 1, top). During collisional activa-
tion, subunit A undergoes structural changes, whereas the
shape of subunit B remains unaltered.

Gradual subunit unfolding during collisional activation is
described by having a string of small spherical beads emerge
from subunit A. Each of the additional beads represents one
residue, and the unraveling process occurs in a stepwise
sequential fashion. A numbering scheme is introduced to
refer to each entity of the system. Subunit B is designated as
1, and the subunit A sphere is designated as 2. Subsequent
amino acid beads are numbered 3, 4, 5, etc. (Figure 1). All
amino acid beads share the same radius raa. The amino acid
string is described as a self-avoiding random coil in three
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dimensions. The degree to which subunit A has undergone
unraveling is denoted by the parameter n that corresponds to
the total number of entities in the system. For example, n=2
represents the intact complex prior to collisional activation.
Similarly, n=10 represents the case where eight unraveled
amino acid beads are present, in addition to the large spheres
1 and 2. It is assumed that the fully unfolded subunit A
consists of 151 residues. This number was chosen to
facilitate subsequent comparisons with experimental data.
The unraveling process is subject to conservation of volume.
This implies that the radius of sphere 2 decreases with each
amino acid that is added to the unfolded chain. The amino
acid bead radius is given by the relationship r1

3=151 raa
3.

Of the 20 amino acid side chains, those of Arg, His, and
Lys, as well as the amino terminus represent the main
protonation sites in gas phase proteins [44, 56, 58]. The
average abundances of Arg, His, and Lys are 5.2%, 2.1%,
and 6.1%, respectively, corresponding to a total of 13.4%
[59]. In order to closely match this percentage, every eighth
residue (10, 18, 26, …) was designated as a possible charge
attachment site, in addition to spheres 1 and 2 (gray in
Figure 1).

The dissociation of multiply charged protein complexes
after collisional activation shares conceptual analogies with
the breakup of charged solvent droplets [45, 53, 57, 60–64].
Guided by those earlier investigations, excess proton charge
is modeled using a continuum approximation. Specifically,
the total charge of the system is assumed to be distributed
over the surface of the electrifiable entities (1, 2, 10, 18, 26,
…) [65]. The electrostatic energy En of the system is given
by [57]

En ¼ 1

8p"0

Xn

i¼1

qi2

ri

 !
þ 1

4p"0

Xn�1

i¼1

Xn

j¼iþ1

qiqj
rij

ð1Þ

where qi is the charge on entity i, ri is the corresponding
radius, and ε0 is the vacuum permittivity. The variable rij
refers to the midpoint distance between i and j. The first term
in Eq. 1 reflects the electrostatic energy associated with
accumulating a charge qi on all the spherical entities i,
whereas the double sum accounts for repulsive interactions
among the entities. As noted earlier, only a subset of entities
are designated as chargeable sites (qi ≥ 0), whereas qi=0 for
all others.

A central feature of the model is that for any unfolding
stage n the system adopts the charge configuration q1, …,
qn corresponding to the global minimum of En [53, 57].
This behavior reflects the fact that proton transfer occurs
on a time scale that is much faster than subunit unfolding
[47, 48, 56]. The charge configuration depends on the
degree of subunit unraveling, as well as on the chain
conformation. The latter affects the values of rij in Eq. 1.
A comprehensive characterization of the system properties
must therefore consider various different conformations
for each value of n.

The most important observable predicted by the model
is the amount charge that has accumulated on subunit A
(qA) once the system has reached the scission point. Up to
this stage, subunit A (entities 2, …, n) and subunit B
(entity 1) form a contiguous chain where charge can
exchange freely between the subunits. Once CID has
pushed the system past the scission point there will be an
insulating gap at the subunit interface (Figure 1) such that
qA and qB can undergo no further change [44]. Conforma-
tional transitions that occur after the scission point are
irrelevant for charge partitioning among the subunits. The
total amount of excess charge within the system is
referred to as qtot. For a system that reaches the scission
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Figure 1. Schematic cartoon, depicting structural changes
during collisional activation of a dimeric protein complex in
the gas phase. Unfolding of subunit A occurs in a sequential
manner. The growing amino acid chain adopts a random coil
structure. The total number of spherical entities is denoted as
n. Sites that can carry charge are highlighted in gray. Subunit
separation can occur at any point during the process. For
presentation purposes a large chain segment has been
omitted in the bottom panel
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point at chain length n the charge on complementary
product ions is given by

qA ¼
Xn

i¼2

qi ð2aÞ

qB ¼ qtot � qA ð2bÞ

Ultimately, the success of the model hinges on compar-
isons of predicted qA values with experimentally determined
charge states after CID. Asymmetric charge partitioning
corresponds to qA9qB, whereas the symmetric case is
characterized by qA ≈ qB.

An extension of the described dimer model to larger
systems is straightforward. This work will also consider
tetrameric complexes with equally sized spherical subunits
A, B, C, D that initially adopt a tetrahedral arrangement.
This layout mimics the quaternary structure displayed by
many protein systems [66]. During collisional activation,
subunit A undergoes unraveling in a fashion analogous to
that described above. Subunits B, C, and D remain intact,
and their relative positions do not change.

Simulations
Computer calculations were performed using FORTRAN code
developed in-house. For dimer simulations two equally sized
spheres were initially placed with their midpoints spaced by 2r1
along the x-axis of a Cartesian coordinate system. Conservation
of volume dictates that extrusion of the amino acid string
during collisional activation is accompanied by gradual
shrinkage of sphere 2. The midpoint position of that sphere
was adjusted throughout the simulation to ensure that spheres 1
and 2 remained in physical contact at all times. The midpoints
of unfolded amino acid beads were placed in three dimensions
with a step size of 2.5raa, and with spherical polar coordinate
angles 0 � �G2p and 0 � fG p that were picked using a
pseudo-random number generator. The finite-difference gra-
dient routine UMINF (IMSL; Visual Numerics, Houston, TX,
USA) was used for determining the charge configuration q1,
…, qn corresponding to the global minimum of En (Eq. 1). 50
different random chain conformations were tested for any
given value of n. Each of these 50 conformations represents a
possible scission point structure. Extension of the model to a
tetrameric protein complex was achieved as outlined above.

Experimental
Bovine β-lactoglobulin (BLG, pdb code 1BEB) was pur-
chased from Sigma (St. Louis, MO, USA). Bovine hemo-
globin (Hb, pdb code 2QSS) was isolated from fresh cow
blood in its oxygenated (Fe2+, ferro) form following
established procedures [67]. CID of ferro-heme occurs

primarily by neutral loss [68], such that no charge
corrections had to be performed when comparing heme-free
and heme-bound fragment ions. All mass spectra were
recorded under gentle ESI condition using a quadrupole-
time-of-flight instrument (Q-TOF Ultima; Waters, Milford,
MA), employing instrument settings and solution conditions
described previously [13]. The ESI source was operated in
positive ion mode with a capillary voltage of 3 kV. Protein
solutions containing 50 μM Hb (as tetramer) or BLG (as
dimer) and 150 mM ammonium acetate at pH 6.8 were
infused by a syringe pump (Harvard 22; Boston, MA, USA)
at 5 μL min–1. CID was conducted in the hexapole collision
cell of the Q-TOF instrument with Ar as collision gas.
Collision energies were between 30 and 60 V, ensuring that
residual parent ion signals in the tandem mass spectra were
comparable to those of the fragment ions.

Results and Discussion
Dimer Simulations

The model outlined above was used to study the relationship
between subunit unfolding and charge partitioning during
collisional activation of a protein complex. We will first
discuss results obtained for a dimer. The histograms in
Figure 2a–f display the charge percentage on subunit A for
different values of n, representing the degree of unfolding at
the scission point. In the absence of unfolding subunit A
holds 50% of the charge after subunit separation (Figure 2a).
With increasing n, additional charge migrates towards
subunit A as the system maintains the state with lowest
electrostatic energy. In cases where subunit A is almost
completely unraveled it carries ~65% of the overall charge
(n=146, Figure 2f). This last scenario corresponds to a high
degree of asymmetry, with a ~2:1 charge ratio of the product
ions A and B, and a 1:1 mass ratio. Under these conditions
the 65% charge is distributed relatively uniformly among the
electrifiable amino acid beads of subunit A (data not shown).

Each histogram in Figure 2a–f represents simulation data
for fifty different chain conformations. The resulting
distributions are quite narrow, with fwhm values on the
order of 5%. In other words, different chain conformations
result in similar charge partitioning as long as the degree of
subunit unfolding (n) remains the same.

The dimer model was also used to calculate discretized
charge state distributions of subunit A, for a precursor
charge of 13+ (Figure 2g–l). These data were obtained using
a procedure analogous to that described above, but with the
restriction that charge had to appear in integer values. The
purpose of this alternative representation is to facilitate
subsequent comparisons with experimental data. The model
predicts that CID of a 13+ dimer precursor without
unfolding produces monomeric 7+ and 6+ product ions in
equal abundance (Figure 2g). In contrast, charge states 9+
and 8+ are expected for subunit A in the case of extensive
unfolding (Figure 2l).
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Tetramer Simulations

The modeling procedure was extended to explore the CID
behavior of a noncovalent tetramer that initially consists
of four identically sized subunits (Figure 3). Subunit A
undergoes unraveling during collisional activation,
whereas B, C, and D remain intact. Note that the value
of n has to be shifted by two in order to account for the
two additional subunits. Hence, n=4 refers to the case
where all four subunits remain folded. Not surprisingly,

subunit A is predicted to carry 25% of the total charge
when it is ejected at this early stage (Figure 3a). Subunit
unfolding during collisional activation leads to charge
accumulation, up to ~55% for n=148 (Figure 3f). While
this value is smaller than the ~65% predicted for the
dimer (Figure 2f), one has to consider that the unfolded
chain competes for charge with three other subunits in the
tetramer. Hence, the ejection of subunit A with more than
half of the total charge represents a dramatic case of
asymmetric charge partitioning.
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Figure 2. Simulated charge distributions for subunit A of a dimeric protein that undergoes collisionally activated unfolding prior
to reaching the scission point. For n=2 the subunit is folded (a, g); for n=146 the subunit is extensively unfolded (f, l). Panels
(a)–(f) refer to charge percentages, reflecting the continuum nature of the model. Panels (g)–(l) are for integer charge values,
assuming a 13+ precursor ion. Panels (g)–(l) are plotted on a reversed x-axis to facilitate comparisons with experimental data.
Subunit B remains folded in all cases
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Discretized charge state distributions for CID of the
tetramer were calculated for a precursor ion charge state of
19+ (Figure 3g–l). Under these conditions the symmetric
case corresponds to a charge state distribution that is
dominated by 5+, with a 3-fold less intense peak for 4+
(Figure 3g). Extensive unfolding of subunit A yields charge
states 11+ and 10+ with similar intensities (Figure 3f).

Experimental CID Data

The protein systems investigated in this work, β-lactoglobu-
lin (BLG) [13, 21, 69] and hemoglobin (Hb) [67, 70–72],

have previously been characterized by ESI-MS. The number
of amino acids per subunit is comparable for the two
systems. BLG forms homodimers [73] with 162 residues
(18,281 Da) per chain. The α subunit of Hb consists of 141
residues (15,053 Da), whereas the β subunit has 145 amino
acids (15,954 Da). Under native conditions, every Hb
subunit is bound to a heme group (h). ESI mass spectra of
native Hb are dominated by tetramer ions with the
composition α2β2h4 [13, 67, 72]. In addition, the spectra
also reveal the presence of dimers (αβh2) [13, 67, 72].

CID of BLG 13+ dimers results in dominant signals for
monomeric 8+ and 7+ ions, as well as the complementary 5+
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Figure 3. Simulated charge distributions for subunit A of a tetrameric protein that undergoes collisionally activated unfolding
prior to reaching the scission point. Notation and layout are analogous to Figure 2. Panels (g)–(l) are for a 19+ tetrameric
precursor ion
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and 6+ species (Figure 4a). MS/MS of [αβh2+13H]
13+

yields dominant heme-free α and β product ions in charge
states 9+ to 7+ (Figure 4b). CID of [α2β2h4+19H]

19+ results
in a spectrum that is dominated by heme-free monomers in
charge states 11+ to 8+ (Figure 4c).

The fragmentation patterns of Figure 4 are consistent with
earlier observations [40, 74]. In the case of Hb (Figure 4b,
c), product ions in the high m/z range show exceedingly low
signal intensities. This effect is common in TOF-MS-based
CID studies on protein complexes. Its origin has been traced
to focusing issues inside flight tube, as well as discrim-

ination effects at the detector [49, 54]. For the present work,
this effect is of little relevance, as our attention is on
fragment ions that appear in the m/z range below the
precursor ion.

Figure 4 indicates that the degree of charge asymmetry is
different for the three complexes considered here. BLG 13+
dimers show the most symmetric behavior, with 7+ mono-
mers as the dominant CID product. The low level of
asymmetry is consistent with the presence of two disulfide
linkages in each subunit, which limit the extent of unravel-
ing during collisional activation [33, 37]. Charge asymmetry
is more pronounced for the Hb 13+ dimer, which yields
monomeric CID fragments in charge states up to 9+. The
most dramatic example of charge asymmetry is displayed by
Hb tetramers where dissociation of the 19+ precursor
produces monomers up to 11+. Hb subunits do not possess
any disulfide bridges.

The major high charge state CID products generated from
Hb dimers correspond to α, whereas β is dominant during
fragmentation of the tetramer (Figure 4b, c). The origin of
this behavior is not clear, but it is likely related to the
specific subunit interactions in the two types of complexes.
The intensity progressions of α and β within each of the two
tandem mass spectra are very similar. Both Hb subunits
exhibit a high sequence homology and they adopt similar
native state structures [66]. To facilitate the following
modeling considerations, we will not distinguish between
the two Hb subunit types.

Comparison of Model and Experiments

The electrostatic model developed in this work (Figures 1–3)
confirms that charge partitioning during CID will be
strongly asymmetric in cases where the ejected subunit has
undergone unfolding prior to reaching the scission point.
This prediction is consistent with experimental observations.
For example, Schwartz et al. [45] reported that collisional
activation of a tetramer leads to ejection of monomers
carrying (on average) 50% of the total charge. This behavior
is readily accounted for in the model when assuming that the
departing subunit is ejected at the n ≈ 100 stage (Figure 3d).
In order to make more detailed comparisons between theory
and experiment, a few additional considerations are required.

The model predicts that the fragment ion charge state
distributions for any scission point n will be quite narrow,
with major peaks that cover no more than two protonation
states (Figures 2g–l, 3g–l). In contrast, experimental spectra
often reveal a much higher degree of charge heterogeneity
[3, 33, 36–41]. This disparity implies that subunit separation
does not always occur at the same value of n during
collisional activation of a precursor ion population. Instead,
complexes must undergo subunit separation over a range of
scission point structures that represent different degrees of
unfolding.

The realization that CID of protein complexes involves
competing fragmentation pathways (corresponding to differ-
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ent scission points) provides a strategy for the quantitative
analysis of experimental MS/MS data. We will initially
discuss the fragmentation of a dimer in the 13+ charge state.
Each of the simulated monomer charge state distributions in
Figure 2g–l is interpreted as a basis function Φn. As before,
n refers to the degree of subunit unraveling at the scission
point. The contributions of different fragmentation channels
are accounted for by generating fitted charge state distribu-
tions f as linear combination

f ¼
Xm

n¼1

cn�n ð3Þ

This analysis reveals that CID of Hb tetramers is
dominated by fragmentation pathways that involve extensive
unfolding of the departing subunit, similar to the Hb dimers
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where the magnitude of each coefficient cn represents the
weighting of scission point structure n. m is the number of
relevant scission point structures. A slight complication is
the fact that the Φn do not represent an orthogonal basis set.
Thus, different cn combinations may result in the same f. For
this reason, the following analyses strive to describe
experimental data using the lowest possible number of cn
coefficients. This strategy provides qualitative insights into
the range of relevant types of scission point structures. To
further simplify the data interpretation, we will not consider
each possible stage of subunit unfolding, but only n=2, 10,
18, … as indicated in Figure 1.

Figure 5a reveals that the fragment ion charge state
distribution obtained after collisional activation of BLG 13+
dimers is well described by the linear combination

f BLG dimerð Þ ¼ 0:3�34 þ 0:7�42 ð4Þ

In contrast, data obtained for the Hb 13+ dimer require a
completely different set of basis functions, providing an
adequate description for α as well as β product ions (Figure 5b).

f Hb dimerð Þ ¼ 0:34�26 þ 0:27�98 þ 0:42�138 ð5Þ

The basis functions Φn used in Eqs. 4 and 5 reflect major
differences in the degree of subunit unfolding between BLG
and Hb dimers. In the case of BLG, the departing subunit
remains relatively compact at the scission point, as there is
no evidence for the involvement of n values higher than ~42.
Dissociation of Hb dimers involves a much wider range of
scission point structures, reaching from n ≈ 26 all the way to
chains that are almost completely unfolded (n ≈ 138). The
tendency of BLG to pursue fragmentation pathways with
lower degrees of subunit unraveling is consistent with the
presence of intra-subunit disulfide bridges, as noted above.

The linear combination strategy introduced above can also
be extended to tetrameric complexes. In this case the simulated
distributions of Figure 3g–l (for a 19+ precursor ion) are used
as basis functions Φn. Application of this strategy to the Hb
tetramer CID data (Figure 5c) yields the following parameters:

f Hb tetramerð Þ ¼ 0:22�60 þ 0:32�92 þ 0:42�132 ð6Þ



discussed above. For the dimer, however, some of the
complexes undergo subunit separation quite early during
collisional activation (Φ26, Eq. 5). In contrast, subunit
separation for the tetramer does not occur until the n ≈ 60
stage has been reached. This difference likely reflects the
extent to which the unraveling subunit is bound to the
residual complex, i.e., to only one other subunit in the dimer
versus three other subunits in the tetramer.

Conclusions
Using ESI it is possible to generate compact gas phase
protein complexes carrying excess charge, usually in the
form of protons. This charge accumulation is associated with
a considerable energy density, which provides a driving
force for the system to undergo change. Charge carrier
ejection is a disfavored relaxation pathway due to the large
enthalpic penalty associated with proton desolvation.
Another possibility is the transition to a less compact
structure (unfolding), or the ejection of a protein subunit.
Upon collisional activation, it is common for protein
complexes to follow relaxation pathways involving elements
of the two aforementioned options, i.e., partial unfolding of a
single subunit followed by subunit ejection [30, 33, 37, 44,
49, 51, 53–55]. The analogy of these processes to the
breakup of charged solvent droplets has been noted [45].

The current work introduces a simple model that
reproduces certain aspects associated with the fragmentation
of gaseous protein complexes. By comparing experimental
charge partitioning data with modeled proton distribution, it
is possible to estimate the degree to which the ejected
subunit has undergone unraveling at the scission point. Our
findings imply that ejection occurs over a range of scission
point structures that represent different degrees of unfolding.
Data obtained for Hb suggest that these pre-dissociated
states extend to conformations where the departing subunit
is almost completely unraveled. Recent molecular dynamics
work [75] as well as ion mobility measurements [51] provide
further support for the existence of such highly expanded
metastable structures.

An attractive feature of the framework developed here is
that the most favorable charge configuration can be readily
calculated using standard computational tools (Eq. 1). On
the other hand, the level of structural detail in our model is
very low. Features that have been omitted include the
occurrence of unevenly spaced protonation sites, differences
in the intrinsic gas phase basicities of individual residues,
and thermal excitation effects that might induce some charge
asymmetry even in the absence of unfolding. In the future, it
will be interesting to extend electrostatic approaches of the
type used here to more realistic protein descriptions [44, 46,
56], possibly even to full-scale molecular dynamics simu-
lations [75]. It is hoped that those future endeavors will
further advance the general understanding of gaseous
biomolecular ions.
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