Advanced Review

Proteins in the gas phase
Tim Meyer,1∗ Valérie Gabelica,2 Helmut Grubmüller1 and
Modesto Orozco3,4
Proteins are complex macromolecules that evolved over billions of years to be
active in aqueous solution. Water is a key element that stabilizes their structure,
and most structural studies on proteins have thus been carried out in aqueous
environment. However, recent experimental approaches have opened the possibility to gain structural information on proteins from gas-phase measurements.
The obtained results revealed significant structural memory in proteins when
transferred from water to the gas phase. However, after several years of experimental and theoretical research, the nature of the structural changes induced by
vaporization, the exact characteristics of proteins in the gas phase, and the physicochemical forces stabilizing dehydrated proteins are still unclear. We will review
here these issues using both experimental and theoretical sources of information.
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INTRODUCTION

B

iomacromolecules such as proteins have evolved
over billions of years to display optimal functional structures under biological conditions, which
are characterized by a massive presence of water, the
main solvent of life. Water is, for several reasons, a
crucial element in defining protein structure. Current
knowledge on protein folding points to the hydrophobic effect as the driving force responsible of proteins
adopting the bioactive conformation.1 Furthermore,
water screens charged residues and reduces Coulombic interactions that would otherwise destabilize the
native pattern of residue contacts. Water also defines
the dynamics of proteins by acting as a lubricant for
protein movements, and modulates protein–protein
interactions.2 Last but not least, water is a key reactant in many protein-mediated reactions, acting as
∗
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general acid/base compound, as a nucleophile, or as
cocatalyst stabilizing the correct orientation of reactants at the active site of enzymes. We can summarize
the importance of water saying that the majority of
proteins would not function outside their aqueous environment.
Correlated to function is structure and experimental efforts to characterize protein structure are
naturally carried out in environments as close as possible to the native one. Recent spectroscopic or spectrometric experimental setups have, however, raised
the possibility to obtain low-resolution structural information on proteins in vacuum conditions. Promise
exists that X-ray free-electron laser (X-FEL) diffraction will give the means to determine the structure
of proteins in vacuum at atomic resolution.3,4 The
main interest of spectrometric methods is the possibility to separate and then characterize each component present a complex mixture, but these methods
will only be of biological interest if the solution-phase
structure is preserved in the gas phase.
As noted above, basic physicochemical reasoning suggests that proteins should unfold in the gas
phase due to the lack of hydrophobic effect and
the enhancement of long-range Coulombic interactions. Quite surprisingly, mass spectrometry (MS)
experiments have reported solid evidence that at
least a part of the structure of not only proteins,5
but also nucleic acids6,7 remains upon vaporization.

c 2012 John Wiley & Sons, Ltd.
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Furthermore, even noncovalent complexes of proteins with other proteins,8 small ligands,9 and nucleic
acids10 can stay intact in the gas phase, and evidences
have been reported that at least some proteins remain
bioactive after vaporization.11 All these exciting and
counterintuitive experimental findings have raised a
large interest in determining structural changes occurring in proteins when quickly transferred from aqueous conditions to the gas phase and to determine the
structures of the proteins in the absence of water.
The main questions concern the extent of structural
change upon vaporization, and the possibility to infer
solution structure from gas-phase measurements. We
will review here current knowledge on the structure
of proteins in the gas phase, on the physicochemical
nature of the vaporization process, and on theoretical efforts that are now made to describe the structure of proteins in the gas phase. Advances in MS
of small peptides, membrane proteins,5 and protein
assemblies8 have been recently reviewed and will be,
for brevity sake, excluded at this place.

PHYSICAL DESCRIPTION OF
VAPORIZATION
We define vaporization as the process of transferring
a molecule, in this case a protein, from solution to the
gas phase in a very short period of time. Vaporization is typically done in the context of MS, a very
powerful technique that combines high sensitivity,
high mass resolving power, and high mass measurement accuracy. The mass measurement is based on the
movement of charged species under the influence of
electric or magnetic fields. Therefore, the molecules
need to be analyzed as ions and not as neutral entities. The most widely used experimental approach
to transfer macromolecules from solution to the gas
phase is electrospray ionization (ESI),12,13 carefully
applied it is ‘soft’ enough to maintain most protein interactions and is available on most commercial
mass spectrometers. The sample is a solution containing the molecule (micromolar concentration range).
Most protein MS analyses are performed in positive ion mode (i.e., protonated proteins), for sensitivity reasons, but producing negative ions of proteins
(i.e., deprotonated proteins) by electrospray is also
feasible.

Electrospray Ionization
The electrospray experimental setup is as follows: the
solution is injected in a capillary tip which is placed
in front of the entrance of the mass spectrometer,
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without touching it. Between the tip and spectrometer entrance is either air or a pure, inert gas (usually
nitrogen) at atmospheric pressure. A voltage is applied on the conducting tip. As a result, the ions (the
charge carriers in solution) move downfield. If a positive voltage is applied on the tip compared to the
counterelectrode, the cations in the solution tend to
move toward the counterelectrode. Therefore, instead
of forming a meniscus that ends up dripping from the
tip, the solution forms a cone that ends up producing
tiny droplets enriched in positive charge carriers. This
process of jet formation and droplet emission has been
studied macroscopically (Figure 1a, b),14 and modeled
at the atomic level (see Figure 1c–g).15 In the modeling
shown in Figure 1(c)–(g), neutral droplets consisting
of 7150 formamide molecules and 900 dissolved NaI
units were submitted to a uniform external electric
field. The droplet deforms longitudinally, producing
jets that break into smaller nanodroplets that contain
excess positive charges. The inset of Figure 1(e) shows
the emission of a single sodium cation surrounded by
only a few solvent molecules. This process is called
‘ion evaporation’ (see below).
The idealized system modeled above was a neutral droplet, but the droplets emitted at the electrospray tip are charged droplets, which undergo friction
with the ambient gas and evaporate as they move
downfield toward the counterelectrode. When the
charge density at the droplet surface becomes larger
than the surface tension (this is called the Rayleigh
limit), the droplets become instable and emit a secondary jet of smaller droplets that carry away some
of the excess charge (Figure 1b). The production of
droplets containing a single macromolecule requires
only a few generations of droplet fission (depending
on the initial droplet size), and occurs in the microsecond timescale. Once a charged droplet containing
one macromolecule is generated, it needs to be transformed in a fully desolvated macromolecule ion.

Charged Residue or Ion Evaporation
Mechanism?
The exact mechanism by which this transition occurs
is still a matter of debate, and two main models are
proposed. In the charged residue mechanism (CRM),
the droplet containing the macromolecule gradually
evaporates until the very last solvent molecule departs. In the ion evaporation mechanism (IEM), the
macromolecule can evaporate from the droplet, taking away some of the droplet’s charges (protons or
counterions), and leaving the solvent droplet.
The current understanding is that both mechanisms exist, and which one is at stake depends on the

c 2012 John Wiley & Sons, Ltd.
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F I G U R E 1 | Charged droplet emission in electrospray. (a) Photographs showing droplet emission from the electrospray tip in the burst mode.
(b) Close-up on a charged filament that break up through varicose instabilities. Droplets of different sizes are produced. The beforelast droplet
undergoes jet fission due to charge instability and produces secondary droplets.14 (c–g) Atomic configurations are taken from a molecular dynamics
simulation of a 10 nm neutral droplet of NaI in formamide, following the application of a uniform external electric field of 0.625 V/nm. Na + and I−
ions are shown as red and yellow spheres respectively, and formamide molecules are in blue.15 (Reproduced with permission from Ref 15. Copyright
2008, American Chemical Society.)

analyte.16,17 It is generally assumed that small ions
(Na+ , NH4 + ) are produced via the IEM,18 following a
process similar to that illustrated in Figure 1(e), where
a single sodium ion was seen to escape from the parent droplet (see also Figure 2d). Actually, when this
single ion carries away a few solvent molecules that
will need to evaporate later, the distinction between
evaporation of a single, solvated ion and a fission
event that would produce a droplet constituted of a
few solvent molecules, gets blurred19 because it actually depends on from how many solvent molecules we
consider minimum to talk about a ‘droplet’.
It is also commonly assumed that large macromolecules that are initially folded in the droplets will
be charged via the CRM (see Figure 2c): the solvent evaporates gradually, some extra charge carriers evaporate by the IEM, and the maximum number of charges remaining on the macromolecule is
therefore fixed by the maximum number of charges
bearable by a solvent droplet having the same size
as the macromolecule. Experimentally, the CRM is
supported by (1) the good correlation between the
average charge state of globular proteins and the protein surface area20–22 and (2) by the fact that higher
charge states can be obtained by using solvents with
higher surface tension than water.23
Note that within the CRM the maximum number of charges supported by a protein is, in principle, fixed by the Rayleigh limit,24 and depends on its
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accessible surface area. However, charging beyond
the Rayleigh limit of globular proteins has also been
observed,25 which can only be rationalized by assuming that a population of macromolecules does not
stay globularly folded, but gradually extends and protrudes out of the droplet. It is now confirmed that
some high surface tension ‘supercharging’ agents actually denature the protein during the electrospray
emission process,26,27 and the unfolding favors higher
charge uptake.
In summary, vaporization of folded proteins
seems to follow CRM, leading to a population of
charged states. The most abundant state is determined by the Rayleigh limit of a droplet with the same
surface area as the solvated protein, higher charged
states reflect the presence of partially or completely
unfolded conformers. If vaporization conditions become more drastic the relative importance of high
charged peaks increases indicating that protein conformational ensemble has moved toward unfolded
states, and as this happens the importance of desolvation via IEM increases.
A clear example of protein vaporization under different conditions is shown in Figure 2(a) and
(b), which represents the electrospray mass spectra
of myoglobin recorded from a solution where it is
folded (pH = 7, Figure 2a) or unfolded (pH = 2,
Figure 2b28 ). Experimentally, both the average charge
and the total ion current are much higher for the

c 2012 John Wiley & Sons, Ltd.
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F I G U R E 2 | Final production of desolvated macromolecule ions in electrospray. (a, b) representative electrospray mass spectra of a folded
protein (panel a: myoglobin at pH 7) and of an unfolded protein (panel b: myoglobin at pH 2). (c) Cartoon illustrating the charged residue
mechanism (CRM). (d) Cartoon illustrating the ion evaporation mechanism (IEM). (e, f) Simulation data from molecular dynamics runs for (e) a
folded/hydrophobic polymer and (f) an unfolded/hydrophobic polymer, each in 1000 water molecules and excess NH4 + as charge carriers.
(Reprodcued with permission from Ref 28. Copyright 2012, American Chemical Society.)

unfolded protein than for the globular protein. This
is interpreted as ion desolvation taking place via CRM
(Figure 2c) and IEM (Figure 2d), respectively. Snapshots from molecular dynamics (MD) simulations
show what happens to a folded hydrophobic polymer
(Figure 2e) and to an initially unfolded hydrophobic
polymer (Figure 2f). The folded polymer stays in the
evaporating droplet and sometimes one small charge
carrier is expelled (see the solvated ammonium ion in
Figure 2e). In contrast, the unfolded polymer gradually extends and protrudes out of the droplet, taking away some of the charge carriers (in blue) and
only a few water molecules, and thereby releasing the
charge repulsion on the overall system. Hydrophilic
polymers, however, tended to stay in the droplet, independently of whether they were initially folded or
unfolded.

The Charged Residue Mechanism
We will center our following discussion on the nature
of the structure obtained upon desolvation (vaporization) by the CRM, because this mechanism is more
likely to maintain the structure of the solvated protein. Ensembles obtained by the IEM might represent
the unfolded state of the protein in the gas phase,
but such ensembles are unlikely to be useful to repre-
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sent the nature of the unfolded state of the protein in
aqueous solution.
Several aspects of the CRM process may influence the structure of the protein. A major issue is the
evaluation of the temperature in the droplet. Evaporation is an endothermic process and, as vaporization proceeds, the droplet temperature decreases in
a way that depends on solvent properties. For example, experiments in the presence of viscous additives such as glycerol have shown evidence of protein
thermal denaturation,27 attributed to higher droplet
temperatures reached at the final desolvation steps.29
In contrast, other additives such as imidazole were
experimentally found to preserve some fragile native complexes,30 which was attributed to evaporative cooling properties of these additives. In summary,
there are uncertainties on the internal temperature of
ions when just emitted from the droplets, and it clearly
depends on the experimental conditions.
Even more uncertainties exist on the temperature of the fully desolvated protein. The ionization
chamber is a zone in the instrument with pressures decreasing from atmospheric pressure to 10−5 mbar or
lower. In this transition zone, electric fields carry the
molecules toward the analyzer. Collisions with neutral molecules may transfer energy to the molecule,
increasing its effective temperature. In zones where

c 2012 John Wiley & Sons, Ltd.
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collisions are sufficiently numerous, a quasithermal
stationary regime with both activating and deactivating collisions can be established. The temperature of
ions in these zones is equal to the gas temperature
only if the axial component of the ion velocity due
to the electric field is negligible compared to Brownian motion, and higher as the electrophoretic friction
becomes significant.

Charge Location
A second major source of uncertainty in MS experiments is the nature of the charge state of the protein.
The absolute charge of a protein ion is an integer number that can be determined experimentally without
uncertainty even for large proteins. However, experiments do not indicate the placement of the charges
among the acidic and basic sites of a protein. Locating charges in the protein is not trivial as there
are usually many more available basic side chains
than actual charges on a native protein, generating
an enormous number of possible states compatible
with a given total charge. For example, assuming a
typical protein such as lysozyme (see Table 2) with
n = 19 strongly basic sites (Arg, Lys,His,N-ter) and
q = 5 protons to distribute among them, a total of
n!/((n − q)!·q!) = 11,628 states need to be considered
to determine the final charge location, a number that
would significantly increase if also less basic residues
(Pro, Trp, Gln)31 or zwitterionic states32 were taken
into account. Several of these potential states can be
discarded as they would lead to very strong electrostatic repulsion, but many others are quasidegenerated and can coexist in the ensemble. Furthermore, as
ions progress in the spectrometer, charge migration
can happen to achieve more stable states with lower
Coulombic repulsion, further complicating the definition of the chemical topology of the protein ion. A
reasonable approach is to assume that that the major charge state minimizes the Coulombic repulsion
in the (known) solution structure33,34 or in a relaxed
form of it.35 Finding this state within the vast number of possible ones can be efficiently done by Monte
Carlo algorithms.34 In cases where several states are
quasidegenerated in energy, an ensemble of different
charge states should be considered.36 The urge to find
the lowest energy charge location is somewhat relieved by the finding that several low energy charge
locations yield similar structural ensembles.35,37
The main alternative to electrospray ionization are laser desorption ionization techniques where
nanosecond-long laser pulses are used to transfer
the sample into the vapor phase. Most widespread
is the use of UV lasers in combination with crys-
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talline, organic matrices that embed the analyte (protein) and whose absorption matches the wavelength
of the laser, termed matrix-assisted laser desorption
ionization or MALDI. The UV laser pulse is energetic
enough to break covalent bonds of the matrix and
generates a plume of sample, matrix, radicals, and
ions.38 Sample ions that are detectable by the MS device are formed by either the ‘lucky survivor’ or the
gas-phase protonation model, depending on matrix
type.39 The ‘lucky survivor model’ becomes predominant with increasing molecular weight of the sample39
and ionization is achieved by stochastic charge separation during the ablation process. The gas-phase protonation model assumes that ablation creates initially
neutral cluster, which are then charged by gas-phase
collisions with ions stemming from the disintegrated
matrix.
UV–MALDI matrices are chemically quite distinct from the aqueous environment, which hampers
their use in the analysis of intact noncovalently bond
protein complexes.40 Infrared laser tuned to the vibrational frequency of the O–H stretch around 3 μm
allow to use ice41 and liquid water42 as matrices
for desorption, the latter method is known as laserinduced liquid beam desorption and ionization (LILBID, Figure 3b), although alternative methods use
liquid droplets instead of beams to minimize sample
consumption.42
In LILBID a fast-flowing (∼40 millisecond−1 )
liquid microjet of about 10 μm in diameter43 is hit
by a short (nanosecond) laser pulse that trigger a
sudden (picosecond range) supercritical phase transition within the surface layer, inducing a shock wave
that disperses the solution into hot, nanometer- to
micrometer-sized droplets. These nanodroplets have
sufficient thermal energy to evaporate water almost
completely without further heating so that analytecontaining droplets may produce MS-competent proteins ions, the exact mechanism of ion formation
is, however, still controversially discussed. The absolute charges of protein ions rarely exceeds one43
to three,42,44 which is attributed to the fast ion recombination of high charge states in the context of
a reduced dielectric constant in the expanding supercritical phase.42 Charged droplets that undergo incomplete ion recombination are the ‘lucky survivors’
that generate detectable protein ions. The ‘liquid dispersion model’ takes the heterogeneity of the system,
the coexistance of liquid and supercritical water, explicitly into account.43 Recent computer simulations
have studied the desorption process in atomistic detail, and suggest local screening of salt ions and neutralizing ion fluxes via transient water bridges during droplet detachment as further important factors

c 2012 John Wiley & Sons, Ltd.
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F I G U R E 3 | Laser induced ablation from a solid crystalline support matrix (a) and from a liquid water beam (b). UV laser cause photothermal
(a left) and photochemical (a middle, right) excitation, the latter leads to bond cleavage formation of ions and radicals. Computer simulations of the
supercritical phase expansion observed in laser-induced liquid beam desorption and ionization revealed transient water bridges that facilitate ion
recombination (c). [Figure 3(a) reproduced with permission from Ref 38. Copyright 2007, Elsevier. Figure 3(b) reproduced with permission of Prof.
Bernd Abel. Figure 3(c) reproduced with permission from Ref 45. Copyright 2009, Dr. Frank Wiederschein.]

that limit the total charge of the protein ions to low
count numbers (Figure 3c). The simulations further
show a remarkably strong transient and reversible
compression of the protein analyte by the shock wave
briefly before desorption.45

EXPERIMENTAL APPROACHES
PROVIDING STRUCTURAL
INFORMATION IN THE GAS PHASE
In addition to the mass measurement, mass spectrometers can nowadays perform numerous other operations on the ions: gas-phase electrophoresis [(more
commonly named ‘ion mobility spectrometry’ (IMS)];
collisional activation; reactions with electrons, ions,
molecules, or photons. Describing each of these techniques in detail is beyond the scope of the present
overview, but in a nutshell the general aim is to obtain structural information on each species, either at
the level of the covalent structure (i.e., for a protein,
the amino acid sequence) or at the level of the noncovalent structure (i.e., for a protein, the secondary,
tertiary, or quaternary structure). Restricting the discussion to the techniques providing information on
the noncovalent structure of ions in the gas phase,
three categories of experimental techniques can be
distinguished.
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First, there are techniques relying on the reactivity of the protein or protein complex in the gas phase.
They encompass ion–electron reactions [electron capture dissociation (ECD)]46–48 and ion-molecule reactions such as hydrogen/deuterium exchange (HDXMS).49,50 In ECD, it is believed that cleavage occurs
at all sites, but that fragments separate only if the
internal energy of the ion is able to overcome the remaining interactions between them. Hence, fragments
involving folded regions in the gas phase are actually not observed. The interpretation of HDX-MS in
terms of solution-phase structure is more elusive. In
solution, regions that are protected from the solvent
exchange protons more slowly than exposed regions,
but this is no longer true in the gas phase because a
relay mechanism requiring some proximity between
two exchangeable sites is at stake.51 To sum up, in
addition to uncertainties regarding the difference between solution phase structures and gas-phase structures, there are doubts on the reaction mechanisms
themselves, and hence on how to interpret the results. Thus, the above-mentioned techniques are good
indicators that different conformations are indeed
present52 and that their relative abundance changes
in response to changes in the starting solution (indicating some memory of the solution phase structure
in the gas-phase ones53 ), but do not necessarily allow
us to assign a structure to these conformations.

c 2012 John Wiley & Sons, Ltd.
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T A B L E 1 Timescales of Common Experimental Methods for Study of Gas-Phase Proteins
Structure Probing Method

Timescale of Probing

HDX-MS
Multiple-pulse dissociation (MPD) spectroscopy (IRMPD, UV-Vis)
Electron capture dissociation (ECD)
Ion mobility spectrometry (IMS)69
Single-pulse spectroscopy (IR, UV–Vis, photoelectron, fluorescence)
X-ray free electro laser (X-FEL)3

10 millisecond–several seconds
1 millisecond–several seconds
1 millisecond–1 second
1–10 millisecond
picosecond–nanosecond (depends on laser)
2–100 femtosecond

A second category is that of gas-phase
spectroscopy
techniques,
encompassing
infrared spectroscopy,54,55 UV-visible (UV-Vis)
fluorescence
spectroscopy,57,58
spectroscopy,56
59
and photoelectron spectroscopy. The structural
interpretation of experimental data is based on
the matching between the experimental and the
theoretical spectra expected for a proposed gas-phase
structure. In particular, infrared spectroscopy performed at low temperature provides high-resolution
vibrational data, which can therefore be confidently
assigned to a single structure, but the real power of
the technique has been recently demonstrated only
for relatively small systems such as peptides and
synthetic complexes.60–62
A third category encompasses IMS techniques.
The common principle is that ions of different shapes
will drift with different velocities when placed in a
chamber filled with gas and under the influence of an
electric field. By definition, the mobility (K) is the proportionality factor between the steady state velocity
and the electric field:
v = K E.

(1)

In the low field limit, the mobility is expressed
by the Mason–Schamp equation63 :
3
q
K=
N0 2
16 N



2π
μkT

 12

1
,


(2)

where N is the gas number density, N0 is the gas number density at standard temperature (T0 = 273.16 K)
and pressure (p0 = 760 Torr), q is the ion charge, μ
is the reduced mass (μ = mM/(m + M), where M is
the mass of the gas and m is the mass of the ion), k is
the Boltzmann constant, T is the gas temperature, and
 is the collision cross-section (CCS). Drift tube IMS
instruments operate in the low field limit, and the
CCS is derived from first principles (all parameters
in Eqs (1) and (2) are known or measured). Commercially available traveling wave IMS instruments
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operate close to the low field limit and the CCS is obtained following instrument calibration with samples
studied previously by drift tube IMS.
The last category contains single-particle
X-ray diffraction. Femtosecond short and extremely
bright X-ray pulses originating from free-electron
lasers (XFEL) are shot at nanostructures like crystals,
viruses, or single molecules and generate characteristic diffraction pattern.3 A recent study on nanocrystals of the photosystem I yielded diffractions at 8.5 Å
resolution64 and the authors expect that further increase in peak-brilliance and repetition rate, and
shorter pulse lengths, will soon allow analysis of
single molecules at atomic resolution. Single molecule
imaging at nanometer resolution provides structural
ensembles that represent all accessible states in a single experiment65 and are, therefore, inherently richer
in information than single crystal structures. The
question whether or not these ensembles contain information on biologically relevant processes will be
addressed in this review.
All these techniques probe the structure of the
ions after desolvation but, as noted above, the hope
is that this information is also relevant to characterize the sample in the initial solution. Modeling of
experimentally relevant gas-phase protein structures
should take everything into account that happens to
the protein between the onset of desolvation and the
moment their structure is probed by one of the abovementioned techniques. Table 1 summarizes typical
timescales of MS experiments. In addition to the time
required for structure probing there are time delays
between total desolvation and the beginning of the
probing experiment. Another issue is the ion temperature, which equals the container temperature only
if sufficient equilibration time is given. The time required to equilibrate depends on the pressure inside
the container, and ranges from several milliseconds in
multipole ion traps, where the pressure is around 10−3
mbar,66 to several seconds in penning traps where the
pressure is <10−9 mbar.67 Internal ion temperatures
can, moreover, increase temporarily in those parts of

c 2012 John Wiley & Sons, Ltd.
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the instrument where ions undergo collisional activation with ambient gas.68
The uncertainties on the vaporization temperature of the protein are carried further downstream
into the mass spectrometer. Depending on instrument design, there can be high-pressure regions called
‘collision cells’ (typical pressure: 10−3 mbar, typical
transit time: microseconds) where a few activating
collisions will occur, changing the temperature of the
protein. The internal energy distribution is not necessarily Boltzmann like, which renders the application
of thermodynamic equations problematic. The ‘real’
temperature is therefore be replaced by an ‘effective’
temperature which relates to a specific weighted average of the internal energy distribution and which describes the system’s behavior with respect to a particular observable. In general, the effective temperature
of an ion increases when it is accelerated to cross a region of higher pressure in the mass spectrometer. This
also holds for IMS (typical pressure: 1 mbar, typical
transit time: milliseconds). Ions transiting from a lowpressure region to the mbar-pressure mobility cell will
undergo collisional activation when they encounter
the gas curtain opposing its displacement.70,71 Then,
depending on mean ion velocity, the ion temperature
inside the mobility cell lowers to a value either equal
to the bath gas temperature (this is the case in custommade drift tube ion mobility spectrometers) or higher
than the bath gas temperature (this is the case of
commercially available traveling wave ion mobility
cells).
In summary, knowledge of instrument hardware
and experimental parameters is required to estimate
not only the protein structure during the structural
probing experiment but also, because the goal is to
relate that structure to the one initially present in
solution, to estimate all sources of changes between
the solution and the gas-phase probing. This implies
knowing how much time ions spend at each temperature, during desolvation and after desolvation. Numbers available in the literature are scarce. Ion temperatures just after desolvation might range from 250 to
650 K (depending on activation or evaporative cooling, and on ion mass—high mass ions coming out at
lower effective temperature than low-mass ions72,73 ),
but their temperatures in the source could increase
due to subsequent collisional activation. Activation
in collision cells could lead to high internal energies
(probably non-thermal internal energy distributions).
A recent paper by Robinson’s group74 reported MD
simulations with temperature gradients from 300 to
800 K, but for a short time (10 nanosecond), to model
the dissociation of protein complexes in a collision
cell. When it comes to modeling structures in ion

Volume 3, July/August 2013

mobility experimental conditions, the tube’s temperature (usually room temperature) can be used, but
then the challenge is the millisecond timescale of the
experiment. An alternative approach followed by our
groups is to perform very large MD simulations in a
few discrete temperatures covering in principle a variety of experimental situations.35,75 In any case, we
should recognize problems in defining the real experimental conditions to be then introducing as input in
theoretical calculations.

THEORETICAL APPROACHES FOR
THE STUDY OF PROTEIN STRUCTURE
IN THE GAS PHASE
As described above, current experimental approaches
yield only low-resolution data on structures of proteins and complexes in the gas phase, mostly CCS
(see above), which are not by themselves informative enough as to fully characterize protein structure
in the gas phase. This means that structural details
need to be added from theoretical approaches, which
in turn need to be validated by their ability to reproduce available low-resolution experimental information. This is typically done by back computing
experimental observables, such as the CCS, from
the suggested ensembles of structures obtained by
simulation.76–78 As noted above, this process is not
rigorously defined and some caution is necessary,
since the same structural ensemble processed with different algorithms can provide quite different CCS (see
Table 279 ).
The exact gas-phase structure of small, rigid
molecules can be determined from high-level quantum
mechanical calculations, but these techniques are in
general not applicable to the study the conformational
space of large and flexible macromolecules—such as
proteins—on the nanosecond to multi-microsecond
timescale. Classical mechanics thus needs to be used in
conjunction with a sampling method, typically force
field (FF) based MD, to study the structural properties
of proteins in the gas phase.
Performing a MD simulation requires: (1) a
starting configuration for the system to study, (2)
a functional connecting the geometry of the protein
with its energy (the FF), and (3) selection of the simulation conditions (temperature, pressure, and the
statistical ensemble). Most MD simulations use the
equilibrium geometry of the protein in solution, determined from X-ray or NMR data, as starting configuration. Depending on the question to be addressed
(studying the desolvation process or the structure of
the protein in the gas phase), the starting system might

c 2012 John Wiley & Sons, Ltd.
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T A B L E 2 Experimental and Computed Collision Cross-Sections of Selected Well-Studied Proteins
(Data used from Tables 1 and 2 of Ref 79.)
Colission Cross-section (Å2)

Protein Name

MW (Da)

PDB ID

Experimental
(Charge)

Projection
Approximation

Exact Hard Sphere
Scattering

Trajectory
Method

Melittin
Bpti
Ubiquitin
Cytochrome C
Lysozyme

2846
6512
8565
12355
14305

1MLT
6PTI
1UBQ
1HRC
1DPX

544 (+3)
770 (+4)
791 (+4)
1217 (+5)
1300 (+5)

493
749
885
1056
1172

586
914
1088
1317
1461

574
891
1055
1310
1468

contain or not solvent molecules, ions, and cosolutes, in addition to the protein. A common setup
to study protein vaporization contains the protein in
its most abundant ionic state in solution, immersed
in a large drop of water. Finding of the most probable ionic state of all titrable residues is nontrivial,
as discussed later. Numerous additives, ranging from
salts, polar solvents,58 polyols, and aminoacids80 to
organic detergents,81 have been used experimentally
to stabilize the native structure during transfer into
the gas phase and they can be introduced into the
simulation. For small, volatile additives the stabilizing effect stems most probably from enhanced evaporative cooling30,82 whereas certain detergents such
as acetyltrimethylammonium bromide are capable
of encapsulating proteins and protein complexes in
micelles.83 Van der Spoel and colleagues84 simulated
micelle stabilization of the transmembrane domain
OmpA171 embedded in a dodecylphosphocholine
soluble myoglobin (Mb) embedded cetyl trimethylammonium bromide (CTAB),85 which matches the
experimental setup of Sharon et al.83 Micelles were
surrounded by water layers of varying thickness to
mimic their gradual desolvation during the ESI process. During this process the Mb.CTAB micelles invert
to form reverse micelles, as observed in the experiment. Both, normal and reverse micelles protected
their content from the harsh vacuum environment
and significantly reduced structural distortions due to
vacuum exposure. This finding strongly supports the
use of XFEL crystallography for the determination of
membrane protein structures.
Simulations intended to reproduce desolvation
and to study the structural properties of the gas-phase
proteins are typically done assuming zero pressure.
This favors water drifting away from the protein but
assumes that transfer from normal pressure to vacuum happens instantaneously. In principle, the constant energy ensembles (NPE, NVE) seem the most
natural ones to simulate MS experiments. However,
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as noted above, water evaporation cools the droplet
until evaporation stops at approximately 225 K,86 impeding the removal of water molecules tightly bound
to the protein and thus generating noise in the m/z signals. Experimentally, this is overcome by introducing
external heat to keep the droplet temperature constant
and drive the protein to complete desolvation. Simulation protocols that aim at reproducing the complete
desolvation process were run at constant energy and
starting from water shells of varying thickness,87 or
at constant temperature, where the droplet is thermally coupled to a heat bath (Meyer et al., to be
published). Once the protein is desolvated most authors assume constant temperature conditions, using
sometimes a range of effective temperatures,35,87 and
take care that thermal energy is effectively translated
into internal energy. Selection of effective temperature
for MD simulation of spectrometric experiments is a
rather arbitrary decision, but results are quite robust
to changes in this parameter and simulations we performed at temperatures from 300 to 400 K provided
similar results,35,75 in agreement with the thermostability of unsolvated proteins.88
The decision on the FF to be used to simulate
a protein in the gas phase or during the vaporization
process is far from trivial. For efficiency reasons most
FFs used in MD studies of proteins are pair-additive,
ignoring explicit consideration of polarization effects,
which are indirectly captured by increasing the magnitude of the atomic charges by around 20%. This
approach is effective to capture the average polarizing effect of water, but will probably overestimate
the magnitude of electrostatic interactions in the gas
phase. The commonly used Tip3P water model has,
for example, a fixed dipole of 2.35D,89 which corresponds to the solution phase value but is significantly larger than the 1.85D measured for single in
vacuo molecules.90 Similarly, bonded-terms in proteins, particularly torsions, are typically adjusted during FF development to reproduce torsional barriers in
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solution, and there is no guarantee on their validity in
gas-phase conditions. To our knowledge, no gasphase FF for proteins or nucleic acids has yet been
developed, and thus most groups use standard solution FFs without any correction, or just scaling by 0.8
the atomic charges in neutral residues.91 Clearly, development of specific gas-phase FFs, ideally incorporating polarization terms, will increase dramatically
our ability to represent the properties of proteins during the vaporization process and in the gas phase.
As noted above (see Table 1), vaporization happens in the microsecond timescale, whereas the desolvated protein travels across the spectrometer tube
for periods ranging from several microseconds to milliseconds. Considering that Newton’s equations of
motion need to be solved every femtosecond, reproducing the travel of one single molecule along the
spectrometer requires 1012 integration steps, which,
considering the nature of the system, cannot be easily
spread over multiple processors, limiting the use of
massively parallel supercomputers and the computational efficiency of the calculation. In fact, the largest
simulations of macromolecules in the gas phase are in
the multi-microsecond range,75 far from the required
millisecond scale. Fortunately, inspection of such trajectories shows that most of the conformational transition happens very early in the trajectory and that after such a change (occurring in the nanoseconds scale)
the protein becomes very rigid, suggesting that the
large gap between simulated and experimental time
might be not a dramatic problem. To improve the
representation of the structural diversity in each ion
peak, we found that better sampling is achieved when
performing multiple sub-microsecond trajectories instead of a single multi-microsecond trajectory. The
gas-phase structures that are experimentally detected
correspond most likely to metastable conformations
in which the protein is trapped during the desolvation
process, and not the real absolute minima in the gas
phase. If information on the native (solution) structure is wanted it is desirable to tune experimental
setups toward minimum exposure times to vacuum
prior to analysis, this minimizes unfolding and, in
turn, will favor convergence between simulation and
experiment.

SIMULATION OF PROTEINS IN THE
GAS PHASE
Simulations of the Vaporization Process
Simulations of the vaporization process of folded proteins have demonstrated that it typically follows the
CRM paradigm (Figure 1), with water evaporating
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very fast at the beginning—both as small droplets or
as individual molecules—and more slowly later, because the remaining water molecules are those tightly
bound to the most polar groups of the protein. It is
worth noting that temperatures that will yield very
quickly to thermal unfolding in aqueous conditions
do not destroy the structure of proteins in vacuo. The
two reasons are clear92 : (1) in solution, hot water
molecules hit the structure inducing local distortions
that yields to protein unfolding, whereas in the gas
phase these highly activated water molecules migrate
to the vacuum during vaporization without affecting protein contacts; (2) in aqueous solution temporarily lost protein–protein interactions, for example, residue–residue hydrogen bonds are replaced by
water–protein interactions, stabilizing open, unfolded
states. This compensatory effect vanishes in the absence of water.
Clearly, the ionization state of every residue of
the folded protein in water is well defined at a given
pH, but at some point of the vaporization process
acidic side chains capture and basic side chains yield
protons to the water molecules (or additives) in the
vicinity of the protein. It has been shown that few
water molecules are sufficient to stabilize zwitterions in vacuum,93 hence the proton transfer occurs
only toward the end of the evaporation period when
these charged sites become exposed and accessible
to proton carriers. The exact kinetics and the thermodynamics of the process are unknown. For example, even in the common positive ion mode some
Asp and Glu side chains may remain charged when
stabilized by nearby positive charges and form salt
bridges that significantly stabilize the native structure, which should be taken into account in simulations. For example, a recent theoretical study of three
small systems (Trp-carge, bradikinin, angiotensin)
suggests that zwitterions are common at low charge
states.32 Thus, the definition of the set of residues
that need to be neutralized or remain charged in the
simulation has to be done with much caution.57,94
The standard approach is to protonate the required
number of basic side chains in a way that the electrostatic repulsion of the starting conformation is
minimized.34,35,95,96 Several charge states (i.e., altenative forms to distributed neutral and anionic acidic
residues) might be followed simultaneously in parallel MD trajectories, but no change in the protonation pattern is allowed a priori during the classical trajectories. Proton shuttling can be addressed
in ab initio MD simulations or QM/MM simulation;
however, these approaches are computationally too
costly to simulate tens of nanoseconds of the evaporation process. More efficient approaches include
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the multi state empirical valence bond method,97 the
QHOP-MD98 and related99 methods, or the λdynamics approach100 that was recently extended to
explicit water constant pH simulations.101

The Gas-Phase Equilibrium State
It is clear that if a protein is kept in the gas phase for
very long periods of time, it will reach its most stable
vacuum conformation, a structure with no memory of
that in solution. Water is, by definition, hydrophilic,
whereas vacuum is perfectly hydrophobic, and thus
the distribution of polar and apolar residues on the
protein is expected to complete change upon transfer
to vacuum.102 In solution, electrostatic interactions
between charged surface residues, which constitute
∼1/3 of a typical protein surface, are shielded by the
solvent. These interactions, either attractive or repulsive, are greatly enhanced in the absence of solvent.
For example the numerous salt bridges that can be
formed by the KIX protein stabilize its structure only
moderately in solution (Gfolding ∼ −4.8 kB T) but
significantly in vacuo48 whereas ubiquitin, which is
more stable in solution (Gfolding ∼ −16.7 kB T) but
has a lower salt bridge density, partially unfolds on
the subsecond timescale in vacuum.103 Typically, the
protein net charge in solution differs from that in
the gas phase, leading to a clear unbalance between
electrostatic interactions. However, even for the few
known proteins that maintain solution net charge in
the gas phase, such as the Trp-Cage,94,104 changes of
intraprotein interactions are important, as reflected,
for example, in an increase in the number of internal hydrogen bonds and the loss of apolar interactions, leading to the exposure of apolar residues to
the exterior.35,104 The tendency of relaxed gas-phase
structure to maximize the number of favorable hydrogen bonds becomes especially clear looking at the helices, which are marginally stable in solution at room
temperature but nevertheless resist without problems
temperatures of at least 725 K when desolvated.88
The aligned hydrogen bonds of helices generate large
dipole moments and thus destabilize helices in the absence of counteracting charges, making charge and
charge location dominant factors in secondary structure propensities in vacuo.88,105

The In Vacuo Native Structure
The determination of the most stable conformation of
proteins in the gas phase might be only of academic
interest, as it most likely has little relationship with
that of the protein in solution. Fortunately, the drift
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time of the experiment is typically much shorter than
the time required to evolve from the solution structure to the minimum energy gas-phase structure. For
example, a small protein ion such as ubiquitin+7 requires several hundred milliseconds to equilibrate to
its more stable conformation in the gas phase,103,106
whereas a normal electrospray experiment takes a few
milliseconds, meaning that the experiment is detecting a metastable conformation whose fold is probably similar to that of the solution structure. Low
CCSs could in principal be obtained not only from
native-like structures but also from similarly compact but nonnative conformations. Proton stripping
experiments have shown that extended structures
can indeed collapse to compact but not necessarily
native-like structures; however, the observed in vacuo
folding pathway is so rugged that a complete collapse would be frustrated under normal conditions.107
Acordingly, experiments with proteins injected under folding and unfolding conditions exhibit quite
different CCSs108–110 and clearly support the hypothesis of a enduring memory of aqueous structure in gas-phase structures detected experimentally.
In the following, we will discuss the nature of this
‘meta-stable gas phase structure’ of proteins, which
Arteca and Tapia111 termed ‘in vacuo native structure’
(IVNS).
Figure 4 is hypothetical, but it is useful to
summarize, in a very simplified way, the changes
to the free energy surface of a protein upon transfer from aqueous solution (blue) into the gas phase
(magenta, yellow). Native-like structures are typically
compact with hydrophobic residues buried inside the
core, whereas polar residues are exposed on the surface. Upon unfolding toward extended structures, hydrophobic residues become inevitably exposed, which
is, due to the hydrophobic effect, highly unfavorable in aqueous solution (blue) but energetically not
penalized in the gas phase (magenta, yellow) where
the hydrophobic effect becomes effectively inversed.
Whether or not extended structures get populated depends on the total charge on the proteins. The absence
of water significantly strengthens existing electrostatic
interactions such as hydrogen bonds and salt bridges
and stabilizes the native-like IVNS. This stabilization
is counteracted by repulsive Coulomb interactions. If
the total charge is low (magenta line) the net effect of
unshielded electrostatics is still stabilizing, whereas
at high charge states (yellow line) the Coulomb repulsion (EQ ) becomes dominant and destabilizes
the IVNS from a point where the unfolding barrier can be overcome spontaneously. Within the extended structures one may distinguish between the
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F I G U R E 4 | Sketch of the expected changes to a protein’s free energy surface upon transfer from aqueous (blue) to the gas phase (magenta,
yellow). Extended (partially (A) and completely (U) unfolded) and reversed structures become accessible in absence of the hydrophobic effect.
Whether or not they become populated depends on the charge state magenta vs. yellow) and whether the unfolding barrier can be surmounted.
Coulomb repulsion (EQ ) destabilizes compact structures [in vacuo native structure (IVNS), inside-out] and drives highly charged ions into extended
states, low-charge ions may fold into the hypothetical inside-out conformation; however, the folding pathway (‡) may be entropically blocked.

partially unfolded ones where only few key interactions are broken (labeled as ‘A’ in the figure), and the
fully extended structures (labeled as ‘U’ in the figure).
Low charge states remain partially folded since this
preserves many favorable secondary interactions,
whereas high charge states proceed to fully unfolded
structures to maximize charge separation. Theoretical considerations suggest that so-called inside-out
conformations where polar residues cluster inside the
protein to maximize hydrogen bonds and salt bridges,
whereas hydrophobic residues (and residues carrying
unbalanced charges) reside on the protein surface,
are energetically the most favorable for low charged
ions, but the large barriers separating the IVNS from
the compact inside-out conformation implies that the
protein will not reach the later conformation until
very extended periods of time (longer than the scale
of the experiment, and much longer than simulation
scale).
Experiments and computer simulations support the hypothetical picture drawn in Figure 4.
Long MD trajectories of moderately charged protein ions suggest that there are around 30–37%
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more intramolecular hydrogen bonds in vacuum
than in solution.35,112 Furthermore, the absence of
competing water molecules renders hydrogen bonds
on the protein surface significantly more stable
(∼5 kcal/mol113 ), which leads to the observed extraordinary stability of helices in vacuum88 and
to the stabilization of the surface-collapsed IVNS.
The network of hydrogen bonds and other electrostatic contacts traps hydrophobic residues that
would otherwise escape to the exterior to gain
entropy.102,111 ESI–IMS measurements, with drift
times of ∼0.1 millisecond, have identified ubiquitin9+
ions in the partially unfolded A state and ubiquitin11+
ions in the extended-state U.103,106 ECD measurements after 0.2 and 5 seconds identified extended
states also for the ubiquitin7+ ion and yielded information on the timescales required to overcome the
unfolding barrier.103 Recent replica exchange simulations, a simulation type designed to avoid kinetic traps,114 generated inside-out structures of the
amyloid-β protein,115 giving strong support for the
inside-out hypothesis. Whether well-defined insideout structure can be generated in experiment remains
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F I G U R E 5 | Fast collapse of polar surface area upon transfer into
vacuum (at 10 nanosecond) and close to complete recovery after
rehydration (110 nanosecond). Structural changes occur within the first
few nanoseconds after transfer to vacuum. (Reproduced with
permission from Ref 35. Copyright 2009, Elsevier.)

to be seen. Evolution has sculptured the folding funnel
the way that proteins can efficiently fold to their most
favorable structure116 in water, solving the Levinthal
paradox.117 There is no reason to assume such a
smooth, funnel-shaped free energy surface in vacuum,
in contrary, in vacuo folding experiments rather indicate a rough free energy landscape with significant
barriers separating intermediate states from maximally compact structures.107 The free energy landscape of a protein in vacuum resembles that of a frustrated system with conformers getting trapped in local
energy minima.118
Systematic simulations of all domain
metafolds35 confirm that the IVNS is in most
cases, and independenly of fold, close enough to the
solution structure so that fold-recognition algorithms
such as MAMMOTH119 correctly assign solution
phase domain architectures from the gas-phase measurements. Future XFEL experiments will produce
atomistic structures of the IVNS. Explicit water MD
simulations starting from the IVNS have been shown
to full recover the solution structure within few
nanoseconds35 (see Figure 5), reinforcing the potential of atomistic gas-phase structures as sources of
structural information for the aqueous protein. Very
interestingly, low-resolution information derived
from IMS experiments can provide useful structural
information on the solution structure. For example,
we demonstrated that use of CCS can help to filter
structural models of single domains and of protein
complexes, yielding to a significant enrichment in the
quality of the models, which is only slightly below
that obtained when small angle x-ray scattering
data, obtained in solution, is used for filtering the
theoretical models.120 All these results reinforce our
confidence in the information load of gas-phase
structure and on their potential use to determine the
solution structure.
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It is clear that a protein unfolds when charging is increased. Ubiquitin (α/β) and Cytochrome C
(all-α) ions do, for example, overcome the unfolding barrier if the charge density exceeds 0.18 charges
per nm2 surface area. Structures then progress to partially unfolded conformation whose structural characteristics are unknown, and whose stability depends
on protein charge. Thus, ubiquitin+8 ions were stable on a 100 millisecond timescale, whereas +11 to
+13 ions directly progress to the fully unfolded-state
U106,121 in the same time window. Simulation of
these partially folded and unfolded states and of the
transitions between them represents a great challenge
for future calculations as they occur on timescales
that are beyond the current simulation capabilities. Generation of multiple (up to thousands) short
simulations starting at different regions of the free
energy landscape may cause relief. Long timescale
kinetics can be reconstructed from these short trajectories by partitioning the sampled phase space
into small conformational states and constructing
a Markov state model between them.122,123 In this
network representation of the protein’s free energy
landscape nodes correspond to basins (metastable
states), and edges and edge weights denote the possibility and probability to transit between them.124
The approach has been successfully applied to protein
folding,125 explorations of the in vacuo free energy
landscape have, to our knowledge, not yet not been
reported.

CONCLUSIONS
Recent mass spectrometric experiments, especially
those using electrospray ionization, have generated an
unexpected interest for understanding the structure of
proteins in the gas phase. Clearly, one might expect
the equilibrium structures of proteins in the absence
of water differ markedly from those in solution, for
example, with the hydrophobic core exposed, with
many nonnative electrostatic interactions, and with
extreme structural diversity due to many different
structures being trapped within a rough and frustrated energy surface. However, experimental setups
collect data very shortly after vaporization. This fact,
combined with the roughness of the potential energy
surface of proteins in the gas phase recently revealed
by in vacuo MD simulations, fortuitously implies
that the gas-phase structure detected experimentally
has a very long-term memory of the solution structure. Therefore, low-resolution data obtained in gasphase experiments should thus contain much more
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information on the protein native state in solution
than anticipated.
In light of these quite unexpected findings,
future in vacuo structure determination techniques
such a ultrashort X-ray laser pulses from XFEL
experiments3 will not only provide a wealth of
information on new tertiary and quaternary structures of proteins, but will also open up a new route
to high-throughput structural proteomics and systems biology. Vice versa, these emerging techniques
will also enhance the predictive power of new simulation and database-driven structure determination
methods, both for isolated proteins and larger protein or RNA complexes. To this aim, more accurate FFs (in solution and in vacuo), as well as bet-

ter sampling and equilibration both on the simulation as well as on the experimental side will be
essential.
From what we have learned from in vacuo MD
simulations so far, it is very likely that in vacuo structures obtained from XFEL experiments will be efficiently refined by aqueous MD simulations and will
thus yield accurate structural models of the protein
in its native environment. In this sense, and despite
the challenges inherent to the required tight interplay
between experiment and theory, the synergy between
these type of experiments and simulations is much
more than just an added value—it is the main driving force of the emerging field of gas-phase structural
biology.
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