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ABSTRACT: During electrospray ionization (ESI), proteins are transferred from solution into vacuum, a
process that influences the conformation of the protein. Exactly how much the conformation changes due
to the dehydration process, and in what way, is difficult to determine experimentally. The aim of this
study is therefore to monitor what happens to protein structures as the surrounding waters gradually
evaporate, using computer simulations of the transition of proteins from water to vacuum. Five different
proteins have been simulated with water shells of varying thickness, enabling us to mimic the entire
dehydration process. We find that all protein structures are affected, at least to some extent, by the transfer
but that the major features are preserved. A water shell with a thickness of roughly two molecules is
enough to emulate bulk water and to largely maintain the solution phase structure. The conformations
obtained in vacuum are quite similar and make up an ensemble which differs from the structure obtained
by experimental means, and from the solution phase structure as found in simulations. Dehydration forces
the protein to make more intramolecular hydrogen bonds, at the expense of exposing more hydrophobic
area (to vacuum). Native hydrogen bonds usually persist in vacuum, yielding an easy route to refolding
upon rehydration. The findings presented here are promising for future bio-imaging experiments with
X-ray free electron lasers, and they strongly support the validity of mass spectrometry experiments for
studies of intra- and intermolecular interactions.

Over the past two decades, mass spectrometry (MS) has
proven to be a very valuable tool for studying biomolecular
interactions in the gas phase (1-3). In combination with
different fragmentation techniques (4, 5), MS has turned out
to be a sensitive analytical method in the field of proteomics
as well. A crucial part of all mass spectrometric methods is
the injection process, and electrospray ionization (ESI) (6-
8), which was developed in the late 1960s (1) and in 2002
rewarded the Nobel Prize in Chemistry (6-8), is the method
used routinely for this purpose. Upon leaving the electro-
spray, the (bio)molecules are immersed in solvent, but since
they are exposed to air and/or vacuum conditions, the solvent

will gradually evaporate (9) and hence the protein becomes
dehydrated. Even though the ionization-dehydration process
of the ESI is believed to preserve specific noncovalent
interactions that exist in solution, it is not certain how much
such changes in environmental conditions affect the confor-
mation of a protein. It is known that unfolding of proteins
in vacuum is possible, in particular when the proteins are
highly charged (10-12). On the other hand, it has also been
shown that a virus particle can be injected by electrospray
into a mass spectrometer and collected at the end and still
be infective (13), which proves that the particle as a whole
is undamaged or at least that any changes inflicted by
dehydration are reversible. In addition, it has been shown
that very large molecular complexes can be detected after
they travel through air and or vacuum (14-16). Indeed,
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complex interactions can be studied in detail by mass
spectrometry (17-19).

Because of its documented effectiveness within MS, ESI
has been proposed as a method for particle injection in future
X-ray free electron lasers (XFEL) as well (20, 21). The goal
of these experiments is to determine structures of biomol-
ecules or small aggregates, e.g., nanocrystals in the gas phase
or within a small droplet of water. Today, the predominant
technique for determining atomic-resolution structures of
macromolecules, such as proteins, is X-ray crystallography
(22). However, the need for diffracting crystals also forms
the major bottleneck of the method. Many biologically
important molecules such as membrane proteins, which are
the most common targets for pharmaceuticals, are very
difficult to crystallize, causing systematic vacancies in the
understanding of the function of important molecular net-
works. Henceforth, there is a growing demand for other
techniques with the ability of determining even the most
difficult structures, and the XFEL is an instrument with the
potential to revolutionize the field of structural biology. On
the basis of the use of extremely intense femtosecond pulses
of X-rays, it may be possible to record diffraction patterns
of small biomolecular aggregates or even (large) single
particles (20, 21). In such experiments, the sample may
survive the radiation damage due to the X-rays if the
experimental parameters are carefully chosen (21, 23-25).
Data from many scattering experiments will have to be
collected and combined to reconstruct the original structure
(26, 27). This in turn relies on the reproducibility of the
samples, and although one can be fairly confident that
proteins in solvent have the same conformation, this is not
given in vacuum. A requirement for XFEL single-particle
imaging is an injection process that can provide a purified
stream of molecules into a vacuum chamber where the
interaction with the highly focused X-ray pulse takes place.
Because of its ability to form intact protein ions under gentle
conditions, and its proven adequacy within mass spectrom-
etry, electrospray ionization has been selected as the injection
method for the XFEL.

On the basis of the requirements of both standard mass
spectrometry and the XFEL imaging technique, we ask
ourselves the following question in this study: What happens
to a protein or protein complex on a molecular and structural
level, when transferred from a fully solvated environment
to vacuum, through a successive dehydration process using
an electrospray?. A straightforward way to study this is to
use molecular dynamics simulations. The time the protein
spends in the electrospray before being detected by a mass
spectrometric instrument is between microseconds and mil-
liseconds, depending on the electrospray used, a time scale
that is beyond the scope of simulations of full-size proteins.
Therefore, we emulate the various steps of the electrospray
process by simulating proteins covered with water shells of
varying thickness in vacuum. The proteins that we use (Table
1) have been studied by various experimental methods (5,
28-37) and are thus well-characterized, which makes them
potential targets for initial XFEL experiments. From our
vacuum simulations, we can study the dynamics of the
structure over time and investigate how the transition from
a solvated environment to vacuum affects the protein
conformation and other properties.

MATERIALS AND METHODS

Proteins.Five globular proteins (Table 1) of varying sizes
were selected for this study. The structures that were used
have been determined either by X-ray crystallography (38-
41) or by NMR spectroscopy (42) and were retrieved from
the Protein Data Bank. Since insulin is known to be in a
monomeric state in its active form (43), a monomeric
structure was used in our study. However, as the monomers
tend to aggregate in solution, no crystal structure of an insulin
monomer has hitherto been reported. Therefore, a dimer
structure was selected, from which only the first of the two
monomers was used for simulation and analysis. The L7/
L12 ribosomal protein exists as a dimer in their biologically
functional form, the monomers of which are identical except
for the acetylated N-terminal serine of L7. The C-terminal
fragment used in this study (termed Ctf) is, however, known
to be remarkably stable in the isolated form as well (37)
and thus suitable as a model protein.

Water Simulation.Initially, all five proteins were subject
to relatively short (10-20 ns) simulations in solvent using
periodic boundary conditions. The aim was to let the PDB
structure equilibrate in solvent and to produce slightly
different starting structures for the vacuum runs, thereby
taking the natural dynamics of the proteins into account
explicitly. The simulations were run for either 10 or 20 ns,
long enough for the structures to stabilize (see the Results
and Figure 1). Charges corresponding to pH 7 were used
for the solution simulation. Sodium or chloride ions, using
the force field parameters developed by A° qvist (44), were
added as necessary to neutralize the system. All five systems
were simulated using the OPLS-AA force field (45-47) and
the TIP4P (48) water model. Prior to each production
simulation, an energy minimization was performed, followed
by a 10 ps simulation with position restraints on the protein.
To maintain the temperature at 300 K and the pressure at 1
bar, Berendsen weak coupling (49) was used, with coupling
constants of 0.1 ps for the temperature and 20 ps for the
pressure. A twin-range cutoff of 0.9/1.4 nm for van der Waals
interactions was applied, where the long-range interactions
were updated every fifth time step, and analytic corrections
to the energy and pressure beyond the cutoff were used (50).
The smooth particle mesh Ewald algorithm (51, 52) was used
for Coulomb interactions, with a switching distance of 0.9
nm. Furthermore, all hydrogen atoms were replaced with
virtual (dummy) particles to allow for longer time steps of
4 fs (53-55). Neighbor lists were utilized and updated every
fifth integration step, and constraints were applied for bond
lengths using the LINCS algorithm for the protein (56) and
SETTLE (57) for the water. All simulations were parallelized
to run on four processors, and everything was performed
with GROMACS, version 3.3 (58-60). An overview of the
water simulations is provided in Table 2.

Table 1: Overview of the Simulated Proteins

PDB entry protein
no. of

amino acids
resolution

(Å) source

1L2Y (42) Trp-cage 20 NMR synthetic construct
4INS (39) insulin 51 1.50 pig
1CTF (38) ribosomal

L7/L12
68 1.70 E. coli

1UBQ (40) ubiquitin 79 1.80 Homo sapiens
1AKI (41) lysozyme 129 1.50 hen egg white
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Vacuum Simulation.From the last part of the water
simulations, three structures with a reasonable rmsd with
respect to the native PDB structure were extracted together
with surrounding waters and used as starting structures for
the vacuum runs. By deleting the outermost waters, we
created three different systems with different sizes of water
shells (0, 0.3, and 0.6 nm) from each starting structure, giving
nine systems in total for each protein (Table 2). On the basis
of the findings that protonation of macromolecules in ESI
takes place during the very last step of the evaporation, as
stated by the charge residue model (CRM) (1, 61-63), the
solution phase charges used in the bulk water simulations
were also preserved in the 0.6 and 0.3 nm systems. However,
for the 0 nm systems, the charges were changed (Table 2
and 1) in accordance with published experimental data (5,
32, 64-66) on the proteins in vacuum. For those proteins
where no such data have been published, the locations of
the vacuum charges for a particular charge state were
estimated by electrostatic calculations using

The net charge corresponding to the most abundant ion found
in ESI experiments (5, 32, 64-68) was selected, and a set
of potential protonation sites were permutated and the
Coulomb energies calculated. The charge configuration with
the lowest energy was then selected for subsequent vacuum
simulations. Note that even though the charge configuration
with a minimalEcoul is not necessarily the one with highest
probability, it is likely that it is at least a configuration of
high probability and consequently a reasonable descriptor
of the protein in vacuum. The charges used in the vacuum
simulations are given in Table 3. Similar but more extensive
methods for determining protonation states in vacuo have
been reported (66).

Prior to the final production simulations of 10 ns, the nine
systems for each protein were energy minimized and then
run for 50 ps in vacuum with the temperature kept constant
at 300 K. During the production simulations, the temperature
coupling was turned off, and all bonds containing hydrogens
were constrained using the SHAKE algorithm (69) with a
relative tolerance of 10-8, and the integration time step was
reduced to 1 fs. For the remaining parameters, the same
settings were used as in the water simulations, except that
the periodic boundary conditions were turned off and no
cutoffs whatsoever were used. The larger systems were all
run in parallel on two processors, whereas the smaller
systems were run on single processors. All simulations were
run in double precision.

Analysis.The total energy of the simulated systems was
monitored to ensure energy conservation, which was found
to be very good (∆Etot/Etot < 5 × 10-4 during 10 ns of
simulation). Structure analyses were done using available
GROMACS programs except as otherwise stated; the
conserved hydrogen bond analysis was implemented specif-
ically for this study, as described below.

We first define the following reference sets of hydrogen
bonds: A, the hydrogen bonds between protein and specific
solvent molecules (crystal waters) that are present in the
experimental structure; B, the intramolecular hydrogen bonds
present for at least 50% of the last nanosecond in the bulk
simulations; C, the intramolecular hydrogen bonds present
in the experimental structure; and D, same as C, but restricted
to those hydrogen bonds involved inâ-sheets orR-helices.
With this definition, we calculate the fraction of timeø that
these hydrogen bonds exist.ø is averaged over the last
nanosecond of a simulation, and over the hydrogen bonds.
For the vacuum simulations, the average and standard
deviation are determined from averaging over the three
replicas with different starting conformations.

FIGURE 1: Structural drift of the five proteins, when run in
bulkwater, presented as the CR rmsd from the PDB structure.
Presented in panel A are Trp-cage (blue), Ctf (cyan), and ubiquitin
(green) and in panel B insulin (red) and lysozyme (black).

Table 2: Overview of the Simulationsa

no. of water molecules charge

protein bulk
0.6
nm

0.3
nm

0
nm bulk

0.6
nm

0.3
nm

0
nm

Trp-cage 1849 342 95 0 +1 +1 +1 +2
insulin 3521 586 161 0 -2 -2 -2 +5
Ctf 5126 681 217 0 -2 -2 -2 +5
ubiquitin 5743 770 254 0 0 0 0 +7
lysozyme 8499 1042 317 0 +8 +8 +8 +8

a The three vacuum systems (0.6, 0.3, and 0 nm) were simulated
three times with different starting conformations.

Ecoul ) ∑
i)1

N

∑
j)i+1

N qiqj

4πε0rij

(1)

Table 3: Charged Residues of the 0 nm Simulationsa

protein positive negative

Trp-cage Q5, R16
insulin G1, Q15, H26, H31, R43, K50 E4
Ctf K7, K13, K18, K32, K56 E1, E36
ubiquitin K6, K11, K27, K29, K33, R42,

K48, R54, K63, R72, R74
E16, E34, D39, E64

lysozyme R21, R45, R68, R73, K96, R114,
K116, R128

a The numbering starts with 1 from the N-terminus. The two chains
of insulin are counted as one single amino acid chain, numbered from
1 to 51, with chain B starting at residue 22. All remaining residues are
left neutral.
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Hydrogen bonds were defined using a geometrical criterion
based on a donor-acceptor distance cutoff of 0.35 nm and
a maximum hydrogen-donor-acceptor angle of 30°. As
donor groups, OH and NH groups were used. No distinction
was made between the oxygens of the carboxylate ions of
aspartate, glutamate, and the C-terminus or between the
amine groups of arginine.

RESULTS

Water Simulation

The preparatory water simulations were run as long as
required for the dynamics of the proteins to stabilize, and
convergence of the CR rmsd from the PDB structure was
used as a stabilization criterion. For Trp-cage, Ctf, and
ubiquitin, 10 ns was enough, whereas insulin and lysozyme
needed 20 ns to converge (Figure 1A). The average rmsd’s
of the last 3 ns of the simulations are 0.28 nm for Trp-cage,
0.40 nm for insulin, 0.16 nm for Ctf, 0.17 nm for ubiquitin,
and 0.14 nm for lysozyme. The extreme increase in rmsd
for insulin can be explained by the fact that as a monomer,
this protein is known to have highly flexible N-terminal and
C-terminal ends (70, 71). A recent study by Zoete et al. (70)
shows a rmsd of 0.3 nm for a monomeric insulin in bulk
water, which is exactly what we obtain after the same time
of simulation (Figure 1). The rmsd calculated for Ctf is in

good agreement with an early simulation study in water by
Daggett and Levitt (72).

To realize a qualitative understanding of the structural
changes causing the increase in rmsd, the secondary structure
content was analyzed at every 50th ps, using the DSSP
program (73) (Figure 2). The major structural features are
well-preserved, with minor local distortions. The only protein
subject to serious structural changes is insulin. Furthermore,
â-sheets are found to be more stable thanR-helices (74),
although the secondâ-sheet of Ctf is disrupted almost
immediately and recovers only at the very end of the
simulation. The most serious loss ofR-helical structure is
observed for insulin, which after simulation for only 1 ns
has lost two of its three helices. The helix that is preserved
is part of chain B, in agreement with previous studies, stating
that this part of the protein is found to be very stable (70).
It is believed that the structure of chain B is independent of
the structure of chain A such that it can remain intact even
if chain A has unfolded (75). The transition of the C-terminal
part of the helix into aâ-turn, found at the end of the
simulation, has also been observed in a recent simulation
study of the isolated B chain (76). The instability of chain
A observed in our simulation is, however, in disagreement
with the results presented by Zoete et al. (70), who found it
to be the most stable part of the entire monomer, together
with the helix of chain B.

FIGURE 2: Secondary structure content of the five proteins as a function of time, when run in bulk, with a 0.6 nm water shell, a 0.3 nm
shell, and in vacuum (0 nm).
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For the other four proteins, Trp-cage, Ctf, ubiquitin, and
lysozyme, the secondary structures are well-preserved. Only
minor disruptions, like a few transitions from short 310-helices
into normalR-helical structure and vice versa, and intercon-
versions between turns and bends are observed. Some
temporary loss of structure at the ends of theR-helices can
also be found. Trp-cage is slightly more affected than the
other four proteins, probably because of its very small size
and because it consists almost exclusively of helices and
turns.

EVaporation

Immediately as the protein-containing droplets are ex-
tracted from the equilibrated bulk water simulations and
transferred into vacuum, the surrounding waters start to
evaporate. Evaporation implies a transfer of kinetic energy
from the big droplet to the leaving waters, which causes a
natural decrease in temperature (Table 4). An interesting
observation is that the decrease is very similar for the four
“normal sized’’ proteins (insulin, Ctf, ubiquitin, and lysozyme),
although the total sizes of the systems are quite different.
For Trp-cage, a much larger decrease in temperature is found,
especially for the 0.3 nm clusters. The absolute number of
waters that has evaporated at the end of the simulation is
system specific and increases with the size of the protein.
There is good agreement between the three replicas of each
system. However, the evaporation in terms of the fraction
of the initial total number of waters is similar for all systems.
The net evaporation from the 0.3 nm simulations is
between 15 and 20% versus 10% from the 0.6 nm simula-
tions (Table 5).

Structural Drift

To investigate how the evaporation and phase transition
from solution to vacuum affect the stability of the native
structure, the following structural parameters were calculated
from all vacuum simulations: the CR root-mean-square
deviation (rmsd), the number of hydrogen bonds within the
protein (HBpp) and between the protein and the surrounding
water molecules (HBps), the radius of gyration (Rg), and the

total (Atot) and hydrophobic (Aphob) surface area of the
proteins. To obtain an appropriate estimate, only the last 3
ns of each simulation was considered, and the results, given
as time averages, are presented in Tables 6 (rmsd) and 7
(HBpp, HBps, Rg, Atot, andAphob).

Root-Mean-Square DeViation (rmsd). The rmsd was
calculated with respect to two different reference struc-
tures: the PDB structure (termed the native structure) and a
structure representing the solvated conformation of the
protein. This solvated conformation was selected from a
cluster analysis of the last 3 ns of the water simulation using
the algorithm of Daura et al. (77) with a 0.1 nm CR rmsd as
a cutoff criterion.

From the results (Table 6), we can see that the protein
structures are indeed changing as the waters start to
evaporate. The PDB structure is well preserved when the
protein is kept in bulk solvent (column bulk); rmsd values
of ∼0.15 nm can be considered as normal fluctuations. The
only protein showing a significant rmsd is insulin, as
explained in this section. However, as the number of
surrounding waters decreases, the rmsd starts to increase.
For all five proteins, the most significant structural drift, both
from the PDB structure and from the solution conformation,
is observed when all water is gone, as studied by the 0 nm
simulations. It seems that the gas phase structure is different
from both the solution phase structure and the crystal
structure, or in other words, the more water that is kept
around the protein, the more structural similarity to either
of the references is preserved.

Table 4: Average Temperature of the Final Protein-Water Cluster during the Last Nanosecond of the Simulation (starting temperature of 300
K)a

temperature (K)

0.6 nm 0.3 nm

Trp-cage 255 (3.6) 260 (4.3) 258 (5.3) 238 (7.5) 239 (6.6) 252 (9.9)
insulin 267 (1.5) 263 (3.9) 266 (5.4) 261 (5.0) 260 (8.5) 262 (1.6)
Ctf 263 (5.0) 263 (4.8) 266 (2.7) 262 (5.3) 262 (6.4) 261 (4.7)
ubiquitin 266 (5.4) 266 (3.5) 268 (3.7) 266 (4.2) 261 (5.3) 265 (3.8)
lysozyme 265 (3.0) 265 (3.2) 267 (2.8) 267 (4.7) 263 (4.7) 263 (1.4)

a The standard deviation is given in parentheses.

Table 5: Absolute Number and Fraction of the Total Number of
Water Molecules that Have Evaporated after Simulation for 10 ns

evaporation (no./%)

0.6 nm 0.3 nm

Trp-cage 43/13 37/11 37/11 22/23 20/21 21/22
insulin 60/10 63/11 63/11 31/19 31/19 32/20
Ctf 68/10 69/10 70/10 29/13 32/15 33/15
ubiquitin 69/9 68/9 68/9 33/13 41/16 38/16
lysozyme 112/11 116/11 114/11 55/17 57/18 52/16

Table 6: Structural Drift of the Different Vacuum Simulations
Indicated by CR Root-Mean-Square Deviation (rmsd) from Two
Different Reference Structures, the PDB Structure (PDB) and a
Structure Representative of the Protein when Equilibrated in Bulk
Solvent (sol)a

bulk 0.6 nm 0.3 nm 0 nm

Trp-cage
PDB 0.28 0.24 0.25 0.24 0.24 0.23 0.28 0.37 0.39 0.36
sol - 0.13 0.13 0.12 0.16 0.13 0.05 0.22 0.19 0.27

insulin
PDB 0.40 0.46 0.41 0.43 0.55 0.44 0.41 0.47 0.56 0.50
sol - 0.26 0.25 0.25 0.41 0.26 0.20 0.31 0.48 0.44

Ctf
PDB 0.16 0.14 0.15 0.15 0.16 0.17 0.22 0.39 0.37 0.35
sol - 0.12 0.11 0.13 0.16 0.19 0.22 0.44 0.37 0.36

ubiquitin
PDB 0.17 0.18 0.19 0.28 0.19 0.29 0.19 0.43 0.47 0.49
sol - 0.13 0.13 0.19 0.13 0.19 0.13 0.44 0.45 0.47

lysozyme
PDB 0.13 0.14 0.13 0.14 0.13 0.15 0.16 0.26 0.33 0.34
sol - 0.10 0.09 0.08 0.12 0.11 0.11 0.27 0.35 0.34

a The rmsd that is given is the time average of the last 3 ns of the
simulations. Values are given in nanometers.
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Deviating rmsd values that are observed in two of the
ubiquitin simulations (one 0.3 nm and one 0.6 nm replica)
can be attributed to flexibility in the last five residues of the
C-terminal tail. These residues are not well defined in the
crystal structure used as a starting conformation for our
simulations and have no significant intramolecular hydrogen
bonding or close packing contacts with the rest of the
molecule (40). In new rmsd calculations using the first 71
CR atoms only, the rmsd was lowered to∼0.25 nm for the
0 nm systems and to 0.075-0.1 nm for the remaining
systems, and no outliers were observed.

Hydrogen bonds (HBpp and HBps). In Table 7, we present
the number of hydrogen bonds within the proteins and
between the proteins and the surrounding waters. There is a
profound increase in the number of intramolecular hydrogen
bonds as the number of waters decreases, a pattern that can
be observed for all proteins, and in particular for the very
flexible insulin. The increase in HBpp is of course reflected
by a decrease in HBps, as the protein-water complex strives
to maximize the total number of hydrogen bonds. The
calculated number for each specific shell is almost constant
for the separate proteins, with only a few bonds being
different among the three replicas. The 0.6 nm simulations
have approximately the same values of HBpp and HBps as
the solution phase structures, indicating that a layer with a
thickness of four to six water molecules is enough to mimic
bulk solvent with respect to the hydrogen bonding pattern.
Also, three of the five PDB structures have an HBpp that is
similar to those of the solvated structures: 9 versus 10 for
Trp-cage, 51 versus 56 for ubiquitin, and 103 versus 94 for

lysozyme. Insulin and ctf have a much larger number of
intramolecular bonds in the crystal structure than in solution.

The total number of protein groups involved in hydrogen
bonding in all solvated simulations (bulk, 0.6 and 0.3 nm)
was calculated using the formula

and the results are presented in Figure 3 (the values are
normalized with respect to the bulk water simulation). All
five proteins give very similar curves; they all have a plateau

Table 7: Number of Hydrogen Bonds within the Protein (HBpp) and between the Protein and the Water Molecules (HBps), Radius of Gyration
(Rg, nanometers), and the Total (Atot) and Hydrophobic (Aphob) Surface Area (square nanometers) of the Proteinsa

bulk 0.6 nm 0.3 nm 0 nm PDB

Trp-cage
HBpp 10 10 10 10 10 12 13 13 15 14 9
HBps 47 44 44 44 38 37 37 - - - -
Rg 0.70 0.72 0.72 0.71 0.71 0.71 0.70 0.70 0.71 0.72 0.73
Atot 17 18 18 18 18 18 17 17 17 17 13
Aphob 10 11 11 11 11 10 10 12 11 12 8

Insulin
HBpp 12 13 12 14 16 18 18 38 37 38 34
HBps 154 150 152 154 127 126 138 - - - 4
Rg 1.03 0.98 1.00 1.01 0.96 0.98 0.98 0.98 0.96 1.05 1.03
Atot 39 35 38 39 35 36 35 36 35 37 37
Aphob 22 19 22 22 21 22 21 23 23 23 20

Ctf
HBpp 39 41 40 39 46 45 46 60 54 56 53
HBps 182 176 183 187 147 148 153 - - - 23
Rg 1.12 1.10 1.10 1.11 1.11 1.11 1.10 1.14 1.11 1.11 1.12
Atot 46 44 44 46 43 42 43 41 43 42 42
Aphob 22 21 21 23 23 22 23 27 27 27 21

Ubiquitin
HBpp 56 57 58 63 61 62 60 73 69 73 51
HBps 180 179 182 175 156 154 158 - - - 28
Rg 1.19 1.16 1.17 1.16 1.16 1.16 1.16 1.21 1.17 1.16 1.18
Atot 48 48 48 47 47 47 47 47 46 44 48
Aphob 22 22 23 23 22 23 23 27 27 27 21

Lysozyme
HBpp 94 92 95 97 105 102 97 123 121 122 103
HBps 276 285 284 279 227 235 242 - - - 58
Rg 1.44 1.43 1.44 1.43 1.41 1.40 1.41 1.41 1.45 1.35 1.40
Atot 73 73 73 72 71 71 72 67 69 64 64
Aphob 32 32 33 32 33 33 34 38 38 36 28
a Time averages of the last 3 ns of each simulation are given.

FIGURE 3: Total number of protein groups involved in hydrogen
bonds in the 0, 0.3, and 0.6 nm and bulk water simulations of Trp-
cage (blue), insulin (red), Ctf (cyan), ubiquitin (green), and
lysozyme (black). Presented are the averages of the three replicas
from each simulation, normalized to the bulk value. Standard
deviations are given as error bars.

HB ) 2HBpp + HBps
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between the bulk and 0.3 nm level and then decrease sharply
between the 0.3 and 0 nm simulations. Insulin, Ctf, ubiquitin,
and lysozyme have their maximum HB at 0.6 nm, whereas
Trp-cage has its maximum level of occupied hydrogen
bonding sites in the bulk water simulation.

Radius of Gyration (Rg). The overall size of the proteins,
estimated by the radius of gyration (Rg, Table 7), is affected
very little by the presence or absence of a surrounding water
shell. However, for the larger proteins, a slight decrease in
Rg can be observed as the water shell becomes thinner, a
behavior that is in good agreement with the pronounced
increase in the number of intramolecular hydrogen bonds
(HBpp) observed when the protein goes from being fully
solvated to dry. The size of the protein in the PDB structure
is approximately the same as that in bulk water.

Surface Area (Atot and Aphob). The total solvent accessible
surface area (Atot, Table 7) of the proteins, as determined
using the double-cube lattice method (78), shows a decrease
that is correlated with the evaporation of the waters; as the
number of waters decreases, so does the total surface area.
The areas calculated from the 0.6 nm simulations are
comparable to the areas obtained from the bulk water,
indicating once again that a layer of as few as one or two
water molecules is sufficient to mimic the solvent environ-
ment. Only the PDB structures deviate from the pattern as
they also have surface areas that are comparable to the
solution structure (only lysozyme is an exception). For the
hydrophobic part of the surface area (Aphob, Table 7), the
observed trend is the opposite: the more exposed the protein
is to the gas phase, the larger the hydrophobic surface area
becomes. The similarity between the PDB structure and the
solution phase structures can be observed here as well.

Secondary Structure Analysis

A secondary structure analysis, using DSSP (73) was
applied to the vacuum simulations. For brevity, only one
replica from each protein and each water shell, including
the 0 nm systems, are presented (Figure 2).

First, some general conclusions can be drawn. For instance,
when the proteins are transferred from solution to vacuum
directly, the effect on the structures is more severe. Second,
theâ-sheets are somewhat better preserved, compared to the
R-helices (74), even for the fully naked proteins. Only insulin
experiences significant loss ofâ-sheet structure. The minor
structural distortions observed for the 0.3 and 0.6 nm
simulations are very similar; hence, the degree of protection
is much the same for both water layers.

Looking at the proteins separately, one can state that a
majority of the specific features are indeed preserved, even
in the 0 nm case. The biggest challenge seems to be the
preservation ofR-helices, which mostly lose some of their
structure at their ends. There also seems to be a frequent
transition from normalR-helix to 310-helix (see Trp-cage and
lysozyme) or, much less often, 5-helix, as the protein
gradually becomes desolvated.

To visualize the structural changes caused by the vacuum
environment, single snapshots from every second nanosecond
of the three 0 nm simulation replicas have been extracted
and superimposed on the PDB structure (Figure 4). In
general, the vacuum conformations are more similar to each
other than to the native structure, especially within the
separate simulations, and the secondary structure elements
are preserved but dislocated in space. The average rmsd
(Figure 5) obtained from pairwise calculations using 30

FIGURE 4: Snapshots taken from every second nanosecond of the three 0 nm simulations (gray), superimposed on the PDB structure (red):
(A) Trp-cage, (B) insulin, (C) Ctf, (D) ubiquitin, and (E) lysozyme.
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structures taken every 100 ps of the last 3 ns of each separate
simulation is much lower than the average rmsd (Table 6)
from both the solution reference and the native PDB
structure: 0.08, 0.10, and 0.08 nm for Trp-cage, 0.11, 0.10,
and 0.12 nm for insulin, 0.09, 0.09, and 0.12 nm for Ctf,
0.07, 0.08, and 0.06 nm for ubiquitin, and 0.11, 0.08, and
0.10 nm for lysozyme, respectively. Also, the average rmsd
obtained from pairwise calculations using all 90 structures
from all three simulations is quite low, 0.18 nm for Trp-
cage, 0.36 nm for insulin, 0.29 nm for Ctf, 0.16 nm for
ubiquitin, and 0.29 for lysozyme. Notice that the values given
for ubiquitin are based on the first 71 amino acids; only the
flexible C-terminus has not been taken into account.

ConserVed Hydrogen Bonds

Protein-Water. Crystal structures of proteins usually
contain water molecules, often termed structural waters. The
presence of these waters may play a role in the activity and
structure preservation of the proteins and has therefore
attracted much interest. For instance, the influence on the
protein structure (79, 80), kinetics (81), and thermodynamics
(82, 83) of the hydration has been investigated. However,
the results are not unified, and some claim that buried waters,
found in inner cavities of proteins, could even destabilize
the structure due to entropic and energetic costs of hydration
(83, 84). Here, we have analyzed whether the water-protein

FIGURE 5: rmsd matrices of structures taken every 100 ps of the last 3 ns of the three 0 nm simulations: (A) Trp-cage, (B) insulin, (C) Ctf,
(D) ubiquitin, and (E) lysozyme.
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interactions found in the PDB files (Table 8) selected as
starting conformations still could be found after simulation
for several nanoseconds, first in bulk solvent and later in
vacuum. Our hypothesis was that if there are some waters
that are more important for the native structure than the bulk
waters, then the hydrogen bonds connecting them to the
protein should be slightly stronger than an average hydrogen
bond, and these waters should therefore be preserved better
and thus among the last to evaporate.

The results (Figure 6A) indicate that a minor fraction, 25-
50%, of the water molecules bound to the protein in the PDB
structure can be found at the end of the simulations, and
this fraction is almost constant over the different water layers
of each protein. Thus, the binding of these waters seems to
be very little affected by the evaporation, at least as long as
there are other waters left in the surrounding water layer.
Although it cannot be expected that the same water molecule
will be bound in the same position forever, the fact that they
exist for the whole simulation indicates that these hydrogen
bonds are stronger than others. A more involved analysis of
hydrogen bond thermodynamics (85) that could in principle
be done falls beyond the scope of this work however.

Protein-Protein. Since all analyses suggest that a thin
layer of water molecules would be enough to give the same
“protection’’ to the protein structures as bulk water, we used
the conserved hydrogen bond analysis to investigate how

much the binding patterns of intramolecular hydrogen bonds
of the vacuum simulations differ from that of the fully
solvated protein. The set of intramolecular hydrogen bonds
found to exist during more than 50% of the last nanosecond
of each bulk water simulation was selected as a reference
set, and the analysis of the vacuum simulations was restricted
to these protein atoms only. In other words, we monitor the
fraction of time (ø) for which this specific set of hydrogen
bonds exists.

In Figure 6B, we have plotted the average fraction of time
(ø) that these hydrogen bonds are present. For ubiquitin,ø
is almost identical in the bulk, 0.6 and 0.3 nm simulations,
84% or more during the last nanosecond. Lysozyme follows
the same pattern as ubiquitin but with a slightly lower overall
ø. Ctf has a largeø in bulk water and with a 0.6 nm shell,
but it drops quickly as the number of surrounding waters
decreases further. Trp-cage and insulin exhibit a different
trend with a largerø at 0.3 nm than at 0.6 nm. The
uncertainties in the data for these two proteins are also quite
large.

Next, the existence and preservation of the native intramo-
lecular hydrogen bonds, defined as the bonds present in the
PDB structure, were investigated. We wanted to find out
whether these native bonds were conserved both in solution
and after evaporation. The intramolecular hydrogen bonds
of the PDB structure were selected as a reference, and the
analysis of the simulations was restricted to these atoms only
(Figure 6C). Both ubiquitin and lysozyme have their native
hydrogen bonds intact during 60-70% of the last nanosecond
of the bulk water, as well 0.6 and 0.3 nm simulations, on
average. In complete vacuum, the existenceø decreases to
∼45%. For insulin,ø is highest in bulk water and with a 0.3
nm water shell, whereas Trp-cage has its maximum at 0 nm.

Table 8: Number of Structural Waters Found in the PDB File (not
Counting Water Molecules with an Occupancy of<1)

protein PDB protein PDB

Trp-cage 0 ubiquitin 58
insulin 48 lysozyme 78
Ctf 62

FIGURE 6: Conserved hydrogen bond analysis. Time fractionø that hydrogen bonds exist in the last nanosecond of the simulations, where
the reference set of hydrogen bonds is determined from (A) the crystal waters found in the PDB structure, (B) the intramolecular hydrogen
bonds of the bulk water structures, (C) the native intramolecular hydrogen bonds of the PDB structure, and (D) the same as panel C, but
restricted to those hydrogen bonds found inR-helices and/orâ-sheets. Colors correspond to Trp-cage (blue), insulin (red), Ctf (cyan),
ubiquitin (green), and lysozyme (black).
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Ctf follows the same curve as ubiquitin and lysozyme in
bulk water and with a 0.6 nm water layer but drops once
again quickly as the number of waters decreases to 0.3 nm.
In complete vacuum, Ctf has aø value similar to those of
Trp-cage and insulin.

When the analysis is further restricted, by considering only
the native hydrogen bonds present inR-helices and/or
â-sheets (Figure 6D),ø increases to>70% for both ubiquitin
and lysozyme. However, the variation also increases some-
what. The abundance observed for Ctf has increased to
∼60%. Trp-cage and insulin still follow their own pattern,
but with increased uncertainties in the numbers. This result
indicates that the hydrogen bonds that stabilize the secondary
structure are more stable upon dehydration than the other
native hydrogen bonds, at least for the larger proteins.

DISCUSSION

The aim of this study was to simulate the transfer from
water to vacuum that takes place during ESI and to monitor
what happens to a protein structure as the surrounding waters
start to evaporate until it becomes fully dehydrated. Our
results indicate that the protein structures are indeed affected
by the transition. The evaporation of the waters forces the
protein to adjust its conformation such that the number of
hydrogen bonds, and thus the internal energy, is optimized.
This implies that the radius of gyration and total surface area
decrease at the expense of some extra hydrophobic surface
area. However, these conformational changes are not very
severe since the secondary structure elements are largely
intact and resemble what they look like in the native state.
R-Helices are affected more thanâ-sheets, in agreement with
earlier work on lactate dehydrogenase (74), with some loss
of structure at their termini and/or transitions into 310-helices
or, less frequently, 5-helices. In accordance with a study by
Nagendra et al. (86) on the amount of water necessary in a
lysozyme crystal to maintain the structure, we find that the
amount of water required to protect the structure is small:
a 0.3 nm shell seems to have much the same effect as a 0.6
nm shell. Furthermore, we see that the structural features at
the end of these simulations are very similar to those of the
fully solvated proteins. From this, we draw the conclusion
that a shell with a thickness of not more than a few water
molecules is enough to mimic bulk water. Our results
(Figures 4 and 5) also show that in the gas phase, ensembles
of structures can be found, which are very similar internally
but which differ, both from the “native’’ structure as obtained
by experimental means and from the solution phase structure,
as seen in our MD simulations. These gas phase ensembles
are fairly close to each other in rmsd. It therefore seems as
if the final evaporation causes a collapse of the solution
structure into a vacuum structure which thereafter experiences
very limited dynamics. Experimental data from ion mobility
measurements (36, 87, 88) show, however, that both+7
ubiquitin and+8 lysozyme exist in several, more or less
nativelike, conformational ensembles in vacuum. In our sim-
ulations of these proteins, we find two and three ensembles,
respectively, predominantly compact and nativelike ones.
Extended sampling through longer simulations or, for
instance, replica exchange molecular dynamics simulations
(89) could result in other, less compact structures. It seems
plausible that there is a connection between the location of
the charges and the conformational ensemble as well.

Evaporation seems to be faster for larger proteins, as
observed by the increasing absolute number of evaporated
waters with the increasing size of the protein. However, if
we consider the evaporation as a percentage of the initial
amount of water, the trend is that systems with a thin water
layer evaporate faster than systems containing more waters,
independent of the size of the water-protein cluster: the
0.6 nm simulations lose∼10% of the water molecules in 10
ns, whereas the 0.3 nm simulations lose∼15-20%. The drop
in temperature is very similar for the four normal sized’
proteins, as they converge to much the same temperature,
independent of size, a finding that is in good agreement with
observations by Caleman and Van der Spoel for evaporation
of water clusters (9). Only the small Trp-cage experiences a
temperature loss that is significantly larger. For all proteins,
the evaporation from the three replicas of each system is
reproducible in magnitude.

From the conserved hydrogen bond analysis (Figure 6A),
we can see that for Ctf, ubiquitin, and insulin, 40-50% of
the structural waters found in the PDB files remains bound
to the protein after simulation 10 ns, and for lysozyme, 30%.
Trp-cage has no structural waters and thus cannot be included
in the analysis. The fraction that is found to be bound is
constant over the different simulations, suggesting that there
are certain water molecules which bind more tightly to the
protein than the bulk water does and that these waters, hence,
are affected only little by the evaporation taking place during
our simulations. Moreover, the intramolecular hydrogen
bonds that are identified in the fully solvated protein are to
a large extent also present in vacuum (Figure 6B). For
ubiquitin, which shows the most nativelike structure in
vacuum, these intramolecular hydrogen bonds, identified in
the solution structure, are found during more than 84% of
the last nanosecond of the bulk water and the 0.6 and 0.3
nm simulations. At 0 nm of water, i.e., after complete
evaporation,ø drops significantly, although the total number
of hydrogen bonds within the protein increases. The in-
tramolecular hydrogen bonds found in the PDB structures,
defined as native hydrogen bonds, are well preserved in the
simulations (Figure 6C):ø is between 60 and 70% for
ubiquitin and lysozyme in the bulk, 0.6 and 0.3 nm
simulations, and 45% in vacuo. For Trp-cage and insulin,
the numbers are below 30%. Ctf has a large existence in
bulk and with 0.6 nm,∼55%, but it drops quickly as the
number of waters decreases further. The native hydrogen
bonds fromR-helices and/orâ-sheets are much more stable
(Figure 6D); almost 60% is preserved even in vacuo for
ubiquitin. This finding suggests that if a protein is deformed
due to transfer to vacuum, but nevertheless has most of its
hydrogen bonds intact, in particular in the secondary structure
elements, then the native structure can be recovered with
limited refolding only upon resolvation. This result is very
promising, both for the interpretation of mass spectrometry
experiments and for future bio-imaging experiments at the
XFEL. The internal consistency between dehydrated struc-
tures (Figure 4), corresponding to a systematic deviation from
the native structure, strongly suggests that if structures of
dry proteins can be determined from XFEL experiments, a
computational resolvation procedure (90) could be used to
obtain the true structure (91), for instance, by employing
replica exchange molecular dynamics simulations (89).
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A comparison of panels B and C of Figure 6 also shows
that the fraction of hydrogen bonds that is found in the
vacuum simulations with respect to those found in bulk
simulations is consistently higher than the fraction of
hydrogen bonds in vacuum with respect to those in the
experimental structure. From this, we can conclude that there
is a slightly different hydrogen bonding pattern in solvent
simulations compared to experiment which may be due to
the force field or to the difference in environment between
crystal and solution or, most likely, a combination of the
two. If there were a systematic bias due to the force field,
this would not affect the trend that we observe here.
Therefore, we conclude that when the sample moves from
bulk solution to vacuum, a significant fraction of the protein-
protein hydrogen bonds is conserved (Figure 6), in particular
in secondary structure elements.
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