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The charge-induced unfolding and refolding of unsolvated cytochrome c have been studied by molecular
dynamics (MD) simulations. Simulations were performed for protonated charge states between +3 and +19.
The charge-induced unfolding of cytochrome c in the gas phase has previously been examined by ion mobility
measurements. The main features of the experimental results are reproduced by the MD simulations reported
here. The simulations provide insight into how the energy landscape changes with charge, and into the nature
of the unfolded conformations of the higher charge states. Experiments have shown that unsolvated cytochrome
c refolds when the charge is reduced. MD simulations of this refolding process were also performed. When
the charge is reduced, the protein ions collapse, but they became trapped in random loop conformations with
little secondary structure.

Introduction
The pH dependence of protein stability in solution has been
extensively investigated, both experimentally and theoretically.1-8
It has been argued that the driving force for acid denaturation
is the change in the electrostatic free energy of the folded and
unfolded protein at low pH, which includes contributions from
the shift in the pKa values of the ionizable groups and from
electrostatic interactions.5 Unsolvated proteins can be produced
in the gas phase in a variety of protonated charge states, and
the charge-induced unfolding of an unsolvated protein is the
gas-phase analogue of acid denaturation in solution. Ion mobility
experiments have been used to examine the unfolding of proteins
in vacuo as a function of charge.9-17 Mobility measurements
provide a measure of the average collision cross section of a
protein, which is related to its conformation.18 The conformations of gas-phase cytochrome c ions have also been examined
in a series of H/D exchange studies.19-21 One advantage of
studying proteins in the gas phase is that the charge state can
be defined, while in solution at a specific pH there is a
distribution of charge states present.5 Here, we report folding
studies for cytochrome c and compare the molecular dynamics
(MD) results to the results of gas phase ion mobility measurements. Reimann and collaborators have similarly used MD
simulations to examine the unfolding of highly charged lysozyme
in vacuo.22
The acid denaturation of cytochrome c has been studied since
the 1940s,23-26 and the folding of cytochrome c has been studied
as a model system for several decades.27,28,29 The term molten
globule was first used to describe an intermediate observed in
the acid denaturation of cytochrome c.30 In vacuo, ion mobility
measurements show that cytochrome c ions unfold as the charge
increases. The MD simulations described here were performed
to see if they could reproduce the unfolding transitions observed
in the experiments and to provide some information about the
nature of the unfolded conformations of the higher charge states.
Theoretical Methods
The MD simulations were performed with the Macsimus
molecular modeling package31 with CHARMM-like potentials32

(21.3 parameter set). The Coulomb potentials were not truncated
because this is unnecessary for the isolated protein ions studied
here. Bond lengths were constrained by SHAKE33 and CH, CH2,
and CH3 groups were treated as united atoms. The time step
was 1 fs, and the temperature was kept at 300 K by rescaling
the kinetic energy every 0.1 ps. Simulations were performed
for the +3, +5, +7, +9, +11, +13,+15, +17, and +19
protonated charge states of cytochrome c. Cytochrome c has
many basic sites that can be protonated, and there is an
enormous number of ways of distributing the protons among
the sites.34 Ten charge permutations were chosen for each charge
state using a sampling method described elsewhere.14 Although
the selected permutations are believed to be in the low energy
regime, this sample is almost certainly too small to identify the
lowest energy charge permutation. However, the sample is large
enough to examine how the location of the protons affects the
results. To simulate the gas phase, all residues were neutral
except for those that were specifically protonated to account
for the charge. Except in the refolding studies, the initial
conformation was the minimized crystal structure35 with modified protonation sites. Crystal waters were removed. The
simulations were run until no further unfolding or refolding was
observed for at least 240 ps. The simulation times ranged from
480 ps (for the high charge states) to several nanoseconds.
Average energies and cross sections (for comparison with the
results of the ion mobility measurements) were derived from
the final 240 ps. The cross sections were calculated by the exact
hard spheres scattering model,36 which for large protein ions
provides results that are close to those obtained by the more
accurate trajectory method.37
Unfolding
Cross sections derived from the MD simulations are compared
with the measured cross sections in Figure 1. The experimental
results depend on the conditions. For cytochrome c electrosprayed from an unacidified aqueous solution, cross sections
were measured for the +6 to +10 charge states (shown by open
triangles in the figure).13 For an acidified solution, cross sections
were measured for the +7 to +19 charge states (shown by open
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Figure 1. Cross sections measured for the +3 to +19 charge states of
cytochrome c and cross sections determined from the MD simulations
for the +3, +5, +7, +9, +11, +13, +15, +17, and +19 charge states.
The cross sections derived from the simulations are indicated by the
filled points. The filled circles are for simulations started from the crystal
structure, while the filled squares represent the results of refolding
studies (as shown by the arrows). The open triangles are cross sections
measured with an unacidified aqueous solution, the open circles were
measured with an acidified solution, and the crosses were measured
for collisionally heated ions (where the nature of the solution is
unimportant).

circles).13 In addition, cross sections are shown in Figure 1 for
collisionally heated +3 to +19 charge states (shown by
crosses).12 The low charge state ions were prepared by proton
transfer reactions from higher charge states. When the ions are
collisionally heated, the results do not depend on the solution
conditions. Together, these results show that an unfolding
transition occurs for charge states between +6 to +10 (depending on the conditions) and then the cross sections gradually
increase with increasing charge. The unfolding transition occurs
for lower charge states when the ions are collisionally heated.
Cross sections derived from the MD simulations are shown
as filled circles in Figure 1. For the +3 to +9 charge states, the
cross sections are similar to that calculated for neutral cytochrome c. The calculated cross sections increase slightly with
increasing charge. The main features of the secondary and
tertiary structure of the native conformation (the crystal
structure) are preserved in the simulations for the +3 to +9
charge states. The only substantial deviations from the native
conformation are some disorder in the loop regions and that
the Met80-heme iron bond is replaced by an Fe-O bond. The
calculated cross sections are slightly larger than the measured
cross sections (except those for the collisionally heated ions).
The measured cross sections indicate a conformation that is more
compact than the crystal structure. However, the contraction
that occurs on removing the solvent is not reproduced by the
simulations, presumably because of the way the force field is
parametrized.14
The +11 charge state is the lowest charge state to be significantly unfolded in these room temperature simulations. The
difference between the +9 and +11 charge states is that the
terminal helices have disengaged, opening up the hydrophobic
core. Figure 2 shows typical conformations from the simulations.
The range of cross sections determined for the +11 charge states
(see Figure 1) reflects the dispersion in the amount of unfolding
that occurs for the different charge permutations. The N-terminus
helix is disrupted in the two most unfolded charge permutations.
Ions electrosprayed from an unacidified aqueous solution (open
triangles in Figure 1) provide the best comparison with the
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simulations because these ions start in the native conformation
in solution. For these ions, the first indication of unfolding
occurs for the +8 charge state where two slightly different
conformations were resolved. However, the +10 charge state
is the first to show the protein in a substantially unfolded conformation. This is in good agreement with the simulations, where
significant unfolding occurs between the +9 and +11 charge
states.
For the +11 to +19 charge states, the protein becomes
progressively more unfolded. There is considerable overlap
between the cross sections calculated for nearby charge states
because of the distribution of conformations from the different
charge permutations. Moving from the +11 to +15 charge
states, the N-terminus helix gradually drifts away from the
middle and C-terminus helices. These helices remain in contact
(see Figure 2) and keep the C end of the protein compact.
Starting at around the +15 charge state, the middle and
C-terminus helices begin to separate. The middle and C-terminus
helices are disrupted at around the +17 charge state. Further
unfolding of the +17 and +19 charge states is achieved by
straightening out the loops and disrupting the remaining helices.
In some simulations, the N-terminus helix persists even for the
+19 charge state. For the low charge states, up to +9, the Met80
ligand to the heme iron is replaced by an oxygen atom. Starting
at +11, the iron gradually switches to five coordinate with His18
as the only axial ligand.
Cross sections derived from the simulations for the +11, +13,
and +15 charge states are significantly smaller than the
measured cross sections (see Figure 1). However, for these
charge states, measurements could not be performed with an
unacidified aqueous solution. The measured cross sections that
are available for these charge states were derived from either
acidified solutions or from experiments on collisionally heated
ions. Collisional heating unfolds the ions in the gas phase and
cytochrome c is denatured in the acidified solutions that were
used, so the comparison between the simulations and experiment
for these charge states is not straightforward. It is possible that,
if the simulations were run for a much longer time, further
unfolding would occur and the agreement with the experiments
would improve.
For the high charge states, +17 and +19, there is closer
agreement between cross sections derived from the simulations
and from the experiments. As for the +11 to +15 charge states,
the measured cross sections for +17 and +19 charge states were
derived from either acidified solutions or from experiments on
collisionally heated ions. However, this is apparently not as
important for these high charge states, presumably because the
electrostatic interactions are so strong. In the simulations, the
+19 charge states are almost completely unfolded into extended
strings. Since the calculated cross sections for these conformations are in reasonable agreement with the measured ones, the
conformations sampled in the experiments must be almost
completely unfolded like the ones in the simulations.
Figure 3 shows plots of the electrostatic energy and van der
Waals energy for the first 30 ps of one of the simulations for
the +19 charge state. Unfolding leads to a more negative
electrostatic energy and a more positive van der Waals energy.
The change in the electrostatic energy outweighs the loss of
favorable van der Waals contacts. The electrostatic interactions
include both repulsive and attractive interactions. The latter
includes hydrogen bonds formed between protonated residues
and nearby oxygen atoms, which leads to the formation of a
“solvation” shell. The “solvation” shells around the protonation
sites contain from one to eight carbonyl or side chain oxygens,
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Figure 2. Representative structures from the simulations for the +9, +11,+13, +15, +17, and +19 charge states. For the unfolded conformations,
the N-termini are at the top of the page. The circles show the locations of the protons.

Figure 3. Plot of the electrostatic energy and van der Waals energy
against time for one of the +19 charge states. Results are shown for
the first 30 ps of the MD run.

depending on steric effects and the overall conformation. When
the protein unfolds, the average number of oxygen atoms in
the solvation shells drops. But even for the +19 charge states,
a local solvation shell exists for all of the protonation sites.
Overall protonation leads to increase in the electrostatic energy,
and the average electrostatic energy rises monotonically as a
function of the charge.
Refolding
The refolding of cytochrome c in the gas phase has been
studied by H/D exchange21 and by ion mobility experiments.10
In these experiments, lower charge states were produced by

proton transfer reactions from higher charge states. In the
mobility studies, compact conformations were observed for the
lower charge states even when they were produced from
unfolded higher charge states. So cytochrome c refolds in the
gas phase. To simulate the refolding observed in the experiments, unfolded conformations generated in the simulations for
higher charge states were used as the starting conformations
for simulations of lower charge states. Six refolding trajectories
were generated by starting from six of the charge permutations
of the +19 charge state and removing 10 protons. The resulting
refolded +9 charge states were then used as the starting point
for refolding studies of the +3 charge states. The refolded +9
charge states (see Figure 4) have conformations that are quite
similar to those of the original +19 charge states. They are
slightly more compact (by up to 500 Å2 in terms of the cross
section). Refolding occurs mainly by the formation of small
random loops. The refolded +9 conformations are much less
compact than the +9 conformations generated by starting the
simulations from the crystal structure. However, the energies
of the refolded +9 conformations are similar to the energies of
the compact +9 conformations. This demonstrates the broad
nature of the energy landscape of the intermediate charge states.
We observed similar behavior in folded and extended cytochrome c +7 at 600 K. The calculated cross sections for the
refolded +9 charge states are quite close to cross sections
measured for collisionally heated ions, suggesting that the
collisionally heated ions have similar conformations to the
refolded ones. The refolded +3 charge states have more compact
structures (see Figure 4), but there is no evidence for the
formation of ordered structures. The cross sections are 100-
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Figure 4. Representative refolded conformations of the +9 and +3 charge states. The +9 charge states were started from unfolded +19 conformations,
and the +3 charge states were started from the refolded +9 charge states. The circles show the locations of the protons.

500 Å2 larger than those for the nativelike +3 charge states
and the energies are 300-500 kJ mol-1 higher. For the +3
charge state, electrostatic repulsion is small and the folded
conformation is favored energetically. The re-emergence of
secondary structure in the refolding simulations is rare. In some
cases, the N-terminal helix reforms. When this happens, it
usually occurs at the very beginning of simulation. Refolding
of the C-terminal helix was not observed on the time scale of
simulations, instead a loop usually forms at the C-terminus.
The random collapsed conformations generated in the simulations for the +3 charge states may have a lot in common with
the conformations generated in the initial collapse that occurs
in the experiments.10 In the experiments, the most compact
conformations are not produced by just stripping off the protons.
The ions must be collisionally heated to generate conformations
that are as compact as the native form. The failure of the
simulations to refold cytochrome c is a manifestation of the
folding problem. The time scale of simulations is many orders
of magnitude shorter than expected for the protein to refold
properly, so it is not surprising that the simulations do not lead
to ordered structures. The refolding simulations lead to collapsed
conformations with random loops and little secondary structure.
Similar nonspecific collapse was found by Alonso and Daggett
in MD simulations of ubiquitin refolding in solution.38 It has
been suggested that the slow step in the folding of cytochrome
c is the reorganization of misfolded structures trapped during
the initial collapse.25
Conclusions
Molecular dynamics simulations have been used to examine
the charge-induced unfolding of cytochrome c. Overall, the

simulations reproduce the main features of the experimental
results. In particular, the simulations predict the onset of the
charge-induced unfolding at around the +10 charge state. This
suggests that there is a good balance between the electrostatic
repulsions and the attractive interactions in the force field. In
the simulations, the high charge states, +17 and +19, are almost
completely unfolded into extended structures. The agreement
between the measured and calculated cross sections for these
charge states suggests that they indeed have these extended
structures.
When 10 protons are removed from the +19 charge states,
the resulting +9 collapses slightly by forming some random
loops. The cross section for this refolded +9 is quite close to
cross sections measured for collisionally heated +9 ions,
suggesting that the collisionally heated ions have similar
extended structures that are significantly larger than the refolded,
ambient temperature +9. The energies of the refolded +9 and
the compact +9 generated from the crystal structure are quite
close. This demonstrates how electrostatic repulsion broadens
out the energy landscape for the intermediate charge states,
which explains why compact and folded conformations are
observed for these charge states depending on the experimental
conditions. The collapsed +3 charge states adopt compact
conformations because electrostatic repulsions are small and the
folded conformation is favored energetically. However, as in
the experiments, the refolded ions do not achieve the most
compact conformations in the initial collapse because they
become trapped in misfolded structures.
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