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We have examined the hydration of gas-phase cytochromec
and apomyoglobin and found that the average number of water
molecules adsorbed under near-saturation conditions by unfolded
conformations is substantiallyless than by folded ones. This
suggests that cooperative effects, where water molecules interact
strongly with more than one site on the protein, are very important
in the solvation of the folded conformation. Solvent interactions
play a critical role in determining the structures and properties
of proteins in solution. For example, hydrophobic interactions
are believed to provide the dominant force driving protein fold-
ing.1,2 Studies of the hydration of gas-phase proteins and peptides
can provide information about solvent interactions that is not
available from solution studies, such as thermodynamic informa-
tion for the adsorption of specific water molecules. So far there
have only been a few studies of hydrated proteins and peptides
in the gas phase. Chait3 and Williams4 and their collaborators
have recorded mass spectra for partially dehydrated peptide and
protein ions generated by electrospray ionization. Kebarle and
collaborators5 have measured∆G° at 293 K for the addition of
the first few water molecules to several small peptides, the largest
being Gly4H+. We have recently reported measurements of∆H°
and∆S° for the first few water molecules adsorbed by bovine
pancreactic trypsin inhibitor (BPTI), a 58-residue protein.6 In
this communication, we describe studies of the hydration of gas-
phase cytochromec and apomyoglobin in a broad range of (M
+ nH)n+ charge states. Previous studies have indicated that these
proteins undergo unfolding transitions, somewhat analogous to
acid denaturation in solution, as the charge increases.7-11 There-
fore, studies of folded and unfolded conformations are possible.
The measurements were performed using an injected ion drift

tube apparatus equipped with an electrospray source.8 The
number of water molecules adsorbed by the protein ions in the
drift tube was determined from mass spectra of the ions exiting
the drift tube. The drift tube was cooled to-20 °C to promote
the hydration reactions. Drift time distributions were recorded
by injecting 50-µs pulses of ions into the drift tube and recording
their arrival time at the detector.
The filled circles in the upper half of Figure 1 show the average

number of water molecules adsorbed by the (M+ 4H)4+ to (M
+ 13H)13+ charge states of equine cytochromec with 0.73 Torr
of water vapor. The results shown in the figure were obtained
with a helium buffer gas plus water vapor pressure of around 5

Torr and a drift field of 13.3 V cm-1. If the drift field is lowered
by a factor of 2 so that the ions spend twice as long in the drift
tube, the average numbers of adsorbed water molecules are not
significantly different from those obtained with the higher drift
field. This suggests that the hydration reactions

are in equilibrium. As can be seen from Figure 1, around 30
water molecules adsorb on the 7+ to 13+ charge states while
around 50 water molecules adsorb on the 4+ and 5+ charge states.
The distribution of water molecules adsorbed on each charge state
is roughly Gaussian with a full width at half-maximum that is
generally around one-half the average number of adsorbed water
molecules. In addition to the results shown in Figure 1,
measurements were performed with water vapor pressures of 0.19,
0.39, and 0.58 Torr. The results at these lower pressures showed
the same general behavior as observed with 0.73 Torr of water
vapor: Substantially more water molecules adsorbed on the 4+
and 5+ charge states than on the 7+ to 13+ charge states,
although the averages show an overall decrease as the water vapor
pressure was decreased. At-20 °C the equilibrium vapor
pressure of water (ice) is 0.776 Torr. The highest water vapor
pressure employed in the experiments, 0.73 Torr, is close to the
equilibrium vapor pressure, so the average number of water
molecules adsorbed at 0.73 Torr is close the maximum average
number that can be adsorbed under equilibrium conditions.
The unfilled circles in the upper half of Figure 1 show the

average cross sections of the cytochromec (M + nH)n+ ions.
The cross sections were derived from drift time measurements
as described elsewhere.8 The dashed lines in the figure show
cross sections calculated for the native conformation (crystal
structure coordinates12) of cytochromec and an extended string
generated by setting allΦ andΨ angles (except those between
Cys14 and Cys17) to 180°.8,13 Cross sections determined for the
3+ to 5+ charge states of cytochromec are close to the value
estimated for the native conformation. Between the 5+ and 7+
charge states there is an unfolding transition, and for the 7+ to
20+ charge states, the cross sections increase and approach the
cross section calculated for the extended string. Clearly, the sharp
decrease in the number of adsorbed water molecules that occurs
between the 5+ and 7+ charge states is correlated with the
unfolding transition.
The lower half of Figure 1 shows analogous results for

apomyoglobin. Apomyoglobin is around 50% larger than cyto-
chromec, and the unfolding transition (open circles) is broader
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Figure 1. Plot of the average number of water molecules adsorbed on
cytochromec and apomyoglobin (M+ nH)n+ ions with 0.73 Torr of
water vapor at-20 °C (filled circles and left-hand scale). The average
cross sections, determined from mobility measurements,8,9 are also shown
(open circles and right-hand scale). The dashed lines show cross sections
calculated for the native conformations (crystal structure coordinates) and
extended strings (see text).

(M + nH)n+(H2O)
m + H2Oa (M + nH)n+(H2O)m+1 (1)
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and shifted to slightly higher charge.9 Dashed lines show the
cross sections calculated for the native conformation of myoglo-
bin14 and for an extended string. The average number of water
molecules adsorbed by the 5+ and 6+ charge states is around
60. The average decreases to around 25 on the (M+ 10H)10+

ion and then gradually increases again. The sharp decrease in
the number of adsorbed molecules is clearly correlated with the
unfolding transition evident in the cross section measurements.
We have previously reported that the free energy changes at

273 K for adsorbing the first few water molecules on the folded
5+ charge state of cytochromecwere larger than on the unfolded
7+ charge state.15 We suggested that this behavior could result
from some of the water molecules entering the folded 5+ charge
state as structural water molecules. The new results presented
here cannot be rationalized in this way. Only six structural water
molecules have been found for cytochromec in recent NMR
studies.16 The low free energy changes found in our previous
studies of the first few steps in the hydration of cytochromec
indicate that the charge is effectively self-solvated. However,
an increase in the charge should result in an increase in the number
of adsorbed water molecules. A systematic increase in the average
number of adsorbed water molecules is seen for cytochromec
(M + nH)n+ ions with n > 9 and apomyoglobin (M+ nH)n+

ions with n >10. This increase probably results both directly
from the increased charge and indirectly from the charge causing
the protein to unfold further and expose more-favorable hydration
sites.
Solvation energies of proteins are usually estimated from an

accessible surface area (ASA) model where the solvation energy
is given by17,18

In this expression ASAi is the accessible surface area for group
i andCi is a coefficient determined by fitting solvation data for
model compounds. There is evidence that this group additivity
approach fails for molecules with several polar groups. For
example, the free energy changes for transferringp-hydroxybenzyl
alcohol andm-hydroxybenzyl alcohol between toluene and water
differ by 13.2 kJ mol-1. This large difference has been attributed
to the two hydroxy groups inm-hydroxybenzyl alcohol being at
almost an ideal distance to form a hydrogen-bonded chain with
a water molecule.19 That the number of water molecules adsorbed
by the unfolded charge states of cytochromec and apomyoglobin
is substantiallylessthan by the folded ones is in striking contrast
to the predictions of the ASA approximation. This suggests that
cooperative effects, where the water molecules interact strongly
with more than one site on the protein, are very important in the
hydration of the folded conformation. These results indicate that
the ASA approximation overestimates the solvation energy
difference between the native and unfolded conformations, as
suggested by the recent theoretical analysis of Lazaridis et al.20

Cooperative effects analogous to those discussed above have been
observed in the binding of H3O+ to polyethers in the gas phase.21,22

The unfolding transition that occurs between the 5+ and 7+
charge states of cytochromec is believed to be driven by Coulomb
repulsion. In solution, (M+ nH)n+ charge states up to around

11+ remain folded.23 This difference between the gas phase and
solution phase is at least partly a result of the high dielectric
constant of water. If water molecules are added to the unfolded
(M + 7H)7+ charge state in the gas phase, at some point it should
fold. Figure 2 shows drift time distributions recorded for the
folded (M+ 5H)5+ and the unfolded (M+ 7H)7+ charge states
of cytochromec as a function of water vapor pressure. These
measurements were performed with a helium plus water vapor
pressure of around 5 Torr. The drift time scales have been
approximately corrected for the varying water vapor pressure
using Blanc’s Law24 and multiplied by the charge to remove its
effect on the drift time. The drift time depends on the average
collision cross section. For the folded 5+ charge state, the peak
at around 9 ms in Figure 2 is close to the drift time expected for
the native conformation. This peak remains in approximately the
same position as the number of adsorbed water molecules
increases. For the unfolded 7+ charge state, there are two peaks
present in the drift time distribution in the absence of the water,
and as the number of adsorbed water molecules increases, the
distribution shifts over to the more folded conformation at shorter
time. The addition of only 29 water molecules is apparently
enough to promote the folding of the 7+ charge state to a more
compact conformation. However, more water molecules are
needed to drive the 7+ charge state to a completely folded
conformation which would be at∼9 ms in Figure 2. Similar
water-induced folding transitions have been observed for the 7+
charge state of apomyoglobin.
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Figure 2. Drift time distributions measured for the (M+ 5H)5+ and (M
+ 7H)7+ charge states of cytochromec with 0.00, 0.39, 0.58, and 0.73
Torr of water vapor. The water vapor plus helium buffer gas pressure
was around 5.0 Torr, and the drift tube was at-20 °C. The average
number of adsorbed water molecules is shown for the different water
vapor pressures for both charge states. The drift time scale has been
approximately corrected using Blanc’s Law to account for the different
water vapor pressures, and the time scale has been multiplied by the charge
to remove its effect on the drift time.
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