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Conformer-Dependent Proton-Transfer
Reactions of Ubiquitin Ions

Stephen J. Valentine, Anne E. Counterman, and David E. Clemmer
Department of Chemistry, Indiana University, Bloomington, Indiana, USA

The conformations of ubiquitin ions before and after being exposed to proton transfer reagents
have been studied by using ion mobility /mass spectrometry techniques. Ions were produced
by electrospray ionization and exposed to acetone, acetophenone, n-butylamine, and 7-methyl-
1,5,7-triazabicyclo[4.4.0]dec-5-ene. Under the conditions employed, the +4 to +13 charge
states were formed and a variety of conformations, which we have characterized as compact,
partially folded, and elongated, have been observed. The low charge state ions have cross
sections that are similar to those calculated for the crystal conformation. High charge states
favor unfolded conformations. The ion mobility distributions recorded after ions have been
exposed to each base show that the lowest charge state that is formed during proton-transfer
reactions favors a compact conformation. More open conformations are observed for the
higher charge states that remain after reaction. The results show that for a given charge state,
the apparent gas-phase acidities of the different conformations are ordered as compact <

partially folded < elongated.
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[1] and matrix assisted laser desorption ioniza-
tion (MALDI) [2] for mass spectrometry (MS) has
made it possible to produce large biological ions in the
gas phase. The structures and stabilities of these ions
have recently received considerable attention, because
they can provide information about the intrinsic nature
of these species in the absence of solvent. Several
methods have been used to investigate the conforma-
tions of gas-phase proteins, including gas-phase H/D
exchange [3-6], proton-transfer reactions [5, 7-9], mea-
surements of average collision cross sections [6, 10-13],
and microscopy studies of the hillocks formed on
surfaces after high-energy ion impacts [14]. Many of
these studies provide evidence that conformations of
gas-phase protein ions are influenced by the number of
charges that are accommodated during the ESI process
[9, 10, 12, 14]. Highly charged ions appear to favor
conformations that are elongated instead of compact
because of lower Coulombic repulsion energies. Low
charge states can exist in more compact forms. Several
recent studies have shown that when high charge states
are exposed to proton-transfer reagents, the lower
charge states that are formed appear to have folded
conformations, demonstrating that proteins can fold in
the gas phase [4b, 9b, 12b, 13].
In this article we have examined the conformations
of ubiquitin ions before and after they have been
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exposed to four proton-transfer reagents by using ion
mobility /mass spectrometry techniques [15]. The mo-
bility of a protein ion in the gas phase depends on its
average collision cross section with a buffer gas. Com-
pact conformers have smaller cross sections and thus
higher mobilities than elongated ones [12]. By compar-
ing ion mobility data and mass spectra for ubiquitin
ions before and after exposure to proton-transfer re-
agents, we have examined the changes in the distribu-
tions of conformations that occur within different
charge states during proton-transfer reactions. Several
studies have drawn correlations between the proton
affinity of multiply charged ions and the total Coulomb
energy [9a, 16]. These results imply that for a given
charge state elongated conformations will be less reac-
tive than compact ones because the former species have
lower Coulomb energies. The present experiments pro-
vide direct structural information about lower charge
states, formed by proton-transfer reactions, and high
charge states that remain after exposure to different
bases.

We have chosen to investigate the reactions of ubiq-
uitin ions (bovine) with acetone, acetophenone, n-bu-
tylamine, or 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-
ene (MTBD) for several reasons. First, ubiquitin is a
relatively small and simple protein. It is comprised of 76
amino acids and has 12 basic lysine, arginine and
histidine residues. Ubiquitin contains no disulfide
bonds and should be relatively free to adopt different
conformations according to differences in coulomb en-
ergy. Second, the proton transfer reactivity of ubiquitin
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Figure 1. Schematic diagram of the experimental apparatus.

has been examined previously [5, 7, 8b]. Several charge
states show evidence of multiple conformers and ap-
parent gas-phase acidities for different charge states
have been reported [8b]. The role of the solution con-
formation on the gas-phase reactivity has also been
investigated [7]; however, no differences in the reactiv-
ity of the gas-phase ions from different solution condi-
tions have been observed. Finally, the proton-transfer
bases were chosen because they provide a wide range of
gas-phase basicities. The reaction enthalpy for each
charge state varies with each proton transfer base, such
that it is possible to examine reaction channels that are
allowed for some bases but inaccessible for others. This
allows us to establish the relative ordering of the
thermochemistry for different conformations. We re-
port the ordering in terms of apparent gas-phase acid-
ities in order to be consistent with the thermochemistry
reported by Zhang and Cassady [8b]. They have previ-
ously delineated the relationship of the free energy
change of proton transfer reactions to apparent gas-
phase acidities and basicities [8b].

Experimental
General

A schematic diagram of our experimental apparatus is
shown in Figure 1. Multiply charged ubiquitin ions
were formed by electrospraying a 1:1 water:acetonitrile
solution containing 8.0 X 107> M ubiquitin (bovine,
Sigma, St. Louis, MO, 90%) and 2.0% acetic acid. Elec-
trosprayed droplets are formed at atmospheric pres-
sures and enter a variable temperature, differentially
pumped desolvation region through a 0.1-cm-diameter
entrance orifice. The ions pass through this region and
exit through a 0.1-cm-diameter exit aperature, where
they enter the source gas cell. Here, proton transfer
reagents can be introduced as described below. The
diameters of entrance and exit aperatures can be varied
easily. The pressure in each region is ~1-10 torr de-
pending on which apertures are used. Protein ions are
extracted from the reaction cell into a high vacuum
region (10™* to 107 torr), focused into a low-energy ion
beam, and injected into the drift tube. As shown below,
the injection energy can influence the distribution of
conformations. Except where noted, these experiments
are carried out at an injection energy of 385 eV. For
large ions, this is a low injection energy that favors
conformations that are present in the ion source. At
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higher injection voltages, elongated conformations that
are formed at the entrance of the drift tube are favored.

The drift tube is 32.4 cm long and contains ~2 torr of
300 K helium buffer gas. The entrance and exit aper-
tures are 0.08 cm in diameter and 26 equally spaced
electrostatic lenses ensure a uniform electric field along
the axis of the ion beam. The drift tube body is made of
stainless steel with Teflon® spacers at each end, which
electrically isolate the entrance and exit plates. In these
studies, a drift field of 13.9 V cm™! was used. After
exiting the drift tube, ions are focused into a quadru-
pole mass spectrometer that can be set to transmit a
specific mass (for measurements of ion mobility distri-
butions) or scanned in order to monitor product forma-
tion.

Conformer Separation

In order to separate different conformers, 30-50 us
pulses of ions were injected into the drift tube and the
arrival time distribution at the detector was recorded
using a multichannel scaler. Different protein confor-
mations within a given charge state are separated
because of differences in their mobilities through the
buffer gas [12]. Compact conformers with small colli-
sion cross sections have higher mobilities than larger
conformations. As in electrophoresis, the mobility also
depends on the charge state. High charge states have
larger mobilities than low charge states because of
differences in the effective drift field (E. = zV/L,
where V is the applied drift voltage, L is the length of
the drift tube, and z is the charge state of the protein
ion). For comparison of different charge states, it is
useful to plot data on a modified t*z timescale that
normalizes for differences in effective field.

The experimentally measured arrival time is a com-
posite of the time the ions spend in the drift tube and
the time required for the ion pulse to travel through
other portions of the instrument before reaching the
detector. Thus, it is necessary to subtract the flight time
of the ions when no buffer gas is present and also
account for differences in the ions’ kinetic energies at
the exit of the drift tube, with and without buffer gas. In
these studies, the differences between the arrival times
and drift times were between 250 and 350 us.

Collision Cross Sections

Orientationally averaged collision cross sections can be
derived directly from the ion mobility distributions
using the relation {17]
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where t, is the average drift time, E is the electric field,
P is the pressure in torr, z is the charge state, N is the
neutral number density, and m; and my are the masses
of the ion and buffer gas, respectively. This equation
can be rearranged to solve for the drift time under a
specific set of experimental conditions, which is useful
for predicting where assumed conformations might
appear in the ion mobility distributions, as discussed
below. All of the parameters E, L, P, and tp can be
precisely measured. Thus, the reproducibility of mea-
sured cross sections in these studies is excellent, with
different measurements usually agreeing to within 1%.

Proton-transfer Reactions

Proton-transfer reactions are studied by comparing
mass spectra and ion mobility distributions taken be-
fore a base is added to the reaction cell to data taken
after the base has been introduced. Bases [acetone
(Aldrich, 99.5%), acetophenone (EM Science, 98%), n-
butylamine (Mallinckrodt Chemical, 96%), or MTBD
(Aldrich, 98%)] were added by carefully monitoring the
ion signal while introducing base vapor through a leak
valve. Addition of the base causes dramatic changes in
the signals of individual charge states and at the first
sign of a change in signal, the setting on the leak valve
was decreased slightly and we began collecting data.
Under these conditions, the partial pressure of the base
could not be discerned from the background pressure of
the gas cell (~1 to 10 torr). Mass spectra, acquired
before and after base was added to the gas cell, confirm
that proton-transfer reactions have occurred as dis-
cussed below.

In a limited number of experiments, we have re-
moved the source gas cell and drift tube and recorded
mass spectra directly from the source. These studies
show that ions are efficiently desolvated in the ion
source. Thus, we assume that reactions in the source gas
cell involve solvent-free protein ions and the reagent
base. The internal (i.e., vibrational and rotational) and
kinetic energy distributions of our ions in this region
are unknown, but should be similar for different con-
formations.

Conformer Identification

Experimental drift times and cross sections can be
compared with calculated cross sections for trial protein
conformations. In this study, we compare our data to
the crystal form of ubiquitin [18] as well as a near-linear
form of the protein created using the Insight II molec-
ular modeling software [19]. The orientationally aver-
aged projection of the protein is calculated as described
previously [12b, 13]. This approach gives only an ap-
proximation of the true cross section because it assumes
only elastic hard-sphere collisions between the buffer
gas and the protein and does not rigorously account for
the protein-He scattering trajectories [20] or conforma-
tional dynamics of the protein as it travels through the
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Figure 2. Mass spectra for ubiquitin before and after proton-
stripping reagents have been added to the source gas cell.

gas. However, for the purposes of the present work, it
provides an adequate comparison. The average hard-
sphere projection cross sections are 897 and 2140 A? for
the trial crystal and near-linear conformations, respec-
tively.

Results and Discussion
Proton-transfer Mass Spectra

Prior ESI mass spectra of ubiquitin measured by Loo
and co-workers have shown that the charge state dis-
tribution depends on the properties of the solution [7].
Native solutions favor the +6 to +8 charge states, while
solutions containing organic solvent and acids favor
higher charge states. Exposing the ions to trimethyl-
amine [Gas phase basicity (GB) = 217.3 kcal/mol] [21]
in a reagent inlet near the ESI source results in spectra
that are dominated by the +6 state for both solutions
[71.

Figure 2 shows our mass spectra for ubiquitin ions
formed directly by ESI, and data recorded after ions
were exposed to acetone, acetophenone, n-butylamine,
or MTBD in the source gas cell. Before bases are added,
we observe the +6 to +13 charge states of ubiquitin and
the dominant charge state is the +10, similar to previ-
ous results [7]. After proton-transfer reagents are added
to the gas cell, lower charge states are favored in the
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mass spectra. Addition of acetone, with a gas-phase
basicity (GB) of 188.9 kcal/mol [22], has little effect on
the overall distribution of charge states. When aceto-
phenone (GB = 197.4 kcal/mol), n-butylamine (GB =
210.6 kcal/mol), and MTBD (GB = 243.3 kcal /mol) [23]
are added, lower charge states are favored, including
the +5 state (observed for n-butylamine and MTBD)
and +4 (observed only for MTBD). The shifts in charge
state distributions indicate that proton-transfer reac-
tions have occurred.

Ion Mobility Distributions Before Proton-Transfer
Reactions

By varying the energy that is used to inject ions into the
drift tube, it is possible to observe different conforma-
tions in the ion mobility distribution. As ions enter the
drift tube they are rapidly heated as their kinetic
energies are thermalized by collisions with the buffer
gas. Further collisions (~10° per ¢m) cool the ions to the
buffer gas temperature. Most of the ion mobility distri-
butions discussed here were recorded using an injection
energy of 385 eV, a low-energy condition that is ex-
pected to reflect the distributions of conformers in the
source. This injection energy was chosen because ample
ion signals for these studies exist for all charge states.
For some states it was possible to record ion mobility
distributions at lower injection energies. These data are
similar to those recorded at 385 eV, indicating that the
distributions reflect the population of different con-
formers in the source.

We have carried out ion mobility studies for the +6
to +13 charge states. Detailed injection energy studies
for the +6 to +10 charge states, before ions are exposed
to proton-transfer reagents are shown in Figure 3. Ion
mobility distributions for the +11 to +13 states have
also been recorded and display single peaks similar to
those shown for the +10 state. However, the ion signals
are much smaller and the data are not shown. At 385
eV, multiple features are clearly observed in the ion
mobility distributions for the +6 to +8 charge states
and the +9 state displays a small shoulder at 15.5 ms in
addition to the large peak at slightly longer times. This
shows that multiple conformations are present for these
states. The most compact conformation observed for the
+6 state at low injection energies has a drift time of 10.9
ms, which is similar to the 9.4 ms value calculated for
the crystal structure. At high injection energies, the
distributions for all charge states show only a single
peak, having the same drift time as the peak at longest
times in each distribution recorded at low injection
energies. No dissociation is observed at these injection
energies. Therefore, changes in the relative abundances
of peaks indicates changes in the fractions of different
conformations. In this case, all of the more compact
forms of the +6 to +9 states must have unfolded to a
more open structure for each charge state.

The peak observed in data recorded at high energies
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Figure 3. Ion mobility distributions at low (385 eV) and high (760

eV) injection energies for the +6 to +10 charge states of ubiquitin.
Distributions are shown on a charge-normalized t*z timescale that
normalizes for differences in the effective field strength for differ-
ent charge states. The dashed lines at 9.4 and 22.4 ms are the
calculated drift times for the crystal and near-linear model con-
formations.

is notably narrower than the analogous feature ob-
served at low injection energies. Comparison of these
data to the distribution calculated for transport of a
single conformation [17] shows that both experimental
peaks are significantly broader than expected for a
single conformer (by factors of ~3 and ~2 at low and
high injection energies, respectively). This indicates that
either multiple elongated conformations (which are not
entirely resolved by our experiment) are present, or that
conformations are interconverting as they travel
through the drift tube. Cassady and Carr have resolved
two conformations of the +12 state of ubiquitin based
on different H/D exchange levels and proton transfer
rates [5]. The proton-transfer data also show that mul-
tiple conformations are present for the +4 to +6 states,
but only a single conformation was observed for re-
maining states (i.e., +7 to +11, and +13). Our current
data show evidence that multiple conformers can exist
for all charge states.

Experimental Cross Sections

Figure 4 shows collision cross sections that were de-
rived using eq 1 for the features observed in the ion
mobility data. This plot includes conformers observed
after proton-transfer reactions (shown below). Many of
the ion mobility distributions show broad unresolved
features. This prevents us from deriving precise colli-
sion cross sections for all of the conformations that must
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Figure 4. Experimental collision cross sections for all conforma-
tions and charge states observed for ubiquitin. The vertical lines
correspond to a distribution of unresolved conformations having
a range of collision cross sections. The filled circles that are
superimposed on the lines correspond to reproducible maxima in
the unresolved spectra. The dashed lines correspond to the
calculated cross sections for the crystal conformer (C) and the
near-linear conformer (L). Dotted lines are used to divide the data
into three conformer types: compact, partially folded, and elon-
gated.

be present. The narrow peak observed at high injection
energies (+6 to +13) gives the largest collision cross
section observed for each charge state. As the charge
state increases from +6 to +13, the experimental colli-
sion cross sections increase from 1525 A2 for the +6
charge state to a maximum of 1912 A? for the +13
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charge state. This increase is comparable to the increase
observed in the most open forms of multiply charged
cytochrome ¢ [10a, 12a], apomyoglobin [12d], and ly-
sozyme [13], and shows the effect of increasing Cou-
lombic repulsion on conformation. As the Coulomb
energy increases, the cross sections approach the value
calculated for a near-linear conformation, showing that
they are extremely elongated.

The vertical lines shown in Figure 4 reflect a range of
collision cross sections for the peaks observed at shorter
drift times that are not entirely resolved. Many of these
unresolved features display reproducible structure,
which we have shown as the solid points that are
superimposed on the lines. The smallest cross sections,
observed for the +4 to +7 states, are similar to the value
calculated for the crystal structure. These conformers
are most abundant in data recorded after ions were
exposed to proton transfer reagents (see below). We
have divided the collision cross sections shown in
Figure 4 into three conformation types: compact confor-
mations, that we define as those features having a cross
section below 1120 A2 (+4 to +7); an elongated confor-
mation, for cross sections that are larger than 1500 A2
(+6 to +13); and conformations that we refer to as
partially folded, having cross sections between these
values.

lon Mobility Distributions After Proton-transfer
Reactions

Figure 5 shows ion mobility distributions (at an injec-
tion energy of 385 eV) for the +8 and lower charge
states before and after ions were exposed to each
proton-transfer base. The ion mobility distributions for

+4
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exposure to proton transfer reagents are indistinguish-
able from data recorded before bases were added. Each
displays a single peak corresponding to an elongated
conformer. For the +8 and lower states, the ion mobility
distributions depend upon the reagent used. When
acetone is added to the gas cell the relative abundances
of compact and partially-folded conformations in the
+7 and +8 charge states increase relative to the elon-
gated conformation. The distribution recorded for the
+6 state is similar to data recorded when no base is
present, although it is possible that the fraction of
partially folded conformers has increased slightly.
When ions are exposed to acetophenone, the abun-
dances of compact and partially folded conformers in
the +7 and +8 charge states decrease, and elongated
conformations dominate the distributions. The distribu-
tion for the +6 charge state after exposure to acetophe-
none shows an increase in the relative abundances of
the compact and partially folded conformers.

Exposing the ions to stronger bases leads to larger
changes in the ion mobility distributions. After ions are
subjected to n-butylamine vapor, the +7 and +8 states
display only elongated conformers. The relative abun-
dance of compact conformers for the +6 state is de-
creased and this state becomes dominated by a distri-
bution of partially folded and elongated conformers.
The +5 state is not observed until addition of n-
butylamine and exists almost exclusively as a compact
conformation. When MTBD is added to the reaction
cell, the +6 to +8 distributions are similar to the results
observed with n-butylamine. The +5 state formed by
reaction with MTBD is not dominated by the most
compact conformer, as was observed for reaction with
n-butylamine. Instead, partially folded forms are fa-
vored. MTBD is the strongest base studied here (GB =
243.3 kcal/mol) and also forms the +4 charge state,
which exists as a compact conformer.

Each ion that is present after exposure to proton
transfer reagents has been examined at high injection
voltages. Ion mobility distributions for the +6 and
higher states show a single peak corresponding to the
elongated conformer, analogous to data before proton
transfer reactions have occurred (Figure 3). For the +5
state at high injection energies, the distributions ob-
served after addition of these bases are quite similar
and a partially folded conformer is favored. The +4
charge state that is formed by reaction with MTBD
favors a compact conformation at low and high injec-
tion energies. It is generally assumed that the most
stable structures predominate in ion mobility distribu-
tions recorded at high injection energies.

Relative Gas-phase Acidities of Compact, Partially
Folded, and Elongated Conformers
The dominant peak in the mass spectra (Figure 2)

observed after reaction of each base is the +7 or higher
charge states that are comprised primarily of elongated
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conformations. From the fractions of each charge state
(observed in the mass spectra) and conformer abun-
dances (obtained from the ion mobility data), the total
fraction of elongated ions before addition of bases is
~85%, and after bases are added, ~85%, 90%, 85%, and
70% for acetone, acetophenone, n-butylamine, and
MTBD, respectively. Within the combined uncertainties
for these estimates (~15%), these values are the same,
showing that there are no large changes in the fraction
of elongated ions during the proton-transfer reactions.
Elongated conformations can undergo proton-transfer
reactions, as observed with n-butylamine and MTBD;
however, the lower charge state ions that are formed
appear to also be elongated (although they do contract
slightly). This shows that for ubiquitin, conversion of
elongated conformers into compact ones during proton-
transfer reactions is insignificant. Thus, unlike ion mo-
bility data for cytochrome c [12b], apomyoglobin [12d],
and lysozyme [13], there is no strong evidence that
ubiquitin ions undergo folding transitions in the gas
phase.

A simple explanation for the data in Figure 5 is that
for a given charge state, proton-transfer reactions selec-
tively deplete the compact and partially folded confor-
mations. This favors these conformations in lower
charge states and leaves elongated forms of highly
charged ions. Examples of this behavior can be ob-
served from Figure 5 for the +7 and +8 charge states
after ions have been exposed to acetophenone, n-bu-
tylamine, or MTBD. For the +6 and lower charge states
formed during reactions with n-butylamine and MTBD,
we observe that compact conformers are more reactive
than partially folded ones. That is, the small fraction of
compact conformers continues to undergo proton-
transfer reactions forming the +5 state after exposure to
n-butylamine, and reacts further with MTBD forming
the +4 state. The partially folded +6 state appears to be
largely unreactive with n-butylamine, but with MTBD
the partially-folded +5 state is formed.

Although we cannot rule out a complex scenario in
which some conformations interconvert during proton-
transfer reactions, leading to only small changes in the
total fractions of different conformations, the simplest
explanation for our data is that the proton-transfer
process is selective for the overall conformation. From
data presented above, we predict that relative ordering
of the apparent gas-phase acidities for different confor-
mations within a given charge state is compact <
partially folded < elongated.

The apparent gas-phase acidities for the +4 through
+13 charge states of ubiquitin measured by Zhang and
Cassady decrease with increasing charge state, a result
that they explained by three considerations: the intrinsic
acidities of individual deprotonation sites; total Cou-
lomb energy; and three-dimensional conformations
[8b]. The low apparent gas-phase acidities for very high
charge states can be qualitatively understood by con-
sidering the intrinsic acidities of the protonated argi-
nine, lysine, and histidine residues. The fraction of these
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Figure 6. The solid lines show Coulomb repulsion energies for 2
to 13 charges on the surfaces of three model structures: (1) a model
that assumes that charges are assigned to basic residue sites on the
crystal structure; (2) a model where protons are placed in lowest
energy configurations on the surface of a sphere having the
average radius of the crystal structure; and (3) a model where
protons are placed in the lowest energy positions on a linear
string. The dashed line corresponds to protonation of sites in the
crystal conformer that maximizes the Coulomb energy. The dotted
lines correspond to sequential removal of protons from randomly
chosen sites of the crystal structure.

protonated sites increases for high charge states, mak-
ing them available during proton transfer reactions.
This should lower the apparent gas-phase acidities of
the high charge state ions.

From our data it appears that the dominant factor
that governs the proton-transfer reactivity of ubiquitin
is the conformer type. The differences in reactivity can
be understood by considering the total Coulomb ener-
gies for the different conformers. Schnier et al. have
discussed that as the total Coulomb energy increases,
the apparent proton affinity of the ion decreases [9a].
The dielectric constants of gas-phase ubiquitin ions are
unknown; however, a value of 20 = 0.2 has been
determined for the shielding of charges on multiply
protonated cytochrome c [9al. Using this value, we have
calculated the Coulomb energies for different charge
states of three model ubiquitin structures: (1} a model
that assumes that charges are assigned to sites on the
crystal structure; (2) a model where protons are placed
in lowest energy configurations on the surface of a
sphere having the average radius of the crystal struc-
ture; and (3) a model where protons are placed in the
lowest energy positions on a linear string. The results
are shown in Figure 6. Conformers with small cross
sections (such as the compact sphere and crystal) pos-
sess higher Coulomb energies than those with larger
cross sections. The compact conformers observed exper-
imentally should have Coulomb energies similar to a
sphere or crystal form. The elongated and partially
folded conformers will have Coulomb energies that lie
between values calculated for the model compact and
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linear forms. The driving force for the selective deple-
tion of more compact conformers is the large drop in
Coulomb repulsion for compact states as protons are
removed.

We do not have a good understanding of the roles of
individual charged sites during the proton transfer
process. Differences in the location of charges (within a
charge state and conformation type) will influence the
conformation due to small differences in Coulomb
energies and localized intraprotein charge stabilization
factors. There are many low-energy combinations of
protonated sites within a given charge state, and subtle
differences in their conformations could explain the
broad nature of many of the features in our ion mobility
data. Figure 6 shows calculated Coulomb energies for
sequentially removing protons from different sites on
the crystal structure in a variety of different combina-
tions, including those yielding the lowest and highest
Coulomb energies, as well as two progressions corre-
sponding to random removal of charges. It appears that
for all charge states, protons can be removed from sites
in any order and still significantly reduce the Coulomb
energy. Thus, it seems unlikely that deprotonation of a
specific site is required. We are currently investigating
the conformations of negatively charged deprotonated
ions in order to further delineate how the location of
charges influences the conformations of protein ions
[24].

Conclusions

The conformations and proton-transfer reactivity of
ubiquitin ions have been studied using ion mobility/
mass spectrometry methods. A wide range of confor-
mations have been observed and characterized as com-
pact, partially folded, and elongated conformer types.
By comparing the mass spectra and ion mobility distri-
butions that were recorded for ions formed directly by
ESI, and data recorded after ions were exposed to
acetone, acetophenone, n-butylamine, or MTBD, we
have characterized the proton transfer reactivity of the
different conformer types. The results are consistent
with conformer-selective reactions that preferentially
deplete compact and partially folded conformations.
Elongated conformers are found to be less reactive and
there is no evidence that these states undergo gas-phase
folding reactions as protons are removed. The conform-
er-selective reactivities are consistent with the following
ordering for the apparent gas-phase acidities within a
given charge state: compact < partially folded < elon-
gated. The origin of the differences in gas-phase acidi-
ties for the different conformer types can be understood
by considering the total Coulombic repulsion energies.
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