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Abstract. The solution dependence of gas-phase unfolding for ubiquitin [M + 7H]7+

ions has been studied by ion mobility spectrometry-mass spectrometry (IMS-MS).
Different acidic water:methanol solutions are used to favor the native (N), more
helical (A), or unfolded (U) solution states of ubiquitin. Unfolding of gas-phase
ubiquitin ions is achieved by collisional heating and newly formed structures are
examined by IMS. With an activation voltage of 100 V, a selected distribution
of compact structures unfolds, forming three resolvable elongated states (E1-
E3). The relative populations of these elongated structures depend strongly
on the solution composition. Activation of compact ions from aqueous
solutions known to favor N-state ubiquitin produces mostly the E1 type

elongated state, whereas activation of compact ions from methanol containing solutions that populate
A-state ubiquitin favors the E3 elongated state. Presumably, this difference arises because of
differences in precursor ion structures emerging from solution. Thus, it appears that information about
solution populations can be retained after ionization, selection, and activation to produce the elongated
states. These data as well as others are discussed.
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Introduction

The mechanism through which amino acid chains fold
into their native three-dimensional protein structures has

been studied extensively; however, a detailed understanding
is still lacking [1–4]. One barrier to a more complete
understanding is that protein intermediates along folding
pathways often exist transiently and at only relatively low
populations [2, 5, 6]. Despite considerable developments in
experimental techniques, such as nuclear magnetic reso-
nance (NMR) spectrometry and single-molecule Förster
resonance energy transfer, detecting and characterizing
protein folding intermediates in solution remains challenging
[7–10]. In addition to those traditional solution-based
analytical methods, mass spectrometry (MS) has been used
to provide insight about solvent-free protein structures,
dynamics, and folding [11–16]. Hybrid techniques, such as
hydrogen/deuterium exchange [11], electron capture disso-
ciation (ECD) [12, 13], fast photochemical oxidation of
proteins (FPOP) [14], and ion mobility spectrometry (IMS)

[15, 16] use gas-phase protein ions as a means of elucidating
how intramolecular interactions influence protein conforma-
tions and folding.

In this paper, we use hybrid IMS-MS techniques to
investigate the conformations of collisionally activated
ubiquitin [M + 7H]7+ ions that are produced by
electrospraying four acidic water:methanol solutions
(100:0, 70:30, 40:60, and 10:90, pH = 2). In aqueous
solutions, across a range of pH values of 1.2 to 8.4, ubiquitin
favors the native (N) state [17]. A more helical state of
ubiquitin, the A-state, is stabilized in the 40:60
water:methanol solution at pH 2 [18, 19]. Figure 1 illustrates
the structure of the N-state ubiquitin that was characterized
by X-ray crystallography [20] as well as a structural model
for the A-state proposed previously based on NMR analyses
[21]. Similar to the structure of the N-state, the N-terminal
portion of the A-state persists as the native-like β-sheet
structure; however, the C-terminal side of the protein is often
depicted as more elongated, and studies with circular
dichroism and NMR spectroscopies show that it is high in
α-helical propensity [18, 19, 21–26]. It is noted that the
static picture of the A-state shown in Figure 1 isCorrespondence to: David E. Clemmer; e-mail: Clemmer@Indiana.edu



oversimplified, as the A-state is highly conformational
flexible and is involved in dynamic equilibrium in solution
[21].

In the work presented below, we probe the effect of
solution structures on gas-phase unfolding for ubiquitin. The
IMS approach records the time that ions take to travel
through a drift tube containing a gas, and the ion’s mobility
can yield insight about the overall shapes of the proteins [15,
16, 27–31]. Several studies have shown evidence that gas-
phase protein conformations retain some aspects of their
solution structures [32–37]. In general, ions of low charge
states show conformations of similar size to their solution
states. In the case of ubiquitin, the collision cross section
(1010 Å2) [38] of the compact conformation of [M + 7H]7+

ions is slightly smaller than the 1090 Å2 value [39]
calculated from coordinates of the crystal structure by the
rigorous trajectory method [28]. For ions of higher charge
states, the structures become more extended to reduce the
repulsive Coulombic interactions [40, 41]. Based on cross
section comparisons, those partially folded and elongated
conformers are often significantly different from the solution
structures. Despite variances in conformations between the
gas phase ion and the solution state, solution structures can
be correlated to their counterparts in the gas phase [39, 42,
43]. Different solution structures can generate dissimilar gas-
phase geometries.

Our group has carried out a number of studies involving
ubiquitin ions [38–40, 43–51]. One category of these studies
investigates gas-phase structural transitions of ubiquitin from
compact to partially folded and unfolded structures as
obtained by a variety of methods, including heating ions as
they are injected into the drift tube [40], storing ions inside
an ion trap [46], as well as collisionally activating ions in a
high electric field region in the middle of a drift tube [48,
49]. Another series of studies involves changing the solution
conditions to favor different solution states of ubiquitin to

explore the correlations between the gas-phase IMS distri-
butions and populations of different solution structures [39,
43, 44]. The present work is discussed in light of these prior
results.

Below, we first present an analysis that compares the gas-
phase unfolding of ubiquitin [M + 7H]7+ ions generated
from different water:methanol solutions. In all cases, the
collision cross section distributions of [M + 7H]7+ ions are
dominated by compact conformations under gentle
electrospray ionization (ESI) conditions, which makes the
analysis less complicated without interference from initial
ESI-formed partially folded or elongated states. Distributions
for partially folded and elongated structures are reported,
which are formed by collisional activation of the compact
conformations of ubiquitin [M + 7H]7+ ions with helium.
This work indicates that the collisional activation process is
influenced by antecedent structures emerging from solution.
That is, the distribution of elongated conformers formed
after ESI, ion mobility separation, selection, and activation
still retains information about the solution populations.

Experimental
Instrumentation

Details of IMS theory [28–30, 52–54], experiments [15, 16,
27], and instrumentation [55, 56] have been described
elsewhere. Here, only a brief summary of the experimental
approach utilized in this work is presented. The experiments
were carried out on two similar home-built ion mobility
spectrometers coupled to time-of-flight (TOF) mass spec-
trometers. The main difference between the two instruments
is the total length of the drift tube. Detailed descriptions of
the instruments utilized here have been published previously
[55, 56]. Figure 2 shows a schematic of the IMS instrument,
which employs a drift tube of ~289 cm in length. A
continuous beam of ubiquitin ions is generated by ESI and
accumulated in the source ion funnel (F1). Ions are
periodically pulsed into the drift tube via an electrostatic
gate (G1). The drift tube is filled with ~3 Torr He buffer
gas at 300 K and operated with a uniform electric field
of ~10 V•cm–1. As ions move through the buffer gas,
different structures are separated based on variances in
their mobilities. Three ion funnels (F2–F4) that are
placed along the drift tube radially focus the diffuse
ion packet to improve the ion transmission. Upon exiting
the drift tube, ions are extracted into a differentially
pumped region and pulsed into a TOF mass spectrometer
for mass-to-charge (m/z) measurements. The data were
recorded in a nested fashion as described previously
[57].

The drift tube segments that are separated by ion funnels
can be utilized as a single drift region for one-dimensional
IMS analyses (IMS-MS) or operated independently for
multidimensional IMS measurements. For IMS-MS mea-
surements, G2 and G3 transmit all ions into the subsequent
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Figure 1. Structures of the native (N) and A states of
ubiquitin. (N) shows the native structure characterized by X-
ray crystallography in ref. 20. (A) illustrates the structural
model of the A state constructed based on the structure
proposed in ref. 21
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drift regions, such that the entire structural distribution can
be examined. This work also utilized two-dimensional IMS
measurements (IMS-IMS-MS), where ions of a specified
mobility can be selected at G2, activated at IA2, and the
newly formed structures are separated in D2 and D3. In
IMS-IMS experiments, a repulsive potential (~16 V) is
applied to G2 and pulsed down to the common drift
potential for a brief period (80 μs) at specified delay times
with respect to the source pulse at G1, so that only ions of
specific mobilities can pass through G2. The pulse for G2 is
triggered by the source pulse at G1 with a pulse-delay
generator. Those mobility-selected ions traverse F2 and then
enter the activation region IA2, where ions can be
accelerated by increasing the electric field between the two
lenses (spaced ~0.3 cm apart) comprising IA2. Ions are
activated by energetic collisions with buffer gas to produce a
distribution of product states. The extent of activation can be
controlled by varying the voltage drop between the two
lenses in the activation region. In this work, a voltage of 5 V
was used for passive transmission of ions and an activation
voltage of 100 V (electric field of ~333 V∙cm–1) was applied
to induce structural transitions of ubiquitin ions. Upon
entering the second drift tube region, ions are rapidly
equilibrated to the temperature of the buffer gas and
subsequently separated in D2 and D3 regions (~195 cm in
length). The IMS-IMS-MS experiments were conducted on
the instrument depicted in Figure 2.

Ion activation can also be achieved by applying a voltage
(10–140 V) between the gate lens at G1 and the first lens of
D1, which are about ~0.19 cm apart. The gate lens is
constructed with a Ni mesh grid. These experiments were
conducted on a similar instrument as that shown in Figure 2,
but employed a shorter drift tube of ~182 cm in total length.

The collisionally activated ions were separated in the entire
drift region.

Generation of Collision Cross Section
Distributions

It is useful to plot IMS distributions on a collision cross section
scale. Because the charge state is known, this is straight
forward. Experimental drift times (tD) are converted to collision
cross sections (Ω) by using the following equation [54]:

Ω ¼ 18πð Þ1=2
16
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where kb is Boltzmann’s constant, T is the temperature,
and ze corresponds to the charge of the ion; mI and mB

refer to the masses of the ion and buffer gas (He in this
work), respectively. L and E are the drift length and
electric field strength, respectively. P is the buffer gas
pressure and N is the number density of the buffer gas at
STP conditions. The current instrument contains ion
funnels, which are operated at a disparate electric field
from the drift regions. Thus, cross sections can be
calculated using the selection time that ions require to
travel from G1 to G2, where a highly uniform electric
field is employed. This selection time is equivalent to the
delay time of the pulse at G2 with respect to the G1
pulse in mobility selection experiments. A correlation
curve of the selection time and the total drift time can be
obtained by recording total drift times for various
mobility-selected structures. The cross sections of new
structures formed upon activation at IA2 are obtained by
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Figure 2. Schematic diagram of the IMS-IMS-MS instrument used in this work. The drift tube region incorporates ion funnels
(F1-F4), ion gates (G1-G3), ion drift regions (D1-D3) and ion activation regions (IA1-IA3). More details on ion selection and
activation are in text
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calibrating the drift time associated with D2 + D3 to the
selection time.

Sample Preparation

Lyophilized ubiquitin from bovine erythrocytes (≥98%;
Sigma-Aldrich Co., St. Louis, MO, USA) was dissolved in
water:methanol:formic acid solutions with a final concentra-
tion of ~1 mg · mL–1. Water and methanol were mixed to the
desired volume ratio (i.e., 100:0, 70:30, 40:60, and 10:90)
and then formic acid was added to adjust the pH to 2.0
(direct measurement). The protein solution was
electrosprayed directly into the IMS-MS instrument.

Results and Discussion
Selection and Activation of Ions

Figure 3 shows cross section distributions that were recorded
under ion selection and activation for ubiquitin [M + 7H]7+

ions electrosprayed from four water:methanol solutions (i.e.,
100:0, 70:30, 40:60, and 10:90, pH = 2). Compared with
previous studies [38, 43], the present work uses gentler
source conditions (lower source capillary voltage as well as
rf frequency and voltage in F1) and the resulting distribu-
tions show a relatively low population of partially folded
conformations. As shown in Figure 3, all solution conditions
result in the formation of mainly compact structures.
Consistent with the previous work [38, 43], ubiquitin [M +
7H]7+ ions generate a distribution centered at ~1010 Å2 for
the 100:0 water:methanol solution, which favors the N-state
ubiquitin; the distributions shift to ~1060 Å2 for solutions
with high methanol content (40:60 and 10:90
water:methanol) in which the A- and U-state ubiquitin are
populated [18, 21, 58]. The distribution generated from the
70:30 water:methanol solution shows two peaks that are
partially resolved with cross sections of ~1010 Å2 and
~1060 Å2, indicating that ubiquitin exists as a mixture of N-
and A-states in the solution [43]. The theoretical cross
sections calculated from coordinates for the crystal structure
of N-state ubiquitin and a model A-state are 1090 Å2 and
1640 Å2, respectively [39] It appears that the N-state
ubiquitin evolves into a slightly more compact structure
(1010 Å2) during the ESI process. On the other hand, some
of the extended A-state appears to form a population of
compact structures for [M + 7H]7+ ions upon desolvation,
which have cross sections around 1060 Å2 and are
approximately 5 % larger than that for ions formed from
the N state (1010 Å2). In addition to compact conformers, a
small fraction of ions are also observed as more extended
structures (a broad feature from ~1210 to ~1470 Å2 and
three peaks at 1600 Å2, 1625 Å2, and 1650 Å2, correspond-
ing to the E1, E2, and E3 elongated states, respectively).

To investigate structural transitions for gas-phase ubiqui-
tin ions produced from solutions that favor the N- and A-
states, ions with a specified mobility are selected, collision-

ally heated, and cooled to render a new distribution of
product states. A narrow population of structures at the
center of the total distribution are selected for solutions of
100:0, 40:60, and 10:90 water:methanol. For the 70:30
water:methanol solution, which generates a distribution of
two partially resolved peaks, structures at each peak center
have been selected. As shown in Figure 3, the distributions
for selected ions remain narrow during separation in the
subsequent drift region (D2 + D3, Figure 2) for all solution
conditions. The sharp feature for selected ubiquitin [M +
7H]7+ ions has been reported previously [47]. The data
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Figure 3. Collision cross section (ccs) profiles for ubiquitin
[M + 7H]7+ ions obtained at different experimental conditions.
(a), (c), (f), and (h) show the initial distributions of ions formed
by electrospraying different water:methanol solutions (black
lines) and the distributions for mobility-selected ions that are
isolated at G2 (grey lines). Solution compositions
(water:methanol) are provided as labels. Distributions (b)
and (d) are obtained by collisionally activating (100 V, at
IA2) the selected ions having cross sections around 1010 Å2,
and distributions (e), (g), and (i) correspond to the activated
ions with initial cross sections around 1060 Å2. The activated
distributions are plotted underneath the corresponding
selected distributions indicated by arrow-headed lines. Short
dashed lines designate the integration regions for determin-
ing populations of elongated states E1-E3. The solution
states of ubiquitin (N and A) from which ions are generated
and the elongated states (E1-E3) obtained upon collisional
heating have been labeled
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presented here provide evidence that the selected ions arising
from solutions that favor either the N- or A-states have
stable gas-phase conformations and do not undergo struc-
tural transitions during the time scale of the experiment.

It is possible to induce structural transitions with higher
activation voltages. To probe the influence of solution
compositions on produced extended states, the selected
ubiquitin [M + 7H]7+ ions from different solutions have
been activated at IA2 (Figure 2). At an activation voltage of
100 V, ions are heated and the initial compact structures are
primarily converted to elongated conformations. Structural
distributions for the obtained unfolded ions are measured in
the subsequent segments of the drift tube, as displayed in
Figure 3. For all solution conditions, the compact ions
produce three resolvable elongated states E1, E2, and E3
with cross sections of 1600 Å2, 1625 Å2, and 1650 Å2,
respectively. Those three elongated states had been observed
previously [48]. It is notable that the relative abundances for
the three extended structures vary between solutions.
Conformer E1 with the cross section of 1600 Å2 is the most
abundant species for ions formed from the 100:0
water:methanol solution, whereas conformer E3 is of the
lowest intensity. Conversely, ions produced from the
denaturing solutions (i.e., 40:60 and 10:90 water:methanol)
unfold and form a distribution that is populated by E2 and
E3 with E1 being the least abundant conformer. For the
70:30 water:methanol solution, activation of the selected
ions with cross sections around 1010 Å2 forms E1 and E2
with similar peak intensities as well as a smaller amount of
E3; ions that are selected at 1060 Å2 produce a distribution
showing an increase in peak height from E1 to E3 upon
activation.

Populations of Elongated States Produced upon
Activating Compact Ions from Different Solutions

The relative abundances for conformers E1-E3 under
different experimental conditions have been estimated by
integrating corresponding peak areas and listed in Table 1.
Dashed lines drawn in Figure 3 designate the integration
regions. Table 1 reveals that the relative abundances for E1-
E3 from the 40:60 water:methanol solution are similar to
those from the 10:90 solution, suggesting that mobility-
selected ions at 1060 Å2 formed by ESI out of both

denaturing solutions have similar conformational motifs. In
contrast, ions that are selected at 1010 Å2 from the native
solution of 100:0 water:methanol unfold to E1-E3 with
different intensity profiles compared with ions at 1060 Å2

from denaturing solutions. The results indicate that the
product distribution of activated conformers depends strong-
ly on the solution condition.

For the 70:30 water:methanol solution, it is interesting to
note that the selected ions at 1010 Å2 produce E1-E3 with
different intensities compared to those selected at the same
mobility from the 100:0 water:methanol solution; in addi-
tion, the relative abundances for E1–E3 that are generated
from precursor ions at 1060 Å2 are also dissimilar to those
from the 40:60 and 10:90 water:methanol solutions.

It is worthwhile to consider the origin of these variations.
The initial distribution (Figure 3c) for ubiquitin [M + 7H]7+

ions arising from the 70:30 water:methanol solution indi-
cates that the N-state conformers with cross sections
centered around 1010 Å2 partially overlap with the A-state
ions at 1060 Å2. Consequently, ions isolated at each
mobility are comprised of both N- and A-state conformers
for the solution composition of 70:30 water:methanol. To
measure the fractions of N- and A-state conformers over
total selected ions, we employed a set of previously
determined Gaussian distributions [38] to model the source
distribution, as displayed in Figure 4. At the cross section of
1010 Å2, N-state conformers dominate the distribution with
a relative abundance of ~84 %, and the fraction for A-state
ions is ~16 %. Ions selected at 1060 Å2 consist of ~26 % of
N-state and ~74 % of A-state. The relative intensities (IE) of
E1-E3 for the 70:30 water:methanol solution can be
calculated with the following equation.

IE ¼ FN � IE Nð Þ þ FA � IE Að Þ ð2Þ

Here, FN and FA correspond to fractions of N- and A-
state ions for the selected distribution, respectively; IE(N) and
IE(A) are the relative intensities of the respective elongated
state when generated from N- and A-state conformers,
respectively. As shown in Table 1, the calculated relative
abundances for E1–E3 are close to values measured from the
experimental distribution for both selections. This provides
further evidence that N- and A-state ubiquitin coexist in the

Table 1. Relative Intensities for E1–E3 Under Different Water:Methanol Solution Conditions

100:0 (N)a 40:60 (A)a 10:90 (A) 70:30 (N) 70:30 (A)

Meas.b Meas. Meas. Meas. Cal.c Meas. Cal.

E1 0.46 0.23 0.22 0.42 0.42 0.29 0.28
E2 0.37 0.37 0.39 0.39 0.37 0.37 0.38
E3 0.17 0.41 0.39 0.19 0.21 0.35 0.34

aN and A correspond to ions selected at 1010 Å2 and 1060 Å2, respectively
bMeasured relative intensities from the obtained cross section distributions upon activation
cCalculated relative intensities from fractions of native- and A-state gas conformers for the selected ions
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70:30 water:methanol solution and can be distinguished in
gas-phase separation. Activation of those two conformers
leads to different populations of elongated states.

Activation of Source Distributions

It is valuable to provide data regarding the activation of
source distributions of [M + 7H]7+ ions. Such information
should make it possible to compare other experimental
techniques and approaches such as ECD [12, 59–61],
photofragmentation [62, 63], and infrared (IR)/ultraviolet
spectroscopy [64, 65]. In this analysis, total distributions are
activated with voltages ranging from 10 to 140 V. Colli-
sional activations have been performed before the mobility
separation. The drift time distributions for activated ions are
collected with a drift tube of 183 cm in length, which has the
resolution to separate the three elongated states. Instrument
conditions have been tuned to be as gentle as possible in
order to have [M + 7H]7+ ions dominated by compact
structures under nonactivating conditions (10 V).

Figure 5 shows the obtained cross section distributions at
different activation voltages and Figure 6 shows the
normalized intensity of different conformations as a function
of activation voltage for different solutions. For the 100:0
water:methanol solution (Figures 5a and 6a), distributions
remain unchanged with activation voltages below 80 V and
ubiquitin [M + 7H]7+ ions exist primarily as the compact
conformer (C). With higher activation voltages, the fraction
of conformer C decreases. Upon application of 90 V, a
partially folded state (P1) with cross sections around
1300 Å2 emerges. The intensity of conformer P1 increases
significantly (~40 %) when the activation voltage is
increased to 100 V. At this voltage, an unresolved feature
corresponding to partially folded structures (P2) is also
observed, which has cross sections ranging from ~1350 to
~1430 Å2. As the activation voltage is increased to 110 V,
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Figure 4. The collision cross section (ccs) distribution for
ubiquitin [M + 7H]7+ ions from the 70:30 water:methanol
solution with Gaussian models. The experimental data are
plotted as black circles. The Gaussian distributions employed
in the modeling are drawn as blue and green lines,
representing the N and A states, respectively, and the sum
of the Gaussian functions is depicted as a red dashed line.
The selected distributions of ions are also shown as orange
lines. The black dashed lines indicate the center of the
selected distributions, at which the relative intensities for N
and A states have been measured

850 1100 1350 1600 1850

ccs (Å2)

10 V

40 V

70 V

80 V

90 V

100 V

110 V

120 V

130 V

140 V

850 1100 1350 1600 1850

ccs (Å2)

10 V

40 V

70 V

80 V

90 V

100 V

110 V

120 V

130 V

140 V

850 1100 1350 1600 1850

ccs (Å2)

10 V

40 V

70 V

80 V

90 V

100 V

110 V

120 V

130 V

140 V

850 1100 1350 1600 1850

ccs (Å2)

10 V

40 V

70 V

80 V

90 V

100 V

110 V

120 V

130 V

140 V

100:0 70:30 40:60 10:90a b c dC

P1

P2

P3
P4

E1
E2 E3

C

P1

P2

P3
P4

E1
E2 E3

C

P1

P2

P3
P4

E1 E2 E3

C

P1

P2

P3
P4

E1 E2 E3

In
te

ns
ity

 (
ar

bi
tr

ar
y 

un
its

)

Figure 5. Collision cross section (ccs) distributions for ubiquitin [M + 7H]7+ ions that are activated at IA1 with voltages from 10
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the relative abundance of conformer P2 increases to ~30 %
and a small unresolved tail from ~1430 to 1570 Å2 (P3 and
P4 conformers) is clearly present; additionally, small peaks
corresponding to elongated states E1–E3 are produced. At
120 V activation, conformer C disappears and elongated
states E1–E3 become more intense. With higher voltages,
the fractions of conformers P1–P4 decrease and E1–E3
dominate the distribution. By 140 V, E1–E3 comprise
~70 % of the distribution. Conformer E1 remains the most
abundant species among the elongated states from 110 to
140 V with E3 being the least populated, which is consistent
with results obtained from the selection and activation
experiment presented above. These data indicate that the
compact conformer of ubiquitin converts to partially folded
conformers P1–P4 at gentle activation conditions. At even
higher voltages, ions are further extended and form
elongated states E1–E3.

When ions are generated from solutions with higher
methanol content (70:30, 40:60, and 10:90 water:methanol),
activated distributions display similar trends, as shown in
Figures 5b–d and 6b–d. Similar to ions formed by ESI a
native solution, the compact structures of A-state ions also
convert to partially folded conformers P1–P4 and elongated
states E1–E3 via collisional activation. Conformers with
larger cross sections become more abundant as activation
voltages increase. However, differences in unfolding behav-
iors between N- and A-state ions are also observed.
Conformer P2 from 40:60 and 10:90 water:methanol
solutions has a significantly lower intensity at 110 and
120 V activation than that formed from the aqueous solution.
For example, by 110 V, a considerable amount (~30 %) of
conformer P2 is observed for the aqueous solution, but only
~15 % is present for denaturing solutions. In addition, at
120–140 V activation, the fraction of partially folded
structures P1–P4 is greater for A-state ions, whereas, N-
state ions have a higher relative intensity for elongated states
E1-E3. At 140 V, ~60 % of A-state ions still remain as
partially folded structures P1–P4, whereas 70 % of N-state
ions exist as elongated states E1–E3. This indicates that N-
state ions are more likely to unfold to elongated states when
collisionally heated. For the elongated states, conformer E3
is the most intense feature, whereas E1 has the lowest
intensity when 40:60 and 10:90 water:methanol solutions are
electrosprayed and collisionally activated. In contrast, the
100:0 solution shows the reversed order with E1 being most
intense and E3 being least intense, which is similar to the
selection and activation distributions as described above. It
is interesting to note that although A-state ions require
higher energy to get the same amount of elongated states as
N-state ions, the elongated states generated from the A-
state ubiquitin display a higher portion of conformer E3,
which is the most extended conformer. In other words,
the A-state generates a smaller amount of elongated
states, but the elongated states that it produces are more
extended compared with the N-state when the same
act ivat ion vol tage is appl ied. For the 70:30

water:methanol solution, the behavior of the unfolding
process is between that of the aqueous and denaturing
solutions because both N- and A-state gas-phase con-
formers are formed for [M + 7H]7+ ions.

The similarities in product conformers P1–P4 and E1–
E3 between aqueous and denaturing solutions suggest
that those are favored gas-phase structures for ubiquitin
[M + 7H]7+ ions. However, differences in the initial ESI-
formed structures lead to different energy barriers
associated with the formation of more extended struc-
tures, thus, partially folded and elongated states are
observed at different intensities for different solutions.
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Figure 6. Normalized intensity as a function of activation
voltage for different conformers. Plots a-d show profiles for
ions that are generated from 100:0, 70:30, 40:60 and 10:90
water:methanol solutions, respectively. Here closed square,
closed circle and open triangle represent the normalized
intensity of compact, partially folded and elongated confor-
mations, respectively. The colors for each conformation are
the same as its label given in Figure 5: C (black), P1 (red), P2
(blue), P3 (pink), P4 (green), E1 (cyan), E2 (orange), and E3
(purple)
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Conclusions
The unfolding of ubiquitin [M + 7H]7+ ions produced by
electrospraying different water:methanol solutions has
been studied in the gas phase by collisional heating. In
the first set of experiments, a selected distribution of
compact structures is activated at a voltage of 100 V.
Three resolved elongated states are formed, the relative
intensity of which is observed to be dependent on the
solution state of ubiquitin. In the second set of
experiments, the total distribution of ions formed by
ESI is activated at variable voltages ranging from 10 to
140 V to probe the unfolding behavior under different
activation conditions. This work provides a detailed
description about how compact structures of ubiquitin
evolve into elongated states by energetic collisions in the
gas phase. Ions from both the aqueous solution that is
dominated by the N-state and denaturing solutions that
favor the A-state are converted to partially folded
structures under gentle activation conditions and to
elongated states at higher voltages. Product states formed
by activation are similar in terms of cross sections across
all solutions, however, differ in the population. Compact
structures for A-state ions are more prone to unfolding
from 10 to 80 V activation, however, their intensities
decrease slower with a further increase in activation
voltage. In addition, a greater fraction of A-state ions
remain as partially folded conformers at high activation
voltages (130 and 140 V), whereas the majority of N-
state ions exist as elongated states at these activation
voltages. This indicates that partially folded conformers
generated from the denaturing solutions are more stable
than those from the native solution during the activation
process. For elongated states, E1 is most abundant and
E3 is least abundant when the aqueous solution is
electrosprayed, however, E1 is least abundant and E3 is
most abundant for denaturing solutions.

These results provide strong evidence that different
solution states of ubiquitin not only generate dissimilar
compact structures during the ESI process but also lead
to different distributions of partially folded and elongated
states upon collisional heating. That is, the final states of
ubiquitin [M + 7H]7+ ions can reflect the solution
condition from which the ions were electrosprayed.
Studies by ECD suggest that salt bridges and hydrogen
bonds play an important role in stabilizing the gas-phase
structures of proteins [12, 66]. Thus, we speculate that
some of the salt bridges and hydrogen bonds that are
present in solution can be retained in the gas phase and
are disrupted upon collisional activation that influences
the unfolding of ubiquitin [M + 7H]7+ ions. This work
provides further evidence that ions retain some memory
of their solution conformations. Such insight suggests
that other techniques such as ECD, photofragmentation,
and IR spectroscopy can provide insights about states
from solutions.
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