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ABSTRACT: Ion mobility spectrometry coupled with mass spectrometry (IMS−MS) is
used to investigate the populations of different states for ubiquitin in water:methanol
solutions. In these experiments, ubiquitin is electrosprayed from 20 water:methanol
(100:0 to 5:95, pH = 2) solutions, ranging from native to denaturing conditions. With an
increased percentage of methanol in solution, ubiquitin ions ([M + 7H]7+ to [M +
12H]12+) show substantial variations in both charge state distributions and ion mobility
distributions. Analysis of these data provides evidence for the existence of five ubiquitin
states in solution: the native N state, favored in solutions of 100:0 to 70:30
water:methanol for the +7 and +8 charge states; the more helical A state and a new
closely related A′ state, favored in solutions of 70:30 to 5:95 water:methanol for the +9
to +12 charge states; the unfolded U state, populated in 40:60 to 5:95 water:methanol
solutions for the +8 to +10 and +12 charge states; and a new low-abundance state
termed the B state, observed for 100:0 to 70:30 water:methanol solutions in the +8 to
+10 and +12 charge states. The relative abundances for different states in different solutions are determined. The analysis
presented here provides insight into how solution structures evolve into anhydrous conformations and demonstrates the utility of
IMS−MS methods as a means of characterizing populations of conformers for proteins in solution.

■ INTRODUCTION
Characterization of protein structure and conformational
dynamics is key for understanding how such molecules
function.1,2 In recent years, mass spectrometry (MS) has
emerged as a means of characterizing the structures of
biomolecules.3−6 For example, a protein’s solution structure
influences its ion charge state distribution, such that unfolded
conformations carry a larger number of charges than the
compact forms.7,8 Unlike traditional structural determination
techniques such as X-ray crystallography and nuclear magnetic
resonance (NMR) spectroscopy, MS methods require only
trace amounts of sample, and complex mixtures can be studied
directly.9,10 To acquire more detailed structural information,
other experimental approaches such as ion mobility spectrom-
etry (IMS),11−17 hydrogen/deuterium exchange,18,19 electron
capture dissociation,20−22 and fast photochemical oxidation of
proteins (FPOP)23,24 have been combined with MS. In some
cases, these hybrid techniques provide insight about low-
abundance, and short-lived intermediates that is not accessible
by more traditional approaches such as NMR, crystallography,
or other spectroscopic methods.24−27

In the present work, we employ IMS−MS techniques to
examine ubiquitin ions electrosprayed from different acidic
water:methanol solutions. In ion mobility measurements, ions
move through a buffer gas under the influence of a uniform
electric field and are separated on the basis of differences in
their shape and charge.11 Structural information about the ion’s
overall geometry can be deduced by converting measured drift
times into collision cross sections28 and comparing these values
with cross sections that are calculated for trial geometries
generated by theoretical techniques such molecular dynamic

simulations.11,29−31 In the experiments described below, IMS−
MS experiments are performed in a nested fashion, where mass
spectra are recorded within individual drift windows across the
IMS distribution,32 making it possible to assess structures for
multiple analytes and charge states in a single experiment. It is
noteworthy that the extent to which the solvent-free macro-
molecule resembles its solution structure remains an active field
of research.16,22,33−38 The most stable structures of gas-phase
ions are a result of the attractive intramolecular interactions and
repulsive Coulombic forces.39 The equilibrated gas-phase
geometry of an ion can be substantially different from its
structure in solution, for instance, high charge state ions are
dominated by elongated structures with little similarity to the
native form.40 On the other hand, a number of studies provide
evidence indicating that electrosprayed protein ions of low
charge states, which are treated gently, can retain aspects of
their solution-phase conformations, from elements of the
secondary structure to the quaternary structure of a protein
complex, on the time scale of milliseconds.16,33−38

Ubiquitin is a 76-amino acid polypeptide,41,42 having one of
the most conserved protein sequences; only three of its amino
acids differ between the yeast and human sequences.43−45

Analyses with NMR and circular dichroism (CD) spectros-
copies indicate that ubiquitin remains the native (N) state in
aqueous solutions at pHs as low as 2,46 and that an addition of
methanol to the acidic solution (pH ∼ 2) induces the
formation of a partially folded structure, termed as the A
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state.47,48 The N form of ubiquitin is very compact and tightly
hydrogen-bonded, which is composed of five β-strands that
wrap around an α-helix and a 310-helix.

49 For the A state, NMR
experiments performed in a 40:60 water:methanol solution
suggest that it retains a majority of its native secondary
structural elements in the N-terminal half, whereas the structure
of the C-terminal half unfolds to a more elongated state with a
high propensity of the helical structure.47,48,50−55

The present studies are closely related to a series of studies
involving smaller peptides.56,57 Remarkably, even relatively
small peptides such as bradykinin (Arg-Pro-Pro-Gly-Phe-Ser-
Pro-Phe-Arg)56 and substance P (Arg-Pro-Lys-Pro-Gln-Gln-
Phe-Phe-Gly-Leu-Met)57 show evidence for many solution
states. Those studies demonstrate that different solution states
can generate dissimilar gas-phase conformers, such that it is
possible to assess how many solution states are present in
solution and to determine the populations of different solution
states via gas-phase analysis.56

The present study is also closely related to our recent study
of the cross section distributions for ubiquitin [M + 8H]8+

ions.58 In that work, ions were electrosprayed from 20
water:methanol solutions (100:0 to 5:95, pH = 2) and the
IMS distributions were modeled with a set of Gaussian
distributions.58 The relative abundances for those Gaussian
conformers varied as the solution compositions changed, which
showed strong correlations to the solution N, A, and unfolded
(U) states of ubiquitin.58 Additionally, the Gaussian conformers
for [M + 7H]7+ ions were also reported.59 In the current study,
similar analyses are performed for [M + 9H]9+ to [M + 12H]12+

ions of ubiquitin produced from the same water:methanol
solutions used previously, so that the entire distribution of ions
formed during the electrospray ionization (ESI) process are
examined. The main focus of this study was initially to identify
and quantify these three solutions states (N, A, and U) of
ubiquitin. However, this analysis suggests that we are actually
sampling a total of five solution states under these conditions.

■ EXPERIMENTAL SECTION

Sample Preparation. As described previously,58 solutions
of bovine erythrocytes ubiquitin (≥98% purity, Sigma-Aldrich
Co, St. Louis, MO) were prepared at a concentration of ∼1 mg·
mL−1 in water:methanol:formic acid mixtures (pH = 2).
Twenty solution conditions were used with solution
compositions ranging from 100:0 to 5:95 water:methanol
(V:V), and the fraction of methanol was increased in
increments of 5% for each solution.

IMS−MS Measurements. This work utilized a home-built
IMS−MS instrument. IMS theory28−30,60,61 and details of the
instrumentation including the instrument used in these
experiments32,62−65 have been published elsewhere; only a
brief summary is presented here. Ions were formed upon
electrospraying ubiquitin solutions with a TriVersa NanoMate
autosampler (Advion, Ithaca, NY). The Triversa Nanomate was
operated with an electrospray voltage of 1.6 kV and a backing
nitrogen gas pressure of 0.30 psi. The twenty ubiquitin
solutions were electrosprayed and analyzed under the same
instrument conditions. A continuous beam of protein ions was
focused and accumulated in an hourglass ion funnel.64

Periodically, packets of ions (150 μs wide) were gated into a
183 cm drift tube for mobility separation. The drift tube was
filled with ∼3.5 Torr of 300 K helium buffer gas and had a
series of lenses and spacers to provide a uniform electric field
which was ∼10 V·cm−1 in this study. Ions drifted through the
drift tube under the influence of the electric field and were
separated on the basis of differences in collision cross sections.
At the exit of the drift tube, ions were refocused by an ion
funnel and extracted into the source of a time-of-flight (TOF)
mass spectrometer where m/z values were measured. Drift
times were collected in increments of 80 μs, which was the time
required for recording a full mass spectrum to provide nested
IMS−MS data sets as described previously.32

Determination of Collision Cross Sections. Collision
cross sections (Ω) can be determined from the experimental
drift times (tD) according to eq 128

Figure 1. Two-dimensional drift time (m/z) contour plots for ubiquitin ions electrosprayed from an aqueous solution (left) and a solution of 40:60
water:methanol (right). The intensity of different features is shown with a false color scheme such that the most intense features are displayed in red
and the least intense features are displayed in blue. Solution compositions (water:methanol) have been labeled. Both solutions are maintained at pH
= 2. Ubiquitin ions of [M + 7H]7+ to [M + 12H]12+ are observed and each charge state has been labeled.
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where kb is Boltzmann’s constant, ze refers to the charge of the
ion, and mI and mB are the masses of the ion and buffer gas,
respectively. The variables E, L, and N correspond to the
electric field, drift length and the neutral number density of the
buffer gas at STP conditions, respectively. T and P correspond
to buffer gas temperature and pressure, respectively. Collision
cross sections determined from two measurements typically
agree to within approximately 2%. Because of the incorporation
of ion funnels in the split-field instruments, cross sections were
not directly obtained from total drift times. Instead, the times
that ions spent in the first drift region, which employed a highly
uniform electric field, were measured and applied to the cross
section determinations.
Data Analysis. As described previously,58,59 Gaussian

functions were employed to model the cross section
distributions for ubiquitin ions of the +7 and +8 charge states.
It was suggested that the observed experimental distribution
consisted of a fixed number of conformation types, which could
be represented by Gaussian distributions. Gaussian conformers
that comprised the gas-phase distributions for the charge states
of +9 to +12 were estimated. For each of the charge states,
twenty IMS distributions generated from different water:-
methanol solutions were treated as a data set and modeled with
a minimum number of Gaussians. The form of a Gaussian
distribution is given by eq 2

σ π
= σ− Ω−ΩI

A
2

e ( ) /20
2 2
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where I refers to the distribution intensity and the variable Ω
represents the cross section. A, Ω0, and σ correspond to the
population, center, and width of the distribution of structures
for the represented conformation type, respectively. The
modeling was performed by using the Peak Analyzer tool in
OriginPro 8.5.0 software (OriginLab Corporation, North-
ampton, MA). Peak centers and widths for the Gaussian
distributions were optimized by altering the settings iteratively.
While peak centers and widths were fixed between distributions
of a single charge state, peak heights were modified to model
the distributions. This process was repeated for each of the
charge states from +9 to +12 to obtain the best Gaussian
model.

■ RESULTS AND DISCUSSION
Nested tD(m/z) Plots for Ubiquitin Ions Formed by

Electrospraying 100:0 and 40:60 Water:Methanol Sol-
utions. Figure 1 shows the nested two-dimensional (2D)
tD(m/z) plots for ubiquitin ions electrosprayed from two
solutions, 100:0 and 40:60 water:methanol at pH = 2. The
aqueous solution is known to favor the N-state ubiquitin,
whereas A-state ubiquitin is dominant in the 40:60 water:-
methanol solution.46,47,53 The two plots display substantial
variations in both charge state distributions and drift time
distributions. The MS spectra shown here are similar to those
published before.66 For the aqueous solution, the main species
generated is the [M + 7H]7+ ion and only a small amount of
ions with higher charge states (i.e., [M + 8H]8+ to [M +
12H]12+) are formed. In contrast, the 40:60 solution populates
higher charge state ions (i.e., [M + 10H]10+ to [M + 12H]12+)

and produces a trace amount of [M + 7H]7+ ions. The shift to
higher charge states for the A state is consistent with the fact
that the A state is partially unfolded compared to the tightly
folded native form.53 The IMS−MS distributions also reveal
differences in drift time distributions between ions originated
from the N and A states. The distributions for [M + 7H]7+ and
[M + 8H]8+ ions shift to more extended states when the
solution composition is varied from 100:0 to 40:60 water:-
methanol, which has been analyzed in detail in our previous
work.58,59 The [M + 9H]9+ to [M + 12H]12+ ions are mainly
composed of partially folded and elongated conformations, the
conformational variations of which between different solutions
are described and discussed in more detail below.
Figure 2 shows plots of the normalized intensity for ubiquitin

ions of different charge states as a function of methanol

content. When electrosprayed from the 100:0 water:methanol
solution, ubiquitin [M + 7H]7+ ions dominate the distribution
with an abundance of approximately 63%. The population for
[M + 7H]7+ ions drops dramatically with increased methanol
content from 100:0 to 70:30 water: methanol solutions and
remains around 1−2% with a further addition of methanol. The
relative intensity for the [M + 8H]8+ ions varies only slightly
across all solution conditions with an average of 6 ± 2%, as
reported before.58 Specifically, the ion population decreases
slightly when the fraction of methanol is raised from 0% to 30%
and then increases marginally with further increments of
methanol. [M + 9H]9+ ions show a maximum intensity at the
solution composition of 85:15 for solutions of 100:0 to 55:45
water:methanol, and a gradual increment in abundance from
55:45 to 5:95 solutions. The population of ubiquitin [M +
10H]10+ ions increases sharply when the solution composition
is changed from 100:0 to 80:20 water:methanol and then rises
slowly with further additions of methanol. Moreover, [M +
11H]11+ and [M + 12H]12+ ions increase significantly in
population with the change of solution compositions from
100:0 to 65:35 water:methanol, whereas they become less
abundant with a further increase in methanol. Figure 2 clearly
demonstrates that increasing the methanol content in solution
shifts the charge state distribution of ubiquitin toward higher
charge states (i.e., +10 to +12) from 100:0 to 60:40

Figure 2. Normalized intensities for different charge states ([M +
7H]7+ to [M + 12H]12+) of ubiquitin ions as a function of methanol
content. Charge states have been labeled for corresponding curves.
The solid lines are drawn to guide the eye.
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water:methanol solutions, whereas ions populate more
intermediate charge states (i.e., +9 and +10) from 60:40 to
5:95 solutions. The observed transition in charge state
distributions indicates that methanol induces structural
transitions for ubiquitin.
Collision Cross Section Distributions (from IMS Data)

for Ubiquitin Ions from Different Water:Methanol
Solutions. Collision cross section distributions for ubiquitin
[M + 7H]7+ to [M + 12H]12+ ions electrosprayed from five
water:methanol solutions, selected as representatives of the
twenty distributions, are shown in Figure 3. The main features
observed for ubiquitin ions generated from the high methanol
solutions are consistent with results published before,67 with
some subtle differences. The cross sections for elongated
structures are in good agreement with previous results.67 The
differences in distributions probably arise from differences in
solution (i.e., the pH of the solutions) and instrument
conditions.
The distributions for [M + 7H]7+ and [M + 8H]8+ ions have

been described in the previous work.58,59 For the aqueous
solution, the spectrum obtained for ubiquitin [M + 7H]7+ ions
is dominated by a peak centered at ∼1010 Å2 corresponding to
compact structures. A small peak is also observed at ∼1280 Å2,
which is composed of partially folded states. We note that the
compact structures for [M + 7H]7+ ions have similar cross

sections to that of the compact conformations of [M + 8H]8+

ions (1020 Å2). These compact states are slightly contracted in
size compared to the N state of ubiquitin; the cross section
calculated from the coordinates of the crystal structure is about
1090 Å2. The [M + 7H]7+ ions display a broader distribution of
compact states than that for the [M + 8H]8+ ions which shows
a very sharp peak in the region of compact structures. This
indicates that [M + 7H]7+ ions have a broader range of compact
configurations that are accessible in the folding funnel under
current experimental conditions due to lower Coulombic
repulsions. As the solution composition reaches 70:30 water:-
methanol, a shoulder centered at ∼1060 Å2 emerges at the right
side of the 1010 Å2 peak. The partially folded structures shift to
slightly larger cross sections around 1300 Å2 with an increased
intensity compared to that of the aqueous solution. With higher
methanol content, the 1060 Å2 peak dominates the compact
structure distribution and the 1300 Å2 peak becomes more
intense. As mentioned before, ubiquitin [M + 8H]8+ ions favor
a sharp feature at 1020 Å2 and a broad distribution of structures
ranging from approximately 1040 to 1620 Å2 for the aqueous
solution.58 Ubiquitin ions electrosprayed from high methanol
solutions form two broad distributions centered at ∼1150 and
∼1450 Å2 and two sharp peaks of extended states at 1650 and
1680 Å2. For the IMS profiles of ubiquitin [M + 9H]9+ ions, the
aqueous solution favors a broad distribution of structures

Figure 3. Collision cross section (ccs) distributions (solid circles) for different charge states ([M + 7H]7+ to [M + 12H]12+) of ubiquitin ions from
five water:methanol solutions. Solution compositions (water:methanol) have been labeled for each distribution. The Gaussian functions employed to
model the experimental distributions are plotted as solid lines and the sum of Gaussian functions is drawn as a red dashed line. Gaussian functions
representing conformation types that are assigned to the N, A, and A′ states of ubiquitin are plotted in blue, green, and black, respectively (see text
for more details). The U and B conformers are plotted in purple. Part of the distributions for [M + 7H]7+ and [M + 8H]8+ ions are from refs 58 and
59.
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ranging in size from ∼1140 to ∼1670 Å2 centered at ∼1490 Å2

and a relatively sharp peak at ∼1720 Å2. Compared to [M +
7H]7+ and [M + 8H]8+ ions, [M + 9H]9+ ions produce a
distribution of structures that are more elongated, which is
attributed to higher Coulombic repulsions between charges.
The elongated states at ∼1720 Å2 exist across all solution
conditions with increased intensities at higher methanol
content. On the other hand, the broad distribution shifts to
smaller cross sections centered at ∼1430 Å2 and also evolves a
shoulder at ∼1520 Å2 for the 85:15 water:methanol solution.
When the solution composition reaches 70:30, the broad
distribution shown in the aqueous solution splits into two peaks
at ∼1400 and ∼1580 Å2, the former of which becomes more
populated for the 10:90 water:methanol solution.
Compared with distributions for the low charge states of

ubiquitin ions, variations in the cross section distributions
observed for the high charge states (i.e., +10 to +12) between
different water:methanol solutions are more subtle. This is
because the Coulombic repulsion becomes the dominant factor
in dictating the anhydrous conformations for ubiquitin ions of
high charge states, whereas the initial solution structures play a
more important role for the low charge state ions. Ubiquitin [M
+ 10H]10+ ions generate a distribution with a broad peak
extending from ∼1350 to ∼1720 Å2, which is centered at
∼1630 Å2, as well as two partially resolved elongated features at
∼1750 and ∼1800 Å2 under the 100:0 water:methanol solution
condition. The overall shape of the distribution for ions
produced from the 70:30 solution is similar to that generated
from the aqueous solution; the broad peak shifts to smaller
cross sections with a maximum at ∼1580 Å2, whereas the two
elongated features shift to ∼1760 and ∼1820 Å2. There are no
significant changes for distributions of ions formed from even
higher methanol solutions. Distributions for ubiquitin [M +
11H]11+ ions show a population of unresolved conformers, with
cross sections ranging from ∼1550 to ∼1780 Å2 (correspond-
ing to elongated forms). Additionally, more intense features are
observed for even larger cross section ions from ∼1780 to

∼2000 Å2 and the distributions display two maxima at 1840 and
1920 Å2 across all solution conditions. Their relative intensities
vary as the methanol content changes. More specifically, the
distribution for structures with smaller cross sections is of very
low intensity for the 100:0 water:methanol solution but
becomes more abundant with an increase in methanol content
from 100:0 to 40:60 solutions. When the solution composition
reaches 10:90 water:methanol, this population decreases. The
[M + 12H]12+ distribution is dominated by two partially
resolved features at ∼1940 and ∼2000 Å2 for the aqueous
solution. For solutions of 70:30 and 40:60 water:methanol, the
peak at ∼1940 Å2 becomes more intense with two shoulders at
∼1980 and ∼2040 Å2, whereas the population of ions at ∼1980
Å2 is more intense for the 10:90 solution.

Modeling Cross Section Distributions with Gaussian
Functions. To make additional progress in characterizing the
solution populations of this system, we have modeled all of the
cross section distributions with Gaussian functions. This
approach is similar to the approach we developed for assessing
ubiquitin [M + 8H]8+ ions.58 The approach allows us to
quantify small differences in population that arise with subtle
changes in solution composition. Here, we examine the +9 to
+12 charge states. We consider that the gradual changes in IMS
distributions between different water:methanol solutions arise
from variations in populations of a fixed number of gas-phase
conformers. Those conformers comprise the experimental
distributions across all solutions. In the modeling, a set of
Gaussian functions are employed to represent these gas-phase
conformers for each charge state, with only peak heights
varying between different distributions. The Gaussian distribu-
tions that we determined best to model the IMS distributions
are displayed in Figure 3. The sums of these Gaussians are also
shown in Figure 3, which demonstrates a good fit to the
experimental data. The modeling results show that ten, eleven,
eight, eleven, eleven, and six Gaussian functions are necessary
to model the distributions for +7, +8, +9, +10, +11, and +12
charge states, respectively. Peak centers and widths of the

Table 1. Values of Peak Centers Ω0 (Å
2) and Standard Deviations σ (Å2) for Gaussian Functions Employed To Represent the

Conformation Types of Ubiquitin Ions ([M + 7H]7+ to [M + 12H]12+)

†Values for [M + 7H]7+ and [M + 8H]8+ ions have been reported in refs 58 and 59. *Solution states (N, A, A′, U, and B) assigned to the respective
gas-phase conformation types. #Symbols used for respective Gaussian functions plotted in Figure 4.
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employed Gaussian functions are summarized in Table 1. The
analysis and interpretation of these Gaussians is given below.
Correlating Ubiquitin Gas-Phase Conformation Types

to Solution States. It is worthwhile to plot the relative
abundances of the determined gas-phase conformers at
different methanol content, such that they can be correlated
to the solution states of ubiquitin. Parts A−F of Figure 4 show
the fraction of different gas-phase conformers over the total ion
population for ubiquitin [M + 7H]7+ to [M + 12H]12+ ions,
respectively. In this analysis, we assume those gas-phase
conformers (in this case, the individual Gaussian distributions
that are used to model the set of IMS distributions for all
charge states) that show similar variations in the relative
abundances as the methanol content changes must arise from
the same solution state. On the other hand, Gaussian intensities
that vary differently with solution composition are assumed to
arise from different solution structures. Our previous study58

described the relative intensities of ubiquitin [M + 8H]8+

conformers over the total [M + 8H]8+ ion population. Because
the population for [M + 8H]8+ ions is relatively constant across
all solutions with an average of 6 ± 2% over the total ion
population, the abundance profiles for [M + 8H]8+ conformers
normalized to the total ion population have a similar
appearance to profiles for conformers normalized to the total
[M + 8H]8+ ion population with subtle variations. As described
previously,58 gas-phase conformation types that are suggested
to arise from the solution N state decrease in intensity as the
methanol content increases and are almost completely absent
for solution compositions beyond 65:35 water:methanol; those
generated from the solution A state are abundant for solutions
from 70:30 to 5:95 water:methanol; and that for the U state
displays a different abundance profile from N and A states,
which shows a substantial increase when the solution
composition is changed from 40:60 to 5:95 water:methanol.
Conformers (plotted in blue, Figure 4) with population

profiles similar in appearance to the [M + 8H]8+ N-state
conformers are also observed for other charge state ions,
predominantly at low charge states. Our result is similar to

Wyttenbach and Bowers’ work38 that the compact conforma-
tions of the +7 and +8 charge states arise from the N-state
ubiquitin. In addition, unfolding of the solution N structure also
occurs during the ESI process, such that some of the N-state
conformers are observed as partially folded and elongated states
in the gas phase. All except the Ω = 1060 ± 32 Å2 conformer
for [M + 7H]7+ ions decay significantly as the methanol content
increases, which is consistent with what is expected for the N
state. For the charge state of +8, as mentioned before,58 six
conformers are identified corresponding to the N structure.
Only one or two gas-phase conformers are produced from the
N state for [M + 9H]9+ (Ω = 1490 ± 80 Å2), [M + 10H]10+ (Ω
= 1640 ± 59 and Ω = 1750 ± 8 Å2), and [M + 11H]11+ (Ω =
1840 ± 6 Å2) ions; none of the [M + 12H]12+ ions is generated
from the N state. The assigned solution states for different gas-
phase conformers are also listed in Table1.
Conformers of the [M + 8H]8+ ions (i.e., the Ω = 1450 ± 49

Å2, Ω = 1570 ± 28 Å2, Ω = 1650 ± 11 Å2, and Ω = 1680 ± 6 Å2

peaks) that had been assigned to the A-state ubiquitin in the
previous study58 become considerably more intense from 100:0
to 70:30 water:methanol solutions and remain relatively
constant in population with a further increase in the methanol
percentage. This type of structure (plotted in green, Figure 4)
is also observed for other charge state ions, primarily for [M +
9H]9+ to [M + 11H]11+ ions. As displayed in Figure 4, the gas-
phase conformers for ubiquitin suggest that there are at least
two additional types of populations in addition to those
expected for the N and A states, indicating the presence of
additional ubiquitin structures in water:methanol solutions. In
the following sections, we describe two new states of ubiquitin
that have not been detected before.

Evidence for a New A-like State (the A′ State). During
the course of this analysis, we have found that some of the
Gaussian distributions that are required to model the
experimental data do not follow any of the changes in
abundance that are associated with peaks that are used to
model the known N, A, and U states. However, these Gaussians
do behave similarly when compared to each other. Thus, as

Figure 4. Normalized intensity for different Gaussian conformers as a function of solvent methanol content. (A)−(F) show the results for charge
states of [M + 7H]7+ to [M + 12H]12+, respectively. Conformation types that are assigned to the N, A, A′, U, and B of ubiquitin are plotted in blue,
green, black, purple, and orange, respectively (see text for more details), and the respective symbols for different conformers are listed in Table 1.
The solid lines are drawn to guide the eye.
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described below, we propose that these Gaussians are capturing
evidence for new conformers in solution that have not been
reported previously.
Figure 4 indicates the existence of a type of conformer

(plotted in black), such as the Ω = 1570 ± 34 Å2 peak for the
+10 charge state, the Ω = 1680 ± 25 Å2 peak for the +11 charge
state, and the Ω = 1970 ± 31 Å2 peak for the +12 charge state
(as listed in Table 1), that is very similar in its abundance
profile to the A-state conformers. The relative intensities of this
type of conformer increase substantially from 100:0 to 70:30
water:methanol solutions, similar to the case for the A state.
However, the population of these structures drops noticeably
with a further increase in methanol for solutions from 40:60 to
10:90 water:methanol, distinguishing them from the A-state
conformers. Considering that this type of gas-phase conformer
has behaviors from 100:0 to 40:60 water:methanol solutions
very similar to those of the A state, it is very likely generated
from a solution state that is closely related to the A state. We
term this type of conformer the A′ state. The A′-state ubiquitin
primarily generates high charge state ions (+9 to +12) during
the ESI process (Table 1).
Evidence for the Existence of a New Low-Abundance

State of Ubiquitin (the B State). The fourth type of
abundance profiles (plotted in orange/purple, Figure 4) shows
a more complicated shape. The relative intensity increases from
100:0 to ∼80:20 water:methanol solutions but decreases from
∼80:20 to ∼70:30 solutions. Then the population of this
conformer type keeps fairly constant for solutions from 70:30
to ∼40:60 water:methanol, followed by a substantial rise with
further increased percentages of methanol. This type of
conformer is observed for the [M + 8H]8+ (Ω = 1160 ± 60
Å2, which was defined as the U state previously58), [M + 9H]9+

(Ω = 1400 ± 39 and Ω = 1470 ± 36 Å2), [M + 10H]10+ (Ω =
1600 ± 33 Å2), and [M + 12H]12+ (Ω = 2000 ± 37 Å2) ions, as
listed in Table 1.
The shape of the fourth type of abundance profiles suggests

that these gas-phase conformers are generated from two
solution states. The first state begins to populate from the
aqueous solution and becomes more intense as the methanol
content increases. It reaches its maximum intensity at ∼80:20
water:methanol and then the intensity of this state drops with a
further increase in methanol content. The population of this
state remains relatively constant from 70:30 to 40:60
water:methanol solutions. The second state is favored in high
methanol solutions from 40:60 to 5:95 water:methanol. The
behavior of the second solution state is consistent with that
expected for the U state. However, the first state appears to be
generated from a new solution state that has not been
distinguished previously. We refer to this new state as the B
state of ubiquitin. It is interesting to note that the U and B
states of ubiquitin produce gas-phase conformers with similar
cross sections.
Quantifying Solution States in Different Water:-

Methanol Solutions. By summing the relative intensities of
ubiquitin gas-phase conformers arising from the same solution
state (N, A, A′, U, and B), the populations for each of the
solution states can be quantified. Figure 5 plots the relative
abundances for N, A, A′, U, and B states of ubiquitin in
different water:methanol solutions which are maintained at pH
= 2. As displayed, the 100:0 water:methanol solution favors the
N-state ubiquitin, which contributes approximately 80% of the
total population. Thus, even though the N state dominates the
population, small amounts of other ubiquitin species exist in an

aqueous solution of low pH. With increased percentages of
methanol in solution, the N-state ubiquitin is less populated
and other non-native A, A′, U, and B states are favored. When
the solution composition reaches 80:20 water:methanol, N-, A-,
A′-, and B-state ubiquitin coexist at equilibrium in the solution.
These different solution structures can be trapped and evolve
into dissimilar gas-phase conformers upon dehydration. The
populations for the A and A′ states of ubiquitin keep increasing
with a further increase in methanol, whereas the B-state
ubiquitin (∼10%) becomes less populated. On this basis, we
speculate that the structure of the B state may have N and A
character. From 70:30 to 40:60 solutions, the A- and A′-state
ubiquitins are highly favored and only a very small amount of N
(∼1%) and B (∼6%) states exist. Across this range of solution
compositions, different ubiquitin states remain relatively
constant in population. In solutions with even higher methanol
content, the U-state ubiquitin becomes populated, whereas the
A′ state decays noticeably. From this behavior we speculate that
the A′-state ubiquitin has a structure related to both the A and
U states.

■ SUMMARY AND CONCLUSIONS
Ubiquitin ions electrosprayed from 20 water:methanol
solutions (pH = 2) with solution compositions ranging from
100:0 to 5:95 have been measured by IMS−MS. Ubiquitin [M
+ 7H]7+ to [M + 12H]12+ ions are formed across all solutions.
The aqueous solution primarily generates [M + 7H]7+ ions,
whereas the high charge state ions (i.e., [M + 10H]10+ to [M +
12H]12+) are favored in solutions with high methanol content.
The obtained cross section distributions for each charge state
have been modeled by a set of Gaussian distributions with the
aim of determining possible gas-phase conformers. The relative
abundances for different conformation types over the total ion
population have been measured and plotted as of a function of
methanol content. Based on their variations in population with
changes in methanol content, the gas-phase conformers have
been assigned to N, A, A′, U, and B states of ubiquitin. The N
state is highly favored in the aqueous solution with a relative
intensity of ∼80%, whereas A and A′ states dominate the
population for solutions ranging from 70:30 to 40:60
water:methanol wherein they contribute ∼93% of the total
population. At the solution composition of 5:95 water:-
methanol, the A state is still populated with a relative

Figure 5. Normalized intensities for different solution states (N, A, A′,
U, and B) of ubiquitin as a function of methanol content. Solutions
states have been labeled near corresponding curves. The solid lines are
drawn to guide the eye.
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abundance of ∼50% and a significant amount of U and A′
structures are also observed with a relative intensity of ∼20%
and 25%, respectively. This work presents the first evidence for
the existence of a new and low-abundance state of ubiquitin, the
B state, that is populated from 100:0 to 70:30 water:methanol
solutions with a maximum intensity (∼10%) observed at 80:20
water:methanol. Analysis of the population profiles for these
solution states at different methanol content leads us to
speculate that B-state ubiquitin may be closely related to the N
and A states and the A′ state has similarities with the A and U
states.
The observation of new solution states of ubiquitin by use of

gas-phase techniques suggests that it is possible to effectively
freeze out states that arise from solution and to distinguish
between them based on their gas-phase structures. Such an
analysis should be especially sensitive to low-abundance
compounds (e.g., the B state) that are not perceivable by
conventional structural determination methods.
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