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ABSTRACT: Ion mobility spectrometry−mass spectrometry (IMS-MS) experi-
ments on a cyclic IMS instrument were used to examine heterogeneous
distributions of structures found in the 15+ to 18+ charge states of the
hemoglobin tetramer (Hb). The resolving power of IMS measurements is
known to increase with increasing drift-region length. This effect is not
significant for Hb charge states as peaks were shown to broaden with increasing
drift-region length. This observation suggests that multiple structures with
similar cross sections may be present. To examine this hypothesis, selections of
drift time distributions were isolated and subsequently reinjected into the
mobility region for additional separation. These IMS-IMS experiments
demonstrate that selected regions separate further upon additional passes around the drift cell, consistent with the idea that
initial resolving power was limited due to the presence of many closely related conformations. Additional variable temperature
electrospray ionization (vT-ESI) experiments were conducted to study how changing the solution temperature affects solution
conformations. Some features in these IMS-IMS studies were observed to change similarly with solution temperature compared to
features in the single IMS distribution. Other features changed differently in the selected mobility data, indicating that solution
structures that were obscured upon IMS analysis because of the complex heterogeneity of the original distribution are discernible
after reducing the number of conformers that are analyzed by further IMS analysis. These results illustrate that the combination of
vT-ESI with IMS-IMS is useful for resolving and exploring conformer distributions and stabilities in systems that exhibit a large
degree of structural heterogeneity.

■ INTRODUCTION
Proteins regulate many biological functions related to wellness
and disease1−3 such as pathways for fighting off infections,4

metabolism,5,6 and the synthesis and degradation of other
proteins.7,8 These processes and others are made possible
when chains of amino acids adopt properly folded (native)
protein conformations that expose and shield specific residues,
enabling function.9−12 Understanding protein structure is
therefore central to understanding biological function. To
this end, many techniques for examining protein conforma-
tions have been developed including circular dichroism
(CD)13 and other spectroscopic strategies,14−17 nuclear
magnetic resonance (NMR)18 and X-ray crystallography,19

and mass spectrometry (MS),20−23 among others. There are
now over 200,000 protein structures available in the Protein
Data Bank.24 Most of these structures correspond to native
folds because studies of non-native structures are often limited
by the low abundances and transient lifetimes of these
species.25 Ion mobility spectrometry−mass spectrometry
(IMS-MS) has emerged as a technique that is especially well
suited for examining non-native conformations (as well as

native conformers).26,27 When combined with variable temper-
ature (vT) electrospray ionization (ESI) sources,28−32 IMS can
provide information about the stabilities of states that are not
readily accessible by other methods.30 This technique has been
used to examine conformers for individual proteins,31,33−35

determine the stability of protein mixtures,36 and derive
detailed thermodynamics for native and non-native struc-
tures.37 Additional IMS studies have extensively characterized
the relationship between solution and gas-phase states,38−44

thus providing insight about the role of solvent in establishing
protein structures.45−53 The possibilities for IMS measure-
ments have expanded because of remarkable advances in
technology54 and numerous approaches are now available
including linear drift tube IMS, linear and cyclic traveling wave
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(TW) IMS,55,56 field asymmetric IMS, differential mobility
analysis, structures for lossless ion manipulations (SLIM),57−59

and trapped IMS (TIMS).60

The commercial availability of cyclic IMS61 allows access to
an extended path length that can be varied based on the
separation time during which ions traverse the circular drift
cell. Longer path lengths increase the resolving power of the
measurement,56,62,63 enabling the resolution of otherwise
indistinguishable conformers.64−66 Additionally, cyclic drift
regions enable higher order IMSn separations which can be
thought of as analogous to MSn strategies based on differences
in conformation with each IMS selection, rather than mass
upon MS selection.67,68 Previous studies from our laboratory
and others, using home-built IMS-IMS instruments, illustrate
improvements in the peak capacities of separations69 as well as
the isolation and activation of specific structures within the
ensemble of conformational states.70 In the study presented
below and elsewhere, IMS-IMS experiments are conducted by
ejecting a population of ions from the drift cell and
subsequently reinjecting this population for further separation
after the remaining ions have exited.71−73 A visual
representation of this process is presented in Scheme S1.
This technique appears to mitigate the broadening effect that
arises as similar conformers begin to separate with higher
numbers of passes and allows for the study of populations of
structures that remain obscured with a single IMS dimension.
The experiments reported below use these instrumental

capabilities to probe the temperature dependence of
populations of human hemoglobin (Hb) structures from
solution. Hb is often referred to as a dimer of heterodimers
because it consists of two α-subunits and two β-subunits, each
associated with their own noncovalently bound heme group.74

It is a model system for examining allosteric interactions
because binding a single oxygen molecule to one of the
hemoglobin monomers influences the interactions between
other subunits, inducing long-range conformational changes
that increase the favorability of oxygen binding at the other
three heme groups.75 This shift has traditionally been
characterized as a two-state transition from the deoxygenated
(T) structure to the oxygenated (R) structure,76 but several
studies provide evidence for additional structures including the
R2,77−79 RR2,80 and R380 states among others,81 indicating
conformational heterogeneity that requires further character-
ization. Previous work from our research group has found four
conformations in the ion mobility spectrum of the hemoglobin
tetramer based on unique changes in abundance at elevated
solution temperatures.82 In this study, we observe an increased
diversity of structural shifts in the tetramer which are
discernible with the cyclic IMS instrument due to an increase
in the path length of the mobility separation and the capability
to isolate selected populations of ions.

■ EXPERIMENTAL SECTION
Sample Preparation. Human hemoglobin A (Sigma-

Aldrich, St. Louis, MO) was prepared in water (LC-MS
grade, Fisher Chemical, Fair Lawn, NJ) and buffer-exchanged
into a solution of 100 mM ammonium acetate (pH 7.4) using
a size exclusion chromatography spin column with a 6 kDa
limit (Micro-Bio Spin 6, Bio-Rad Laboratories, Hercules, CA).
Calibrant solutions of ubiquitin and β-lactoglobulin were
prepared in 49:49:2 water/methanol/acetic acid and 200 mM
ammonium acetate, respectively.

Variable-Temperature Electrospray Ionization. Elec-
trospray emitters were made in house from borosilicate glass
capillaries (Sutter Instrument, Novato, CA) pulled to a fine
point (∼1−2 μm) using a Flaming/Brown micropipette puller
(Model P-97, Sutter Instrument, Novato, CA). Capillaries
were loaded with sample solution and inserted into a custom
variable temperature source described previously.31 Briefly, the
capillary was enclosed in a thermally conductive boron nitride
ceramic block that also housed a cartridge heater. A
thermocouple probe was attached to the block near the tip
of the capillary and provided feedback that allowed the
cartridge heater to modulate the solution temperature. A
voltage was applied via a platinum wire inserted into the
capillary (1−1.8 kV) in order to create electrospray droplets.
The source was attached to a Waters Select Series Cyclic IMS
instrument with the source interlocks in override. All
instrument parameters are provided in the Supporting
Information (SI) (Table S1).
Calibration. We include a detailed explanation of our

calibration process for multipass and selected mobility
distributions given the relative novelty of these measurements
on the cyclic instrument. For all single pass experiments,
calibration was performed based on previously described
procedures.83,84 Ubiquitin and β-lactoglobulin were used as
calibrants. Calibrant samples were run using the same settings
that were used in all single pass experiments for hemoglobin as
described in Table S1. Mobility distributions were extracted in
units of drift time. The separation time and eject and acquire
time were subtracted from the total drift time so that only the
injection time (10 ms) was used to generate a logarithmic
calibration curve based on collision cross section values in
nitrogen buffer gas.84 All collision cross section values for
single pass mobility experiments were determined from this
curve which is included in the Supporting Information (Figure
S1). The drift times for all selected mobility distributions were
adjusted based on two criteria prior to calibration. First, the
drift time for the most abundant peak from the selected
spectrum was adjusted as necessary to align with the drift time
of the most abundant peak in the corresponding single pass
mobility spectrum. This adjustment assumes that the most
abundant species in a specific drift time region exhibits the
same mobility in both types of experiments. Second, the width
of the selected mobility spectrum was adjusted so that the
signal was contained within the drift time region selected from
the corresponding single pass mobility spectrum. This
adjustment helps correct for broadening due to diffusion and
separation of additional conformations which would otherwise
indicate the presence of structures with cross sections that are
much larger or smaller than those of the original mobility
distributions from which the selected distributions are derived.
Examples of the effect of this adjustment are presented in
Figure S2. Though analyte ions from multipass and IMS-IMS
experiments have spent more time in the gas phase compared
to calibrant ions, significant differences in drift time
distributions (and subsequently in cross section values) are
unlikely to occur on the time scale of these experiments as
demonstrated previously.85 For further discussion of potential
activation as it pertains to these experiments, see Figure S3.
Data Analysis. IMS-MS data were extracted using

TWIMExtract software (University of Michigan, Ann Arbor,
MI)86 and plotted using OriginPro2021 (OriginLab Corpo-
ration, Northhampton, MA). Mobility distributions were
normalized and smoothed with a 5-point adjacent average
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filter. Distributions were modeled with Gaussian functions with
the center and width of each peak held constant across all
temperatures as described previously.37 The number of peaks
used to fit each charge state was increased until the fit
converged to an R2 of 0.95 or greater across all temperatures
for three replicate experiments. A separate fit was created for
each charge state and for each selection examined with IMS-
IMS. Once the positions of the widths of each Gaussian in the
model are established, we change only the abundances in
modeling the data. Additional discussion regarding modeling
of IMS-IMS data is provided in the SI. All mobility
distributions are representative of a single experiment, and all
relative abundance plots represent averaged results of triplicate
experiments.

■ RESULTS AND DISCUSSION
Mass Spectra. Mass spectra of hemoglobin and temper-

ature dependence of the observed species have been discussed
previously,82,87 so discussion of these data is limited to a brief
summary. The mass spectrum of hemoglobin taken on the
cyclic IMS instrument at a solution temperature of 24 °C is
shown in Figure 1a. Peaks corresponding to the intact tetramer
are observed alongside peaks corresponding to the dimer and
monomer subunits. The dimer and monomer species increase
in intensity at higher temperatures which indicates that the
tetramer has begun to dissociate. This heterogeneity gives rise
to an abundance of mobility data and, given the additional
intricacy generated by selecting these data, the tetramer was
chosen as the focus for the mobility experiments detailed
below. Hereafter, any mention of hemoglobin can be assumed
to refer to the tetramer. Hemoglobin is present at charge states
ranging from 15+ to 17+ at 24 °C, although the 18+ charge
state is also observed at higher solution temperatures. At
temperatures above 60 °C, aggregation in the tip leads to loss
of spray and signal, consistent with previous studies.82

Representative mass spectra at various temperatures as well
as plots of the average charge state of the tetramer and relative
abundances of the tetramer and dimer as a function of
temperature are provided in Figures S4−S6.
Comparison of vT-ESI Results to Prior Work. Ion

mobility distributions for all four charge states of hemoglobin
are shown in Figure 1. The data presented in Figure 1b were
acquired previously82 using a linear TW instrument (having a
drift cell path length of 25.4 cm88), while the data presented in
Figure 1c were acquired after a single pass through a 98 cm
long cyclic drift cell. For these experiments, a pass around the
drift tube will require a different amount of time for ions
having different mobilities. When a distribution of ions has
traveled around the entire circle, all species will have
undergone a pass. In Figure 1, the difference in the number
of Gaussian peaks required to model each data set is visually
apparent. Prior data acquired on the linear instrument require
three Gaussian curves to model the 15+ and 18+ charge states;
the 16+ and 17+ charge states require two peaks. However,
with the cyclic instrument, the 15+ and 18+ charge states each
require eight Gaussians to model the data; the 16+ and 17+
charge states require seven and nine peaks, respectively. The
increase in the number of peaks required to appropriately fit
the mobility distributions indicates that additional conforma-
tions are present and can be resolved with the cyclic
instrument, presumably as a result of the extended drift cell
path length.

Multipass Separations. Previous experiments performed
on a cyclic IMS instrument demonstrate that resolution
increases for small molecules as the number of passes through
the drift cell increases.61,65,73 This effect is shown in Figure 2a
for a mixture of three trisaccharides (melezitose, raffinose, and
maltotriose) after undertaking various numbers of passes
through the cyclic drift cell. These three compounds have the
same mass and so are indistinguishable by mass spectrometry
alone, but their isomeric nature allows them to be separated
with ion mobility as previously demonstrated.89 After a single
pass, only two peaks are observed in the mobility spectrum, but
adding an additional pass separates a third peak so that all
three isomers are represented. Increasing the number of passes
further separates these three peaks and baseline separation is
achieved after six passes. Beyond this point, the “wrap-around”
phenomenon occurs where faster ions catch up to slower-
moving ions and prevent accurate peak identification.61 The
resolving power of each peak in these distributions is provided
in Table S2 and plotted in Figure S7 which demonstrates how
this value steadily increases with the number of passes.

Figure 1. (a) Mass spectrum of hemoglobin. (b) IMS distributions for
each charge state of the hemoglobin tetramer (15+ to 18+) recorded
on a G2 IMS instrument with a mobility cell path length of 25.4 cm
(see ref 39). (c) IMS distributions for each charge state of the
hemoglobin tetramer (15+ to 18+) after a single pass through a cyclic
IMS instrument with a mobility cell path length of 98 cm.
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The same multipass separation technique was attempted for
hemoglobin, and results for the 17+ and 16+ charge states are
shown in Figure 2b and 2c, respectively. After a single pass, the
distributions for both charge states appear to be similarly
composed of a single main peak with smaller peaks to the left
and right. Increasing the number of passes to two improves the
separation as the smaller peaks begin to pull away from the
main peak and new peaks start to emerge. This trend continues
through three passes but is notably absent after four passes. At
this point, the main peak and smaller peaks for both charge

states have broadened to a degree that begins to erase the
improvements in separation that were gained over the first
three passes. The resolving power of the main peak of the 17+
charge state does not increase further after three passes while
the resolving power of the main peak of the 16+ charge state
reaches a maximum at four passes. Resolving power as a
function of the number of passes for both charge states is
plotted in Figure S7 and values are provided in Table S2. Any
advances in separation are diminished as the number of passes
is increased to five and six to the point where, after six passes, a

Figure 2. Ion mobility distributions recorded using a cyclic IMS instrument with increasing numbers of passes through the drift cell. Numbers to
the right of each trace represent the number of passes through the drift cell that the ions have completed. (a) Distributions for a mixture of three
trisaccharide isomers. Peaks corresponding to each isomer are labeled i, ii, and iii representing melezitose, raffinose, and maltotriose, respectively.
(b) Distributions for the 17+ and (c) 16+ charge states of hemoglobin.

Figure 3. Total and selected mobility distributions for four charge states of hemoglobin. All total distributions are the result of a single pass through
the cyclic mobility cell and selected distributions result from varying numbers of passes. For selected distributions, the number of passes includes
the first pass prior to selection. The dotted gray lines in the total distributions represent the cutoff between selection I and selection II for each
charge state. Some distributions have been magnified so that sufficient detail is visible. All distributions were measured at a solution temperature of
28 °C.
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visual inspection reveals fewer peaks compared to the
distributions after a single pass. Some broadening is expected
in these mobility distributions because the ion packet becomes
more diffuse after spending longer periods of time circulating
in the drift cell. However, in the case of a protein such as
hemoglobin, some of the observed broadening may also be
caused by the separation of structures with subtle differences in
cross section. These structures are not distinct after increasing
the number of passes, but they can be examined through IMS-
IMS experiments.
Selected Mobility Distributions. The results of selecting

portions of the mobility distributions for each of the four
charge states of hemoglobin at a solution temperature of 28 °C
are presented in Figure 3. Two selections were obtained per
charge state. The top portion of the figure shows the mobility
spectrum of each charge state after a single pass through the

drift cell. A gray dotted line in each of these distributions
indicates where the region of the first selection ends and the
second selection begins. These cuts were chosen to examine
the main peak and the second most abundant peak of these
distributions in separate distributions. The lower portion of the
figure shows the mobility distribution for each pair of
selections, labeled I and II. The total number of passes for
each selection (including the original first pass) is noted for
each spectrum along with the magnification where applicable.
The number of passes for each selection was determined
separately and maximized experimentally until further passes
no longer yielded reasonable signal.
Most of the selected distributions have a similar shape

compared to the regions in the total distributions from which
they originate which indicates that the structures that give rise
to the total distributions are still present in the selected

Figure 4. Relative abundances of conformations in the total and selected mobility distributions of hemoglobin as a function of temperature. A
representative mobility spectrum (solution temperature of 28 °C) is provided at the top of each plot as a legend. All peaks are labeled according to
the following scheme: charge state, selection number (where applicable), and sequential peak number. The numbers of passes for all experiments as
well as the magnification on some distributions are the same as the values noted in Figure 3.
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distributions. However, more peaks are required to fit the
selected data compared to the regions in the total distributions
from which they originate. The most significant increase is
observed in the first selection of the 16+ charge state. In the
total spectrum, the region corresponding to this selection
requires four peaks for an accurate fit. When this region is
isolated and subjected to two additional passes to generate the
spectrum for selection I, eight peaks are required to accurately
model the data. Similar trends are observed across the
remaining three charge states, resulting in an average increase
of approximately two peaks in the selected data compared to
the same regions in the original distribution. Interestingly, one
selection does not show any increase in the number of peaks.
Selection II of the 18+ charge state can be fit with five peaks
which is the same number required for an accurate fit in this
region of the total spectrum. This similarity suggests that five
structures are present in this region of the total spectrum and,
consequently, isolation and further separation does not reveal
additional conformations.
In other cases, the selected distributions reveal structures

that are necessary to model the total distributions but are not
evident in the raw data. One prominent example is observed in
the first selection of the 17+ charge state. In the total spectrum
for this charge state, two peaks are necessary to fit the main
peak because the peak maximum shifts to a slightly more
compact cross section at higher solution temperatures (Figure
S8). The raw data (black trace) provides no other indicators
that the main peak is composed of two separate structures.
However, when the main peak is isolated and further
separated, the compact component of the peak not only
becomes apparent but also increases in abundance at higher
solution temperatures. The same phenomenon is observed in
the 18+ charge state which also displays a comparable shift to a
more compact cross section in the main peak without
providing further evidence that this peak may represent more
than one conformation. Selecting this peak generates the
mobility spectrum provided in Figure 3, where the raw data
indicates the presence of a compact conformation to the left of
the main peak. The same trend is observed for the 16+ charge
state but to a lesser extent. In this case, selecting the main peak
does enhance the abundance of the compact population within
the main peak but does not distinguish this peak in the
mobility trace. The greater degree of structural heterogeneity
within this selection may obfuscate the compact species as
more conformations are separating and diffusing compared to
the first selections of other charge states. The only charge state
without a secondary compact portion in the main peak is the
15+ charge state, possibly because this charge state begins to
decrease in abundance at relatively low solution temperatures
which may inhibit the growth of any compact structures.
The distinction of species in selected distributions that are

hinted at in the single pass data supports the accuracy of the
Gaussian peak fitting model for defining structures in mobility
distributions. This model, as well as the trend of an additional
main peak within the total mobility distributions of
hemoglobin, are further corroborated by the reproducibility
of this result. All selected distributions are obtained in
individual experiments that are separate from the collection
of the total distributions which underpins the authenticity of
the compact structures.
Temperature Dependence of Total and Selected

Mobility Distributions. Variable temperature experiments
were conducted to further compare structures in the total and

selected mobility distributions. This technique has been used
previously to characterize the relationship between solution
and gas phase conformations of proteins.30,37,82,90 The results
of these experiments are presented in Figure 4. All
conformations are labeled in the representative distributions
according to charge state, selection number (where appli-
cable), and sequential conformation number. Conformations
with similar cross sections and changes as a function of
temperature are assumed to arise from the same conformation
in solution and have been grouped together.30,37 Evidence for
these groupings is provided in the Supporting Information
(Figure S9), as are additional mobility distributions for each
charge state at representative temperatures (Figures S8 and
S10, respectively). The mobility distributions in Figure 4 are all
obtained at a solution temperature of 28 °C for comparison
across charge states, but more characteristic distributions for
higher charge states are shown in Figure S8. The plethora of
structures and temperature trends precludes a discussion of
each individual conformation, so this discussion is focused on a
selection of conformations that highlight overarching trends in
the data set.
A comparison between the temperature dependencies of the

total and selected distributions reveals a nuanced relationship.
In many instances, the patterns exhibited by the most
abundant peaks in the total distributions are predictive of
trends in their selected counterparts. The main peak of the 15+
charge state, 15.4, decreases in abundance at higher temper-
atures as does conformation 15.1.3, the most abundant
conformation in the first selection of the 15+ charge state. A
similar correspondence occurs between the main peaks of the
total and first selection of the 16+ charge state (16.3 and
16.1.3, respectively). The compact portion of this peak in the
total spectrum (16.2) exhibits the opposite trend wherein the
relative abundance increases with temperature. This trend is
also echoed in the selected spectrum (16.1.2), and this
relationship is maintained for the more compact portions of
the main peaks in the 17+ and 18+ charge states (17.3 and
17.1.1, 18.2 and 18.1.1). Similar comparisons can be drawn for
the more extended portions of the total distributions. The 16+
charge state displays an increase in the abundance of
conformation 16.5, mirrored by the increase in conformation
16.2.5 in the second selection. In contrast, the most extended
structures in the 18+ charge state (18.6) decrease at higher
temperatures, but this pattern agrees with the decrease of
conformation 18.2.5 in the second selection of this charge
state. These general correlations in temperature dependence
between total and selected distributions help to lay a
framework for understanding how the additional structures
that are present in the selected data may relate to structures in
the original distributions.
A variation on this pattern that appears consistently

throughout the relative abundance plots is that of structures
in the selected distributions with abundances that change in
the same manner as similar structures in the total data but at a
different rate. This trend is apparent when comparing
conformation 15.4 to conformation 15.1.3. The former
comprises much of the main peak in the 15+ charge state
and the latter is the most abundant peak in the first selection of
the same charge state, so a similar structure likely contributes
to both peaks and therefore some congruity in temperature
dependence is expected. Both conformations decrease in
abundance at higher solution temperatures, but the rate of
decrease is much greater for 15.4 compared with 15.1.3. The
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same trend is observed when comparing the main peak in the
16+ charge state (16.3) to the main peak of the corresponding
first selection (16.1.3), although the opposite trend occurs for
the more compact portion of the main peak (16.2) compared
to its counterpart (16.1.2). In the second case, both
conformations increase in abundance as solution temperature
increases, but 16.1.2 does not show a major increase until 56
°C, 20 °C beyond the point where 16.2 has completed its
major thermal transition. The same pattern emerges when
comparing conformation 17.3, the compact portion of the
main peak in the 17+ charge state, to conformation 17.1.3.
Both conformations increase in abundance at higher temper-
atures, but 17.3 undergoes a major transition which ends at 38
°C while the abundance of 17.1.3 increases steadily through 60
°C.
There are likely multiple factors that contribute to the

observed differences in rates of change as a function of
temperature. One possibility is that, as single conformations in
the total distributions are pulled apart into multiple
conformations in the selected distributions, the contributions
of these new conformations to the temperature behavior in the
total distributions also emerge. For example, conformation
17.5 shows a decrease in temperature up to 38 °C after which
the abundance steadily increases. No conformations in either
selection of the 17+ charge state show this exact temperature
dependence. However, in selection II, conformation 17.2.2
decreases sharply in abundance through approximately 38 °C.
At this point, its relative abundance is more similar to that of
conformation 17.2.3. This conformation increases in abun-
dance at higher temperatures. These two conformations may
generate a combined temperature dependence that gives rise to
the behavior observed for conformation 17.5.
Some conformations, in contrast, demonstrate little to no

significant change as the solution is heated. Instead, their
relative abundance remains constant across the temperature
range. Such conformations are present across all charge states
and include conformations 15.1, 16.1.6, 17.1.3, and 18.5. These
structures may be the result of gas-phase activation at some
stage in the mobility separation as they show no effects from
changing solution temperature. The array portion of the cyclic
drift cell is a potential source of this activation as this region
must be raised to 70 V for ions to take the turn onto the
racetrack (See instrument settings in Table S1). Lower
voltages have not been sufficient to induce hemoglobin ions
to take the turn required to enter the mobility cell and they
pass through to the time-of-flight region with no separation.
The required array voltage may be high enough to destabilize
some structures which causes each charge state to exhibit
certain conformations that do not change with solution
temperature. Many of these conformations are also relatively
low in abundance and may therefore be less energetically
favorable which increases their propensity for further
destabilization. These structures could also experience
activation during the selection process. Ions may undergo
collisions while they are trapped in the prestore region, leading
to activated structures in the final spectrum. Further experi-
ments are currently underway to examine how these
instrumental aspects affect the observed temperature depend-
encies, or lack thereof.
Although some conformations in the selected distributions

are not observed to change in abundance with increasing
solution temperature, more temperature-dependent conforma-
tions can be observed for hemoglobin when the mobility

distributions have been selected compared to a single pass
containing all ions. In the total mobility distributions, 16
conformations change in relative abundance by 5% or more as
the solution temperature increases from 24 to 60 °C. In the
selected distributions, 24 structures meet this criterion over the
same temperature range. Selection experiments appear to be
capable of characterizing additional structures in ion mobility
studies designed to uncover and investigate native and non-
native protein conformations arising from solution structures.

■ SUMMARY AND CONCLUSIONS
Cyclic IMS-MS coupled with vT-ESI offers new possibilities
for characterizing the conformational distributions of intact
proteins by increasing the path length of the mobility
separation. In the case of Hb, as the path length is extended,
these improvements begin to decline as the IMS peaks appear
to broaden. This phenomenon indicates that multiple
unresolved species in a heterogeneous structural distribution
are present, but unresolved. IMS-IMS selection experiments to
isolate and further separate individual populations of ions have
resolved many structures that were predicted to exist in the
IMS distributions based on a Gaussian fitting model, which
adds new justification for this method of data analysis. vT-ESI
studies of these selections have shown that some conforma-
tions in the selected distributions change similarly with
temperature compared to their counterparts in the original
distributions, but some conformations change differently,
which indicates that this technique can be used to uncover
new structures from solution. Some trends, such as differences
in the rate of change of relative abundance between total and
selected distributions and the lack of temperature dependence
for several conformations demonstrate that further studies of
the effects of multipass and selective separations are necessary
to fully understand the way that this instrument may affect
protein structure in the gas phase. The results presented here
provide a foundation for future cyclic IMS studies by
demonstrating the capability of this instrument to examine
protein structure with previously unseen detail.
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