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Abstract

Multidimensional ion mobility spectrometry coupled with mass spectrometry (IMS—IMS-MS)
techniques are used to select and activate six different gas-phase conformations of bradykinin [M
+3H]3* ions. Drift time distributions as a function of activation voltage show that at low voltages
selected structures undergo conformational transitions in what appears to be a pathway dependent
fashion. Over a relatively wide range of intermediate activation voltages a distribution of states
that is independent of the initial conformation selected for activation (as well as the activation
voltage in this intermediate region) is established. This distribution appears to represent an
equilibrium distribution of gas-phase structures that is reached prior to the energy required for
dissociation. Establishment of a quasi-equilibrium prior to dissociation results in identical
dissociation patterns for different selected conformations. A discussion of the transition from
solution-like to gas-phase structures is provided.
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Introduction

Since the development of electrospray ionization (ESI)1 as a soft ionization source for mass
spectrometry (MS), many studies have focused on understanding the structures of the
solvent-free macromolecular ions that are produced. 2717 A primary aim of this work is to
understand the degree to which the population of gas-phase ions resembles the structures
that existed in solution prior to ionization. To the extent that ion conformations retain
solution-like properties, MS-techniques will be useful in assessing structural information
that is relevant to solution. Alternatively, an understanding of structures that arise in the gas-
phase, in the absence of solvent will help to delineate the roles of intramolecular and
solvent-molecule interactions in defining key structural elements.18

In this paper, we use ion mobility techniques to examine the [M+3H]3* ion of bradykinin (a
nonapeptide, with the sequence RPPGFSPFR) produced by ESI. At least six distinct
conformations originate from the ESI source. We have selected each of the [M+3H]3* states
and measured the activation voltage that is required to induce structural transitions. These
studies provide evidence that any of these states is capable of generating an equilibrium
distribution of gas-phase structures under the proper activation conditions. Interestingly, the
equilibrium distribution that is formed in the gas phase is dominated by only three of the
selected states. It appears that even in relatively small molecular systems, a large number of
conformations generated by ESI do not reflect the most stable gas-phase structures, which
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are formed after ions are activated to a voltage that is near a value that also induces
dissociation.

A number of experimental methods have been used to characterize the conformations of
biomolecular ions. These include: 1)reactive methods, such as hydrogen-deuterium
exchange,3:4:7:9:19:20 measurements of proton-transfer, 14:21:22 molecular adduction
experiments, 23725 and ion-electron as well as ion-ion reactions; 26728 2) methods that
probe ion shape, such as ion energy loss experiments,6:29 microscopy studies of hillocks
formed from high energy ion impacts with surfaces,30°32 and IMS measurements of
collision cross section; 10+ 33737 and, 3)dissociative MS techniques.38742 Of these
techniques, the most direct information about ion shapes is obtained by IMS techniques.
16:43748 In favorable cases, comparisons of experimental mobilities to those calculated for
trial geometries49°51 generated by theory provides relatively detailed insight into the
structures of ions.52755 Mobility measurements have also been used to monitor the
structures of electrosprayed ions that were stored in ion traps for varying amounts of time,
56758 and measurements as a function of drift cell temperature have provided information
about the relative stabilities of different conformations.33:59:60

During the last decade, mounting evidence suggests that under some conditions, populations
of ions formed by ESI reflect structures that are present in solution. For example, Loo and
coworkers found that the higher-order structure of a gas-phase biomolecular ion could be
linked to the solution structure using tandem MS experiments.61 lon mobility results have
shown that the distribution of cytochrome ¢ and ubiquitin structures that are observed in the
gas phase are dependent upon the solution and source conditions used to produce these ions.
62:63 Recently Robinson's and Bowers’ groups have examined large non-covalent
complexes and suggest that for these large ions, structures in the gas phase may reflect
solution conformations as well as structures associated with intermediates that are present in
solution.64766 The present work is the first characterization of an equilibrium distribution of
gas phase states prior to dissociation. We have chosen to demonstrate this approach on the
bradykinin system because it has been studied extensively.33:67°79 Finally, while this work
is at an early stage, it is anticipated that over time, these types of studies will help to clarify
whether ion distributions reflect solution- or gas-phase structures.

Experimental Methods

General

IMS theory43°45:49751 instrumentation,58:80°87 and techniques16:46-48 are discussed in
detail elsewhere. In this study, experiments were performed on a home-built ion mobility
spectrometer coupled to a time-of-flight (TOF) mass spectrometer (Figure 1), described
previously.58:86:87 Briefly, positively charged bradykinin (Sigma, St. Louis, MO) ions
were produced by ESI of a 9.4 uM solution in 49:49:2 (% volume) water:methanol:acetic
acid. lons are focused and accumulated in a Smith-geometry ion funnel (F1),88 and pulsed
into the drift tube with a 150 ps-wide electrostatic gate (G1). The drift tube (D1 and D2)
contains ~3 Torr He buffer gas at 300 K and is operated under a uniform electric field (9.6
V- cm™1y, allowing ions to separate on the basis of their mobilities. A funnel (F2) in the
middle of the drift tube serves to radially focus the diffuse ion packet, and also consists of an
electrostatic gate (G2) and activation region (1A2). Following separation through D2, ions
are again radially focused through funnel F3. lons exit the drift tube through a differentially
pumped region and are orthogonally accelerated into a field-free flight tube for TOF mass
analysis.

Two different instrumental modes were used in this experiment: one-dimensional (IMS-
MS), and two-dimensional (IMS-IMS-MS). For IMS-MS experiments, the field in G2 is
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maintained at the drift field such that all mobility separated ions through the first drift region
(D1) are allowed to pass into the second drift region (D2). Under the IMS-MS mode of
operation, D1 and D2 comprise a single, ~1.8-meter drift tube.

Selection and activation

An important part of the work described below involves the selection, activation and
subsequent separation of ions (i.e., IMS-IMS) experiments. We have described the
instrumentation for these types of studies in detail previously.58:86:87 Briefly, when a high
field is applied across the ion activation region, entering ions undergo energizing collisions
with the buffer gas and are heated. As the ions leave the activation region they rapidly
equilibrate to the temperature of the buffer gas.

In these experiments, D1 and D2 are operated as two independent drift regions of 0.84 m
and 0.98 m, respectively. A mobility selection is obtained after ions pass through D1 by
applying a delay pulse at G2 (triggered by the initial pulse at G1). A narrow packet of ions is
allowed to pass through G2 by lowering a repulsive potential (16 V) for 25 ps. lons entering
the gate region before or after the transmission pulse is applied are neutralized by a Ni mesh
grid (90% transmittance) on the first electrostatic lens of G2. Those mobility-selected ions
that continue through F2 can be collisionally activated in the A2 region prior to subsequent
separation through the D2 region.

The activation region 1A2 is comprised of two lenses ~0.3 cm apart. For selection with no
activation, the field between the two lenses comprising 1A2 is held consistent with the ~12
V- cm1 DC field through F2. These field conditions are defined as having an activation of 0
V, such that ion activation is the application of voltage at A2 resulting in a field greater
than 12 V- cm™L. Thus, an activation voltage of 70 V corresponds to a field strength of ~233
V- eml,

Calculating cross section distributions

In the case of a uniform electric field, drift time distributions can be converted to a collision
cross section scale using Equation 1:45

_(8m)' g ll IJ”ZQE r_1
16 (kD)2 L P 27132N (1)

—_—
m, mg

where ze, kp, my, and mg are the ion's charge, Boltzmann's constant, the mass of the ion, and
the mass of the buffer gas, respectively; tp, E, and L correspond to the ion's drift time, the
electric field strength, and the drift length, respectively; P, T, and N are the pressure,
temperature, and neutral number density (at STP) of the buffer gas, respectively. The current
instrument contains two funnels (F2 and F3) in the drift region, which are operated at a
higher drift field field (12 V- cm™1) than the drift regions and also contain RF confinement
fields. Because a uniform drift field is not applied across the entire drift tube, cross sections
are determined by measuring the time required for ions to travel through the uniform field
region (from G1 to G2). That is, one determines the selection time required to transmit a
single conformer. The selection time, and the length from G1 to G2 (71.3 cm) are
substituted in Equation 1 as tq and L, respectively. Once absolute values of the cross sections
for ions within a specific peak are determined (with no activation), these values are then
used to generate a calibrated cross section distribution, where all drift times are converted to
a calculated cross section. The reproducibility of this approach is excellent. Typically, cross
sections for any two measurements agree within ~1% (relative uncertainty).47
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Results and Discussion

Determining collision cross sections for bradykinin [M+3H]3* ions formed by direct ESI

A nested drift time(m/z) distribution recorded upon electrospraying bradykinin is shown in
Figure 2. Under the conditions that are employed, this spectrum is dominated by the [M
+2H]?* and [M+3H]3* charge states. The drift time distribution for the [M+3H]3* ions,
overlaid above the corresponding 2D features, shows at least six distinct reproducible local
maxima. We have assigned these features as conformations A through F. Some of the
labeled peaks possess shoulders, thus it is possible that the [M+3H]3* drift distribution is
made up of many unresolved conformations. For this study, however, we focus on the six
selections made, and their resulting distributions upon activation.

It is important to note that we observe no other ions in the region of drift times that are
associated with the [M+3H]3* charge state. Thus, upon selection and activation we expect
only this charge state to contribute to the new distributions. Figure 2 also shows a blow up
of the mass scale. The 0.33 m/z spacing between the isotopic peaks observed for each of the
features requires that all of the ions correspond to the [M+3H]3* charge state. There is no
evidence for multiply charged multimers of the same m/z in this system.75-89

Inspection of Figure 2 shows that conformations A, B, and C are more intense, than the
features corresponding to the lower-mobility D, E, and F ions. Conformer A is represented
by a peak centered around 11.5 ms, and is not baseline resolved from conformer B.
Conformer B corresponds to the peak centered around 12.2 ms; and, conformer C
corresponds to the peak at 13.0 ms. The low-maobility region of the drift time distribution
(~13.5 to 15.5 ms) consists of lower intensity ions, which remain unresolved in the mobility
separation. Three selection experiments were performed for the most distinct features in this
region, corresponding to isolation of narrow regions designated as conformers D, E, and F
having drift times of 13.74, 14.40, and 15.18 ms, respectively.

The drift time distributions can be converted to collision cross section distributions. Here
each time point corresponding to the time required for ions to traverse the drift region
between G1 and G2, can be used in Equation 1 to calculate a corresponding collision cross
section for the [M+3H]3* ions. The cross section distribution obtained for ions generated in
the ESI source region is shown in Figure 3. Table 1 lists the collision cross section
determined directly from the G1 to G2 measurement as well as the relative abundance
(based on peak area) of each dataset feature in the total distribution.

It is interesting that cross sections span a relatively wide range of values, from 269 A2 to
356 A2 for conformers A and F, respectively. Values for conformers B (285 A2) and C (304
A?2) are in agreement with the values 284 A2 and 293 A2 obtained previously for the [M
+3H]3* charge state.72:75 The collision cross section obtained for conformer A is slightly
smaller than the value of 275 AZ reported earlier.75

Observed conformational changes upon activation

Cross section distributions have been recorded upon selection and activation of each of the
six conformations (A through F) over an activation voltage range of 0 to 140 V. Several
example distributions for each selected conformer are plotted in Figure 3. At 0 V, selection
of conformer A yields a single, narrow peak, indicating that no activation has occurred.
Similar distributions are obtained until ~10 V. Upon application of 24 V across the
activation region a clear difference in the distribution is observed; although conformer A
remains the largest feature (~96% relative abundance) through the second drift separation,
conformer B (at 285 A2) is clearly present (comprising ~4% of the distribution). There is no
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evidence for production of other states under these conditions. However, upon increasing the
activation voltage to 28 V, it is clear that conformer C (at 305 A2) is produced.

As can be observed in Figure 3, at higher activation voltages (34 V, 36 V, 38 V, 42 V, and
45 V) the fraction of conformer A continues to decrease. By 38 V, conformers A, B, and C
are in roughly equal proportion (33%, 37%, and 30%, respectively). Above 38 V, conformer
C becomes the dominant feature in the profile. Proportions of conformers A, B, and C at 70
V activation are 2%, 17%, and 79%, respectively. It is important to note that there are no
conditions in which conformer A disappears completely.

Selection of conformer B (having a cross section of 285 A?2) is also plotted above the ESI
source distribution in Figure 3. At low activation voltages, the distribution remains
dominated by B. At 25 V activation, peaks on each side of B, corresponding to cross
sections of 269 and 305 A2 are observed, indicating the onsets of states A and B. At higher
activation voltages (32 V, 38 V, and 40 V) the population of state B decreases. In this case
the population of conformer A increases to a maximum of ~2% by 35 V activation (not
shown). Conformer C is clearly the dominant feature (56%) in the spectrum obtained at 45
V activation. Conformer B decreases from 30% at 50 V activation to 17% (at 70 V
activation). It is important to note that the populations of all three states remain essentially
unchanged above ~50 V. Conformers A, B, and C have relative populations of ~2%, ~17%
and ~79%, respectively. The distributions obtained at high activation voltages are
indistinguishable from the high-voltage distributions obtained from activation of conformer
A.

Activation of conformer C shows that this state can also convert to A and B. However,
unlike activation of the higher mobility states, under all conditions conformation C
dominates the distribution. At the highest activation voltage that is shown (70 V) relative
populations of 3%, 17%, and 78% for conformers A, B, and C, respectively are obtained.
Effectively, high voltage activation results in the same distribution, regardless of which state
was selected.

It is interesting to also consider selection and activation of the lower mobility D, E, and F
conformers. Overall, these ions show the same general trend as discussed for A, B, and C
above. Selected conformers are converted to increasing fractions of conformers A, B, and C
as a function of increasing activation voltage; all experiments converged to the same fraction
of A (~2%), B (~17%), and C (~79%) at 70 V. Selected conformers E and F are more stable
than conformer D, evidenced by the presence of conformers C and E without activation of
conformer D. Additionally, increased activation voltage is needed in order to induce
structural transitions back to A, B, and C (Figure 3) as the selected ions became more
elongated (D < E <F).

Evidence for formation of a quasi-equilibrium distribution of gas-phase conformations

Figure 3 illustrates the quasi-equilibrium that is established independent of the [M+3H]3*
conformation selected. That is, identical distributions are obtained at elevated activation
voltages regardless of the initial conformation. This phenomenon has been further
investigated in the datasets collected at several different pressures. While the exact
activation voltage varies somewhat, the ratios of the final populations of the A, B, and C
states remains unchanged.

Figure 4 shows the normalized fraction of different conformations as a function of activation
voltage. Selection and activation of conformer A is first illustrated (top left). As the
activation voltage is increased, conformer B begins to form, followed by the transition to
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conformer C. Initially conformer B increases to 32% at 25 V activation, however, the
fraction of B decreases before leveling off to its quasi-equilibrium population.

Based on these observations, we propose the following for activation of conformer A: as
ions are gently heated a fraction of ions converts to conformer B; at higher energies ions
have enough energy to overcome the barrier associated with formation of conformer C. In
every case, at higher activation voltages a plateau region is reached. In this region we
observe that the fractions of A, B, and C are constant (and independent of activation
voltage). In the case of the data shown in Figure 4 this region is observed from ~40 to 70 V.

Above ~70 V, we observe the onset of fragment formation (Figure 4, top left). Fragment
formation appears to compete directly with all three of the A, B and C states. While we do
not show the fragmentation spectra that are generated at high activation voltages it is
important to note that inspection of these datasets shows that the ratios of abundant fragment
ions appear to be identical (regardless of which state is selected for activation).

All of this information is consistent with the idea that states A, B, and C exist in equilibrium
at high activation voltages. This can be highlighted by plotting the fractions of the A, B, and
C states together (Figure 4, top right, bottom left, and bottom right, respectively). Here, the
fraction of each conformer can be compared from the experiment in which it was selected,
to the experiments in which it was formed from the selection of a different conformer. In the
equilibrium region, the fractions of A, B, or C are each constant (1.8 + 0.3%, 16 + 3%, 80 £
2%, respectively) regardless of which state was selected for activation.

Activation at different buffer gas pressures

Detailed studies as a function of the activation voltage have been conducted at several
different buffer gas pressure settings (ranging from ~1.9 to 4.0 Torr). While we do not
discuss this in detail here, we note that the voltage dependence of the features observed after
activation varies somewhat depending upon the pressure. As the buffer gas pressure is
increased, voltages required to induce structural transitions increase, resulting in a
compression of the quasi-equilibrium voltage range. Presumably this is a result of
differences that arise in the heating and cooling rates of the ions at different pressures, and is
the subject of a future report.90 The overall trends in the features observed are reproduced at
different pressures. That is, although the quasi-equilibrium voltage range is compressed, the
same fractions of conformers A, B, and C are observed.

Possible origins of transitions

Overall, the data presented above suggests two types of behavior. At low activation voltages
it appears that ions overcome barriers between structures and can be converted into other
low energy structures. In the cases of A, B, and C it is possible to convert at least some
fraction of the population to other states without establishing an equilibrium distribution.
This indicates that structures change through specific pathways. Alternatively, when
sufficient energy is put into the system the distribution of states becomes independent of the
precursor state (or the detailed energy). This indicates that structures A, B, and C are able to
interconvert and establish a quasi-equilibrium distribution of states.

It is interesting to consider the origin of those states that are involved in the equilibrium
distribution. It is likely that the distribution consists of three types of conformations, varying
in shape, charge site assignment, and possibly the structures of the three proline residues.
We note that the [M+2H]?* ion exhibits only two features (Figure 2). It is possible that the
lower number of resolvable conformations results from a single possible charge-site
configuration in which the protons are sequestered at the arginine residues. Recent FAIMS
studies have shown evidence for six [M+2H]?* conformations.91
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We are currently carrying out detailed molecular modeling studies of these types of
structures and our preliminary findings suggest that charge site assignment and cis/trans
isomerization of the three proline residues are key factors in the conformational transitions
we observe experimentally. Future work will focus on relating the calculated cross sections
and stabilities of different trial geometries and charge site configurations to the experimental
data.

Conclusions

lon mobility measurements of the bradykinin [M+3H]3* charge state formed by direct ESI
shows evidence for at least six distinct structures. Activation of specific structures shows
that at low energies different conformations undergo structural transitions to specific states
in a pathway dependent manner. Above a critical activation voltage, all six selected ions
yield the same abundances of three conformations (A, B, and C). This suggests that this ratio
of states is the gas-phase quasi equilibrium. Some structures (D, E, and F) do not appear to
participate in the equilibrium distribution. Presumably these ions have conformations that
are established in the presence of solution, and cannot be accessed from the gas-phase in the
absence of solvent. The direct observation of an equilibrium distribution of structures, prior
to the threshold for dissociation is consistent with the observation of fragmentation spectra
that appear essentially indistinguishable for different selected states.
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Figure 1.

Schematic diagram of the IMS—IMS-TOF instrument used to select and activate
conformations of bradykinin [M+3H]3*ions. The instrument consists of an ESI source, a
1.8-meter drift tube (D1 and D2), and a time-of-flight mass spectrometer. See text for
details.
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Figure 2.

Two-dimensional nested drift time(m/z) plot showing the [M+2H]?* and [M+3H]3* charge
states of bradykinin. The total ion drift time distribution shown across the top is obtained by
integrating across the entire m/z range for each given drift time. The mass spectrum shown
on the left is obtained by integrating across all drift times for each m/z value. The [M+3H]3*
conformation assignments of A, B, C, D, E, and F are shown in the drift distribution above
the 2D features. The inset shows an expansion of the m/z axis in the m/z 354 region; the
isotopic distribution of the bradykinin [M+3H]3* ions is shown. The data were collected
using a He buffer gas pressure of ~3.0 Torr.
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Figure 3.
Drift profiles of the [M+3H]3* bradykinin ion plotted on a collision cross section scale. The

bottom trace in each panel shows the ESI source distribution obtained for the dataset shown
in Figure 2. The intensity of a portion of the ESI source distribution is multiplied by a factor
of 3 in the bottom panels to show the features corresponding to conformations D, E, and F.
Each panel shows one of six separate experiments (A-F) beginning with the initial selection
(no activation) followed by increasing activation voltages up to 70 V. The areas under the
selection and activation collision cross section distributions are normalized to unity. For the
selection experiments represented in this Figure, the He buffer gas pressure was maintained
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at ~1.9 Torr. Selections of conformations A through F all converge to the same quasi-
equilibrium distribution of A, B, and C at 70 V. See text for discussion.
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Figure 4.

Normalized intensity as a function of activation voltage for selection of conformer A
converting to conformers B and C, and fragmenting (top left). Here open circles, open
squares, and open triangles represent the normalized intensities of conformations A, B, and
C, respectively at the given activation voltages. The solid line represents the normalized
intensity of all observed fragments originating from the selected ions. Normalized intensities
of conformation A selected, A made from the selection of conformation B, and A made from
the selection of conformation C are shown in the top right spectrum. The symbols for each
conformation are the same as given above. Similarly, intensities for conformation B and
conformation C (selected and formed) are shown in the bottom left and the bottom right
plots, respectively. The bracketed line above 38-64 V denotes the quasi-equilibrium (QE)
region prior to fragmentation. The dashed line denotes the average for each conformation at
equilibrium. See text for discussion. Data for these plots were obtained from experiments
performed using a He buffer gas pressure of ~3.0 Torr.
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Table 1

Collision cross sections obtained for the six [M+3H]3* bradykinin conformations.

Conformation?  ccs (A2)P 9% abundance (source)® % abundance (QE)d
A 269 (275) 22.1% 1.840.3%
B 285 (284, 2038) 31.4% 16 £ 3%
C 305 30.8% 80 2%
D 322 4.3% <1%
E 338 4.7% <1%
F 356 1.9% <1%

a . . . -
Conformations from highest to lowest mobilities are shown in Figure 2.

bCoIIision cross sections are reported using drift times from peak maxima in the overall arrival time distribution of [M+3H]3+ bradykinin ions.
cPercent relative abundance (peak area) of each conformation relative to the total [M+3H]3Jr source distribution.

dPercent relative abundance (peak area) of each conformation relative to the total [M+3H]3+ distribution in the QE range.

ePublished experimental collision cross section from reference 75.

foo. . . .
Published experimental collision cross section from reference 72.
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