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Abstract

Effects of protein conformation on electron capture dissociation (ECD) were investigated using high-
field asymmetric waveform ion mobility spectrometry (FAIMS) and Fourier-transform ion cyclotron
resonance mass spectrometry. Under the conditions of these experiments, the electron capture
efficiency of ubiquitin 6+ formed from three different solution compositions differs significantly,
ranging from 51 + 7% for ions formed from an acidified water/methanol solution to 88 + 2% for ions
formed from a buffered aqueous solution. This result clearly indicates that these protein ions retain
a memory of their solution-phase structure and that conformational differences can be probed in an
ECD experiment. Multiple conformers for the 7+ and 8+ charge states of ubiquitin were separated
using FAIMS. ECD spectra of conformer selected ions of the same charge states differ both in electron
capture efficiency and in the fragment ion intensities. Conformers of a given charge state that have
smaller collisional cross sections can have either a larger or smaller electron capture efficiency. A
greater electron capture efficiency was observed for ubiquitin 6+ that has the same collisional cross
section as one ubiquitin 7+ conformer, despite the lower charge state. These results indicate that the
shape of the molecule can have a greater effect on electron capture efficiency than either collisional
cross section or charge state alone. The cleavage locations of different conformers of a given charge
state were the same indicating that the presence of different conformers in the gas phase is not due
to difference in where charges are located, but rather reflect conformational differences most likely
originating from solution. Small neutral losses observed from the singly- and doubly-reduced
ubiquitin 6+ do not show a temperature dependence to their formation, consistent with these ions
being formed by nonergodic processes.

Capture of electrons by multiply protonated peptides or proteins can result in extensive
backbone fragmentation from which information about sequence [1-20] and posttranslational
modifications [7-9] can be obtained. Methods based on this electron capture process appear
promising for bottom up and top down approaches in proteomics due to the high information
content obtained in the fragmentation spectra [10-12]. Sequence coverage of over 90% has
been reported for small proteins [13]. Several methods for implementing electron capture that
use different electron sources have been reported: electron capture dissociation (ECD) with
free electrons from a heated filament or cathode [1-3], electron-transfer dissociation utilizing
anion reagents [14-17], electron removal by electron impact followed by capture of a free
electron in electronic excitation dissociation [18], and collisionally induced electron-transfer
from neutral atoms or molecules [19,20].

A consequence of the extensive fragmentation produced by ECD is that the precursor ion
population can be fractionated into potentially hundreds or even thousands of fragment ions.
Thus, the intensity of any particular fragment ion is typically small compared with the original
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precursor ion intensity [1]. High electron capture and fragmentation efficiency are critical for
making ECD a useful analytical method in cases where sample is limited.

Electron capture efficiency depends on several experimental parameters as well as the charge
state of the ion. Electron capture efficiencies ranging from less than 10% [21] to about 90%
[22,23] have been reported. Using a point charge model, Zubarev et al. reported that the electron
capture cross section varies by the square of the charge of the ion [1,22,24] resulting in a
significant increase in electron capture efficiency for higher charge state ions. Experimental
data for three charge states from three different peptide and protein ions were consistent with
a z2 dependence [22] as were results for the 2+ through 5+ charge states of a small peptide
[23]. McLafferty and coworkers suggested that fragmentation efficiency also depends on the
gas-phase conformation of the ion with more compact conformations having lower
fragmentation efficiencies due to noncovalent interactions that hold the fragments together
[13].

Protein conformations in the gas phase have been investigated using H/D exchange [25-27],
drift tube ion mobility spectrometry (IMS) [28-30], proton transfer reactivity [31-33], ion-
surface imprinting [34], dissociation experiments [13,35], and high-field asymmetric
waveform ion mobility spectrometry (FAIMS) [36,37]. FAIMS can be used to rapidly separate
different gas-phase conformers before their introduction into a mass spectrometer. This
separation method can be readily interfaced to most mass spectrometers, including Fourier-
transformion cyclotron resonance (FT/ICR) mass spectrometers [38,39], the type of instrument
used for most ECD experiments [3].

The separation of ions in FAIMS is based on the difference between ion mobility at high and
low electric fields [37]. lons are introduced into the FAIMS device between two electrodes.
An asymmetric waveform consisting of a high voltage for a short time and a lower voltage of
opposite polarity for a longer time is applied to the electrodes. This results in the displacement
of the ion towards one and then the other electrode. If the mobility of the ion does not
significantly depend on the magnitude of the electric field, the ion will have essentially zero
net displacement between the electrodes. For most ions, there is a difference between the high
and low field mobility and the ion will have a net displacement towards one of the electrodes.
An additional DC voltage, or compensation voltage (CV), is applied to an electrode to
compensate for this displacement. lons are transmitted through the FAIMS device by selecting
the appropriate CV.

FAIMS separations are sensitive to several different physical properties of the ions, including
collisional cross section [40]. However, as currently implemented, absolute cross section
measurements cannot be obtained with FAIMS, but can be measured using complimentary
techniques in conjunction with FAIMS. Purves et al. measured the collisional cross sections
of ubiquitin ions transmitted through the FAIMS device at several different compensation
voltages by using retarding potential measurements and correlated highly accurate collisional
cross section data for these ions using drift tube IMS to CV values in FAIMS [40]. Thus,
FAIMS can be used to separate ubiquitin conformers, even within the same charge state, of
known collisional cross section before electron capture dissociation.

Here, we characterize the effect of gas-phase conformation on electron capture dissociation of
bovine ubiquitin, by using different electrospray solutions to change the ubiquitin conformer
distribution and charge states and by selecting ubiquitin conformers of known collisional cross
sections with FAIMS. We demonstrate, for the first time, conformational effects on electron
capture dissociation for ions of the same charge state.
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Experimental

lon Formation

FAIMS

All ions are generated via nanoelectrospray ionization using pulled borosilicate capillaries that
have an i.d. of ~2 um at the tip. A potential of about 2300 V is applied to a platinum wire that
is inserted into the nanoelectrospray capillary and is in direct contact with the solution. The tip
is positioned ~7 mm from the FAIMS curtain plate electrode. Three different solutions of
bovine erythrocyte ubiquitin (Aldrich, Milwaukee, WI) are prepared at a concentration of
107> M to generate charge states between 4+ and 12+. A solution of deionized water buffered
with 200 mM ammonium bicarbonate is used to generate the 4+ and 5+ charge states. A
49.9/49.9/0.2 by volume solution of deionized water/methanol/acetic acid is used to produce
the 6+ and 7+ charge states. A water/methanol solution with 1.0% acetic acid is used to produce
the 8+ through 12+ charge states.

An lonalytics Selectra (Thermo Electron Corporation, Waltham, MA) is used for these
experiments and the interface of this device to the Berkeley-Bruker 9.4 tesla FT/ICR mass
spectrometer has been described previously [39]. The asymmetric waveform that is applied to
the FAIMS electrode consists of a sine function waveform with a second-harmonic phase
shifted 90 degrees [41] and is operated such that the peak amplitude of this potential, or
dispersion voltage, is —3400 V. The outer cylindrical electrode and capillary entrance are at
—30 V relative to ground for all experiments. The curtain plate on the face of the electrode is
held at 1000 V. Nitrogen is used as the carrier gas with a flow rate of 2.0 L/min.

Compensation voltage (CV) scans are obtained via a linear sweep of voltage from—1.0t0o —12.0
V. Mass spectra are acquired at CV intervals of —0.1 V.

Fourier Transform lon Cyclotron Resonance Mass Spectrometry

ECD

The Berkeley-Bruker 9.4 T (Bruker Daltonics, Billerica, MA) FT/ICR mass spectrometer used
in these experiments has been described previously [42]. lons are externally accumulated in a
hexapole ion trap for 0.15 s before injection into the extended pseudo-open cylindrical (EPOC)
cell [38]. lons are accumulated in the EPOC cell from three injections and individual charge
states are isolated using correlated shot techniques before ECD. Transients consisting of 1 M
data points are obtained and then 48 transients are summed for each mass spectrum to improve
S/N.

Electrons are generated using a barium tungsten dispenser cathode (HeatWave Labs,
Watsonville, CA), which is mounted axially within the EPOC ion cell support rod to ensure
maximal overlap of the ion cloud with the electron beam [23]. Additionally, a modification to
the cell has been made to allow the dispenser cathode to be displaced off axis for axial laser
photo-dissociation experiments. The cathode is resistively heated with a DC current of about
3.9 A. A potential of 9.0 V is applied to a copper grid located ~1 cm in front of the cathode.
A potential of 0.0 V is applied to the cathode to prevent electrons from reaching the center of
the cell and interacting with the ions. ECD is enabled by changing the cathode housing potential
from 0.0 to —2.0 V for 30 ms, during which time electrons are injected into the cell center. A
50 ms pulse of nitrogen gas is used after the ECD event, followed by a 5 s delay to reduce the
pressure inside the cell before excitation and detection.

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2008 October 6.
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Data Analysis

All data analysis is done using R statistical analysis software (R Foundation for Statistical
Computing, Vienna, Austria) version 2.0.1. For each mass spectrum, the intensity for all
fragment ions, reduced molecular ions, and residual precursor ion are visually verified against
a corresponding calculated isotope distribution to ensure correct ion identification. All isotope
distribution calculations were done using Xmass software (Bruker Daltonics, Billerica, MA).
Electron capture efficiency (Effgc) is calculated using eq. 1

E f fL = ZI /'ragmen/"'ZI reduced

I precursor +X1 fragment +1 reduced 1)

where Iprecursors Iragment: @1d Irequced are the residual precursor, the fragment ion, and the
reduced molecular ion intensities, respectively. Fragmentation efficiency (Efffragment) is
calculated for each mass spectrum using eq. 2.

. _ 2:Ifra(s{lnenl
Ef f fragment—

1 precursor +21 fragment +21 reduced (2)

Note that the denominator of both egs 1 and 2 correspond to the total ion abundance inan ECD
spectrum. Error limits for electron capture and fragmentation efficiencies are reported as tone
standard deviation of three replicate measurements.

Results and Discussion

Effects of Solution Composition on Electron Capture Efficiency

Electrospray ionization of 10 xM ubiquitin in solutions of 49.5/49.5/1 by volume (Figure 1a),
49.9/49.9/0.2 water/methanol/acetic acid (Figure 1b), and 200 mM ammonium bicarbonate
aqueous solution (Figure 1c) result in spectra with three different charge state distributions.
The charge state distributions from the water/methanol/acetic acid solutions are bimodal and
are centered around 7+ and 10+ for the most acidic solution (Figure 1a) and 7+ and 9+ for the
less acidic solution (Figure 1b). The 5+ is the predominant charge state from the buffered
aqueous solution (Figure 1c). The change in observed charge state distributions of proteins as
a function of solution pH or composition is well known [43, 44] and has been attributed to
different populations of ubiquitin conformers present in the different solutions [45-47],
although many other factors affect charge state distributions as well [48, 49].

Ubiquitin 6+ from the three different solutions were isolated and then subjected to ECD (Figure
1d-f). Upon capturing an electron, the precursor ion either fragments or it remains intact as a
reduced molecular ion, (M + 6H)°*". This reduced species can subsequently capture another
electron and either fragment or remain intact as (M + 6H)**. The electron capture efficiency
of (M + 6H)8* was determined from the sum of fragment and reduced molecular ion intensities
divided by the total ion intensity (eq 1). For ubiquitin 6+, the electron capture efficiency is 51
+ 7 and 71 £ 6% for ions formed from solutions with 1 and 0.2% acetic acid, respectively, and
is 88 £ 2% for ions formed from the ammonium bicarbonate solution. The fragmentation
efficiencies are 31 + 5, 56 + 8, and 63 + 4% for the 6+ ions formed from these same solutions,
respectively. It is important to note that these data were obtained using identical instrumental
parameters, with the exception of the solution-phase composition.

Ubiquitin 6+ formed from the buffered solution has both the highest electron capture and
fragmentation efficiency. These results clearly show that the gas-phase ions formed from the
different solutions have different structures even though they have the same net number of
charges. This result is consistent with those of Clemmer and coworkers who reported that gas-
phase ubiquitin conformers from more native-like solutions are more compact than conformers
from more denaturing solutions, even for ions of the same charge state [45]. More importantly,
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Robinson et al.

Page 5

these results clearly demonstrate that the efficiency with which ions capture electrons depends
not only on the ion charge state, but on the ion conformation as well. Previous studies have
reported different electron capture efficiencies between different charge states [22,23] and with
different metal ion complexes [23]. However, this is the first demonstration that electron
capture efficiency also depends on the gas-phase conformation even for ions of the same charge
state. To the extent that the ions formed from our buffered solution are more compact than
those produced from water/methanol/acetic acid solutions, our results indicate that these more
compact ions have higher electron capture and fragmentation efficiencies.

These results also suggest that the conformation of ions formed from different solutions can
be different despite similar distributions of charge in the ESI mass spectra. This suggests that
methods for characterizing the solution-phase conformation from ESI charge state distributions
[46,47] may not provide reliable information.

Conformer Isolation Using FAIMS

To further investigate how electron capture and dissociation depends on ion conformation,
different gas-phase conformers of ubiquitin were selectively introduced into the mass
spectrometer using FAIMS. CV scans for ubiquitin 4+ and 5+ from a 200 mM ammonium
bicarbonate aqueous solution result in a single dominant peak for each charge state, indicating
one major conformer or group of unresolved conformers for these charge states (Figure 2a).
Ubiquitin 4+ also has a minor peak in the CV scan indicating that a second, much less abundant,
conformer is present and is resolved using FAIMS (Figure 2a). The CV scans of ubiquitin 6+
and 7+ from a solution of 49.9/49.9/0.2 by volume water/methanol/acetic acid have one major
and one minor peak for each ion indicating two resolved conformers (Figure 2b). CV scans for
ubiquitin 8+ through 12+ from a solution of 49.9/49.9/0.2 by volume water/methanol/acetic
acid result in a single peak for 9+ through 12+, but three peaks for ubiquitin 8+ indicating the
presence of one major conformer or group of unresolved conformers for 9+ through 12+ and
the presence of at least three different conformers for ubiquitin 8+. These results are comparable
to those of Purves et al. [40], but Purves et al. resolved two peaks for ubiquitin 9+ and 12+
compared with one peak in our CV scans. This suggests that conformers for these charge states
are either not resolved or are not present under our experimental conditions.

ECD was performed on ions transmitted through the FAIMS device at two different
compensation voltages for each charge state (indicated by arrows in Figure 2). CV values were
selected for sufficient ECD fragment intensity and to correspond to the values used by Purves
et al. who measured the collisional cross sections of ubiquitin ions at various CV values [40].
The collisional cross section values, CV values for ECD spectra, and the resulting electron and
fragmentation efficiencies for each charge state are given in Table 1. For ubiquitin 4+ through
12+, electron capture efficiency ranges from 46 to 94% and fragmentation efficiency ranges
from 0 to 91%, respectively. The results obtained for ECD of ubiquitin 6+ through 8+ are
addressed in greater detail in the following sections.

FAIMS ECD MS of Ubiquitin 6+

ECD of ubiquitin 6+, formed from the buffered aqueous solution and isolated at CV values of
—7.3and —6.6 V, resulted in a total of 74 fragment ions producing a sequence coverage of 54%.
The same fragment ions were observed at both CV values. The observed a, y, ¢, and z fragment
ions originate from cleavages near both ends of the protein. No such fragment ions from
cleavages near the center of the ubiquitin sequence were observed. The limited fragmentation
for low charge state ions is consistent with results reported by McLafferty and coworkers for
bovine ubiquitin [13] and other proteins [7,22]. This result has been attributed to electron
capture and dissociation occurring throughout the protein backbone, but these fragments are
not observed because of noncovalent contacts holding the two pieces of the ion together [13].

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2008 October 6.
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To compare the fragment ion intensities at these two CV values, the intensity of each fragment
ion was normalized to the total ion intensity in the ECD spectra from each compensation
voltage. This normalization is necessary to correct for variations in ion transmission through
the FAIMS device at different compensation voltages. The average fragment intensity and
standard deviation were determined for each fragment ion from three replicate measurements.
The difference between the normalized fragment intensities at —6.6 and —7.3 V for each
fragment ion is plotted in Figure 3, with greater fragment ion intensity at —6.6 V plotted as
positive. For clarity, only the c and z ions are plotted in Figure 3. Comparable results are
obtained for the a and y ions. From the data, we conclude that the ECD spectra of the 6+ ions
measured at these two CV values do not differ significantly. These data also demonstrate that
the electron capture and fragmentation efficiencies as well as the ECD spectra do not depend
significantly on the number of ions in the cell over the range obtained in these experiments.

McLafferty and coworkers suggested the charge sites on an ion can be determined from the
observed distribution and charge state of the fragment ions [13,50]. Zubarev et al. observed a
correlation in ECD fragmentation patterns of peptides and the predicted distribution of positive
charge [2,51]. Fragmentation is insufficient for these 6+ ions to determine charge state location
in the center region of the ubiquitin ions. However, from the observed fragment ions from
backbone cleavages in the range of residues 1 to 29 and 51 to 76, we conclude that the charge
location distributions at either end of the protein ion are the same for the ions from these two
compensation voltages.

For ubiquitin 6+, the electron capture efficiencies (66 + 12 and 67 + 12%) and fragmentation
efficiencies (46 + 9 and 42 + 12%) are within error for the ECD spectra at —7.3 and —6.6 V
(Table 1). The similar capture and fragmentation efficiencies combined with the lack of
differences in fragmentation abundances suggests that a single ubiquitin 6+ conformer or a
group of conformers unresolved by FAIMS and ECD is transmitted through the FAIMS device
at these two CV values. There is a minor peak at a CV of —4.6 V indicating the presence of a
minor conformer. However, ECD mass spectra were not obtained for this conformer due to
insufficient signal. Using the same ESI solution but without the FAIMS device, the electron
capture and fragmentation efficiencies are 71 £ 6 and 56 + 8%, respectively. The ions
transmitted through the FAIMS device at a CV of —4.6 V might account for the minor
differences in electron capture and fragmentation efficiencies observed with and without
FAIMS.

Small Neutral Losses

ECD of ubiquitin 6+ ions transmitted through the FAIMS device ata CV value of —6.6 V results
in 33 £ 12% residual precursor ion (Figure 4a), 11 + 5% reduced molecular ion capturing one
electron (Figure 4b), and 14 + 7% reduced molecular ions capturing two electrons (Figure 4c)
as percents of total ion intensity. Similar results are obtained for ECD mass spectra of 6+ ions
ata CV of —7.3 V (spectra not shown) and reduced molecular ions capturing one and two
electrons are 8 £ 2 and 11 + 5% of the total ion intensity, respectively. McLafferty and
coworkers reported H" loss as a possible dissociation channel for reduced molecular ions
[52], with the percentage of H' loss from reduced ubiquitin 7+, 8+, and 9+ at 25 °C equal to 4,
7, and 29%, respectively [13, 53]. When 6+ ions transmitted through the FAIMS device at a
CV of —6.6 V are subjected to ECD, no significant loss of H' is observed for the reduced
molecular ions resulting from capturing one and two electrons as indicated by the fit of
calculated isotope distributions without H' loss to the observed isotope distributions (Figure
4b and c).

Small neutral losses, such as H,O, NH3 (or OH’), CO, and COOH’, are observed for the reduced
molecular ions (Figure 4b and c). These neutral losses are not observed for the residual
precursor 6+ ions which did not capture any electrons (Figure 4a) or in control mass spectra

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2008 October 6.
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when the hollow cathode was heated, but electrons were not injected into the ion cell (data not
shown). Electron capture is exothermic by the recombination energy, a value that has been
estimated to be between 4 to 7 eV [24] for multiply protonated proteins. Initially, the internal
energy of the ions in this experiment is thermal at room temperature [54, 55]. Upon electron
capture, if all the recombination energy were converted into internal vibrational energy, the
effective temperature of the ions would be ~85 and 140 °C upon the capture of one and two
electrons, respectively [56]. Subsequent IR emission would result in cooling of these ions in
a few seconds [57, 58]. By comparison, water loss from (M + 6H)6*, the lowest energy
dissociation channel, does not occur on this time scale at sustained temperatures below 145 °©
C.

It is possible that the loss of a water molecule from the reduced species requires significantly
less energy than loss from the precursor. The Arrhenius activation energy for loss of water
from ubiquitin (M + 6H)8" is 0.93 eV. We do not have a corresponding value for either of the
reduced species, but the appearance potential for water loss from the odd electron ions of some
alcohols range from 0.5 to 2 eV [59,60], suggesting that loss of a water molecule from an odd
electron ion is not an inherently low-energy process. In addition, no additional loss of small
neutral molecules is observed for either of the reduced ubiquitin ions even when these
experiments are preformed with the ion cell temperature raised to 70 °C. These results suggest
that the losses of small neutral molecules from the reduced ubiquitin ions are not the result of
thermally activated processes. Thus, these fragment ions appear to be formed by nonergodic
processes, despite the fact that these losses may even occur via rearrangement reactions (though
direct attachment of a hydrogen radical and subsequent cleavage can produce these neutral
losses as well).

Itis also possible that the ions are activated by blackbody radiation originating from the heated
cathode and that this activation is sufficient for the neutral loss fragmentation pathways.
However, heated metal filaments, similar to the hollow electron emitter used as the electron
source for ECD, have previously been used to dissociate ions trapped in FT/ICR cells
[61-63]. Compared with the heated metal filaments, which raised the internal energy of
protonated leucine enkephalin by 50 °C [63], the heated cathode electron emitter deposits
significantly less power (30% less) with a smaller surface area (40% less) and is significantly
farther from the ion cloud (180% farther). Because the energy deposited into ions by radiation
decreases rapidly with increasing distance between the energy source and the ions [63], the
internal energy rise due to absorption of IR photons produced by the heated cathode is expected
to be minimal.

These results are consistent with observations of McLafferty and coworkers who have
investigated the temperature dependence of ¢ and z fragmentation [64]. These and other
experiments have led them to propose that the ECD process for the formation of ¢ and z ions
is nonergodic [1,53,64]. In contrast, Turecek and coworkers have proposed that little energy
is required to produce these fragments, and that the ¢ and z ion formation can occur from a
statistical process [65,66]. Although an ergodic pathway for small neutral loss cannot be
eliminated as a possibility, our results are more consistent with a nonergodic process.

Conformational Effects on Electron Capture Efficiency

The CV scan of ubiquitin 7+ has two peaks, one centered at —4.2 and the other at —7.6 \V (Figure
2b), but only the major peak (at —7.6 V) in the FAIMS CV scan had sufficient signal to obtain
useful ECD spectra. ECD spectra for ions transmitted through the FAIMS device at
compensation voltages of —7.7 and —6.1 V have fragment ions from cleavage sites distributed
throughout the backbone corresponding to 78% sequence coverage (Figure 5).
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The ubiquitin 7+ transmitted through the FAIMS device at —7.7 and —6.1 V have electron
capture efficiencies of 35 + 16 and 65 + 15%, respectively (Table 1). Purves et al. measured
collisional cross sections of 1000 and 1235 A2 for ubiquitin 7+ at CV values of —7.7 and —6.3
V, respectively [40]. Thus, the more compact 7+ (smaller collisional cross section) conformer
also has the lower electron capture efficiency. ECD mass spectra of ubiquitin 6+ were acquired
under identical experimental conditions as those for the 7+. By comparison with ubiquitin 7+,
the electron capture efficiencies of ubiquitin 6+ are 66 £ 12 and 67 + 12% at the two CV values
which correspond to a collisional cross section of ~990 A2 [40]. Thus, ubiquitin 6+ has a very
similar collisional cross section compared to the more compact 7+ conformer, but these 7+
ions have almost half the electron capture efficiency despite the higher charge. These results
demonstrate that the electron capture efficiency does not depend solely on collisional cross
section or charge state. Other physical properties of the ion, for example shape, must clearly
play a role. In contrast to the results from the 7+, the electron capture efficiency of the more
compact conformer is higher for ubiquitin 8+ (Table 1). Thus, there does not appear to be a
direct correlation between collisional cross section and electron capture efficiencies.

Ubiquitin conformers of a given charge state can often be resolved by gas-phase H/D exchange,
indicating that the shape or three dimensional structure is different despite in some cases having
the same collisional cross section [38]. The observed electron capture efficiencies for different
conformers of a given charge state is in sharp contrast to previous assertions by others that the
electron capture cross section (or efficiency) depends only on ion charge, not on ion shape
[22,24].

It is important to note that for the comparisons between ECD of different conformers of the
same charge state, all experimental conditions are identical with the exception of the CV
voltage in the FAIMS apparatus. Because FAIMS separations are before the ESI mass
spectrometer interface, the entrance to which is at atmospheric pressure, it is almost certain
that the CV voltage plays no role in the ultimate position of the ions that are trapped in the FT/
ICR cell. Thus, the overlap of the different conformers of the same charge state with the electron
beam from the heated cathode is almost certainly identical. Differences in electron capture and
fragmentation efficiencies, as well as any differences in ECD fragment ion abundances, must
be due to differences in ion conformation, and not an artifact of the experimental conditions
used. In comparing results from different charge states, different isolation waveforms are used
to isolate the ions that have different m/z and, hence, frequency. It is possible that these
waveforms partially excite either the cyclotron or magnetron motion of the different charge
state ions to a different extent. If this is the case, the overlap between the ion cloud and the
electron beam may not be identical, making comparisons between different charge states more
complicated. However, no significant shifts in ion frequency were observed indicating that any
excitation that may have occurred is small. In addition, changes to the correlated shots used to
isolate an ion of interest did not change the observed results indicating that the electron cloud
(~1 cm diameter) is larger than the diameter of the ion cloud in the cell. It is also important to
note that the results reported in Table 1 for the different charge states were obtained over a
several month period and slightly different experimental parameters (most notably the isolation
waveforms) were used so that the results for different charge states should not be directly
compared. Data for the 6+ and 7+ charge states were obtained under identical experimental
conditions (with the exception of the isolation waveforms) and should be directly comparable
with the above caveats.

Conformational Differences in Normalized Fragment lon Intensity

The individual fragment ion intensities for more compact (CV —7.7 V) and more extended (CV
—6.1 V) ubiquitin 7+ conformers were compared by subtracting normalized fragment ion
intensities, with positive values in Figure 5 representing greater fragment ion intensity from
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the more extended conformer. For clarity, only ¢ and z ions are included in Figure 5. Similar
results are obtained from a and y ions. The ¢ fragment ions with one and two charges have
greater normalized intensity from the more extended 7+ conformer (Figure 5). The normalized
intensity for the ¢ fragment ions with four charges and the z fragment ions with five charges
are greater for the more compact conformer. The intensity of complimentary ¢ and z ions
corresponding to a single cleavage do not necessarily correlate. This could be due to subsequent
dissociation of some of these ions as a result of different stabilities or due to subsequent electron
capture, the cross section for which would depend on the type of fragment and its conformation.
These results indicate that the relative fragment ion intensities of ubiquitin 7+ ions depend on
conformational differences.

Three peaks centered at CV values of —9.0, —6.0, and —4.6 V are present in the CV scan of
ubiquitin 8+ (Figure 2c). Purves et al. reported collisional cross sections of 1045, 1330, and
1585 A2 for ubiquitin 8+ ions at compensation voltages of —8.4, —6.0, and —4.5 V, respectively
[40]. Useful ECD mass spectra were not obtained for the most compact ubiquitin 8+ conformers
(CV —9.0 V) because of insufficient ion signal. ECD mass spectra were acquired for the most
extended (—4.7 V, Figure 6a) and partially folded (—6.3 V, Figure 6b) 8+ conformers (Figure
6); the spectra are clearly different.

The ¢ and z fragment ions identified in the ECD mass spectra of ubiquitin 8+ are plotted with
the charge state of the fragment ion versus the cleavage location in Figure 7. Only ¢ and z ions
are included; similar results are obtained from a and y ions. Fragment ions are plotted with a
positive or negative offset in the charge axis for ions from the more elongated and compact
conformers precursor ions, respectively. Both the extended and compact 8+ conformers have
significant fragmentation (86% sequence coverage), and the cleavage locations are the nearly
the same for both conformers (minor differences are observed for low abundance fragment
ions). However, the relative intensities of the fragment ions for the two conformers differ. The
difference in the normalized relative intensity for each fragment ion between the more
elongated and compact conformers are plotted in Figure 8 with greater relative fragment
intensity for the more elongated conformer plotted as positive. As an example, the normalized
fragment intensities of c58°* and c59°* for the most extended conformer are 1.8 and 1.3 times
greater, respectively, than those of the more compact conformer. The most extended conformer
has higher abundances of larger ¢ ions, corresponding to cleavage near the C-terminus, than
the compact conformer, whereas the compact conformer has a greater abundance of small ¢
ions, corresponding to cleavage near the N-terminus. The regions where higher fragment
abundances are observed may reflect greater extents of unfolded structure in these respective
conformers.

The greatest variation in normalized fragment ion intensities for different conformers occurs
for ubiquitin 7+ and 8+ (Table 1). The 7+ and 8+ have the largest range of CV values for ion
transmission through the FAIMS device, and also have the largest range of collisional cross
sections (19 and 16%, respectively). By comparison, the other charge states have narrow peaks
in the CV scan, and have smaller variation in collisional cross section. This indicates that the
magnitude in variation in normalized fragment intensities may be roughly correlated to
differences in collisional cross section or ion shape.

For either ubiquitin 7+ or 8+ for which two or more conformers are clearly indicated, ECD
mass spectra from differing CV values have nearly identical distributions of ECD backbone
cleavages and charge states of fragments (see 8+ data in Figure 7). These results suggest that
the distributions of charge sites in the precursor ions of different ubiquitin conformers of the
same charge state are similar, i.e., different conformers of a given charge state are not the result
of differences in the distributions of where charges are located, but rather reflect other structural
differences most likely originating from solution. Thus, charge location in the ubiquitin
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sequence does not play a significant role in the differences of electron capture efficiencies
between ions from differing CV values, nor are the different conformations directly attributable
to differences in charge location. There appears to be a factor that influences the electron
capture efficiency to a greater extent than charge state, charge location, or collisional cross
section.

Conclusions

Both the electron capture efficiency and the relative intensities of the ECD fragments of
ubiquitin can be significantly affected by differences in gas-phase ion conformation. lons of a
given charge state formed from solutions of different composition can have significantly
different electron capture efficiencies indicating that these ions retain a memory of their
solution-phase structure and that differences in the resulting gas-phase conformations can be
probed with ECD experiments. By combining FAIMS with FT/ICR MS, it is possible to
separate different conformers or families of conformers of proteins making it possible to
examine effects of gas-phase conformation on ECD spectra. For the charge states where only
a single peak was observed by FAIMS, indicating a single dominant conformer or family of
unresolved conformers, the ECD spectra measured at different CV values were
indistinguishable except in the case of the 9+ charge state. Previous work by Purves et al.
[40] indicated two closely spaced peaks in their FAIMS spectra of the 9+, indicating the
presence of two conformers for this charge state. It is possible that, these two conformers or
conformer families are not fully resolved under our FAIMS conditions, but are distinguishable
by ECD. For the two charge states for which multiple conformers were clearly indicated by
FAIMS, there were significant differences in both the electron capture efficiency and the
relative fragment intensities.

In these experiments, the shape of the ion appears to be a key factor in the electron capture
efficiency. Conformers of a given charge state with lower cross section can have either higher
or lower electron capture efficiency indicating that EC efficiency depends on shape, but not
directly on the collisional cross section. In addition, the ubiquitin 6+ conformer, which has
essentially the same collisional cross section as one of the 7+ conformers, has a higher electron
capture efficiency indicating that the shape of the ion can play a greater role than either charge
state or collisional cross section alone. It is possible that, the differences in electron capture
efficiencies for different conformers of the same charge state are due to shape-dependant
coupling of energy transfer between an electron and ion in a high n Rydberg state.

These results clearly demonstrate that ECD can be used to probe differences in gas-phase
conformation. No differences in the cleavage sites were observed for different conformers of
a given charge state indicating that the presence of different gas-phase conformers within the
same charge state are not due to differences in where charges are located in the ions, but rather
are due to differences in gas-phase conformation, perhaps originating from differences in
solution. Ultimately, it is hoped that conformational differences in ECD spectra can be used
to obtain more detailed information about gas-phase conformation and that this information
can be related to conformational differences originating from solution.
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ESI mass spectra of bovine ubiquitin from 107> M solutions consisting of (a) 49.5/49.5/1, by
volume water/methanol/acetic acid, (b) 49.9/49.9/0.2 water/methanol/acetic acid, and (c) 200
mM ammonium bicarbonate in water. ECD mass spectra of isolated ubiquitin 6+ for solutions
(a—c) are shown in (d—f), respectively. The peaks in (a—c) are (ubiquitin + nH)™ where n is
the charge as indicated in the figure. In (d—f), the residual precursor ion peak and reduced
molecular ion peaks capturing one and two electrons are labeled. Fragment ions below m/z
1300 are not shown.
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Figure 2.

FAIMS CV scans of different ubiquitin charge states produced by ESI from solutions consisting
of 107> M bovine ubiquitin and (a) 200 mM ammonium bicarbonate in water, (b) 49.9/49.9/0.2
by volume water/methanol/acetic acid, or (c) 49.5/49.5/1 water/methanol/acetic acid. Arrows
denote CV values at which ECD mass spectra were acquired.

J Am Soc Mass Spectrom. Author manuscript; available in PMC 2008 October 6.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 17

I

2 1
B 115+
[
‘0:3 -1/
9 — ¥ Y SHe }I}i{4+

— @)
N — 0
= -1/13 3
I =
£ 3 Waf 330
° = w
< a3 ’ &
£ ] =
8 : 52 = 2+
[ _
O 117
q') —
.uE ] 1+
o .

= =TT T T T T T T T I

MFTGIEPTNAQEPQLAQDTDIELVLG
QVLKTVS I VKDGPQIGLGLYQSHLR
IKTTLEDEKIKIDRFKERSNKTLRG

10 20 30 40 50 60 70
Cleavage Residue

Figure 3.

Differences in ECD fragment ion intensities, separated by charge state, for ubiquitin 6+
transmitted through the FAIMS device at CV values of —6.6 and —7.3 V. Fragment ion
intensities are normalized to the total fragment ion intensity and are averaged from results of
three replicate measurements for each compensation voltage. The difference in intensity of
each fragment is calculated by subtracting the average fragment ion intensity with a CV value
of —6.6 from the average fragment ion intensity with a CV value of —7.3. The bar height
indicates the magnitude of the difference in the normalized fragment intensity for ¢ (shaded
bars) and z (cross hatched bars) ions. Greater ion intensities from a CV value of —6.6 V are
plotted as positive values. Error bars represent + one standard deviation from the mean value
for three replicate measurements. Fragment ion charge state is indicated on the right y-axis.
The —1/1 labels in the left y-axis indicates —1 difference in normalized fragment intensity for
the upper charge state and a difference of 1 for the lower charge state.
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Figure 4.

Partial ECD mass spectrum of ubiquitin 6+ produced by ESI of 107> M bovine ubiquitin in
49.9/49.9/0.2, by volume water/methanol/acetic acid, and transmitted through the FAIMS
device with a CV value of —6.6 V showing (a) residual precursor ion, (b) reduced molecular
ion that captured one electron, and (c) reduced molecular ion that captured two electrons.
Theoretical isotope distributions for the precursor, reduced precursors with no hydrogen atom
loss, and for the fragment ions corresponding to small neutral losses are indicated by “x.”
Calculated isotope distributions corresponding to ions that have lost either NH3 or OH" were
not included in this figure for clarity.
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Figure 5.
Difference in normalized ubiquitin 7+ fragment intensities from CV values of —6.1 and —7.7

V (see Figure caption 3 for additional details). Normalized fragment ion intensities with greater
intensity from a CV value of —6.1 V are plotted as positive difference values. The bar height
indicates the magnitude of the difference in the normalized fragment intensity for ¢ (shaded
bars) and z (cross hatched bars) ions. Error bars represent + one standard deviation from the
mean value for three replicate measurements.
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49.5/49.5/1, by volume water/methanol/acetic acid, and transmitted through the FAIMS device
at CV values of (a) —4.7 and (b) —6.3 V. Residual precursor ion, reduced molecular ions, and
prominent ¢ and z fragment ions peaks are indicated. The inset shows the region from 1135
—1175 m/z with fragment ions present in this region labeled. Many additional fragment ions
are also present in the spectra but, for clarity, are not labeled.
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Figure 7.

Comparison of ¢ (solid circles) and z (open circles) fragment ions from ECD mass spectra of
ubiquitin 8+ transmitted through the FAIMS device at —4.7 (positive offset in the charge axis)
and —6.3 V (negative offset in the charge axis). Fragment ions are plotted as the position of
backbone cleavage versus fragment charge state. Ubiquitin 8+ ions are produced by ESI of
10> M bovine ubiquitin with 49.5/49.5/1, by volume water/methanol/acetic acid.
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Figure 8.

Difference of normalized ubiquitin 8+ fragment intensities from CV values of —4.7 and —6.3
V (see Figure caption 3 for details). Normalized fragment ion intensities with greater intensity
from a CV value of —4.7 V are plotted as positive difference values. The bar height indicates
the magnitude of the difference in the normalized fragment intensity for ¢ (shaded bars) and
z (cross hatched bars) ions. Error bars represent + one standard deviation from the mean value
for three replicate measurements.
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Table 1
Electron capture and fragmentation efficiency for each ubiquitin charge state at two different CV values. Electron
capture efficiencies are for the first electron capture event. Electron capture and fragmentation efficiencies for different
conformers of the same charge state are directly comparable; the values for different charge states are not due to slightly
different experimental parameters, especially isolation waveforms.

Charge CV (V) Cross section?® Capture efficiency Fragmentation efficiency
4 53 b 0.46 +0.03 00
4 -35 b 0.46 +0.03 00
5 —6.2 940d 0.29 £0.04 0.10 £0.013
5 -5.4 960 0.46 £0.12 0.16 £ 0.05
6 -7.3 990¢ 0.66 £0.12 0.46 £ 0.09
6 -6.6 990°¢ 0.67 £0.12 0.42 +0.12
7 -7.7 1000 0.35+£0.16 0.31+£0.16
7 —6.1 1235 0.65+0.15 0.62+0.14
8 -6.3 1330 0.901 + 0.004 0.782 =+ 0.008
8 -4.7 1585 0.832 +0.007 0.797 £ 0.010
9 5.4 15400 0.52+0.19 0.43+0.16
9 —4.4 1625° 0.88 £0.04 0.84 £ 0.02
10 -6.0 1580 0.86 £ 0.04 0.72 £ 0.05
10 -5.0 1710 0.91+£0.06 0.84 £ 0.06
11 -5.7 1755¢ 0.90 £0.08 0.82 £ 0.07
11 —4.8 1770 0.94 +0.06 0.91 +0.06
12 -4.9 1890 0.66 £ 0.24 0.57 £0.27
12 -4.3 1905 0.88 £0.02 0.79 £ 0.05

a .
Cross Section measurements as reported by Purves et al. [40].

b . . -
Purves et al. did not report cross section measurements for ubiquitin 4+.

CV values used for ECD spectra are outside reported collisional cross sections [40]. Cross sections have been estimated as the nearest measured collisional
cross section.

CV value used for ECD spectra is not within 0.25 V of the CV value used by Purves et al. when reporting collisional cross sections [40]. The cross
section value in the table has been estimated by linear interpolation between reported values.
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