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Abstract
Protonated poly(ethylene glycol), produced by electrospray ionization (ESI), with molecular weights
ranging from 0.3 to 5 kDa and charge states from 1+ to 7+ were characterized using high-field
asymmetric waveform ion mobility spectrometry (FAIMS). Results for all but some of the 3+ and 4
+ charge states are consistent with a single gas-phase conformer or family of unresolved conformers
for each of these charge states. The FAIMS compensation voltage scans resulted in peaks that could
be accurately fit with a single Gaussian for each peak. The peak widths increase linearly with
compensation voltage for maximum ion transmission but do not depend on m/z or molecular weight.
Fitting parameters obtained from the poly(ethylene glycol) data were used to analyze conformations
of oxidized and reduced lysozyme formed from different solutions. For oxidized lysozyme formed
from a buffered aqueous solution, a single conformer (or group of unresolved conformers) was
observed for the 7+ and 8+ charge states. Two conformers were observed for the 9+ and 10+ charge
states formed from more denaturing solutions. Data for the fully reduced form indicate the existence
of up to three different conformers for each charge state produced directly by ESI and a general
progression from a more extended to a more folded structure with decreasing charge state. These
results are consistent with those obtained previously by proton-transfer reactivity and drift tube ion
mobility experiments, although more conformers were identified for the fully reduced form of
lysozyme using FAIMS.
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1. Introduction
The ability to characterize complex mixtures, such as environmental, natural product, and
cellular proteome samples, can be greatly enhanced by using two or more orthogonal methods
of analysis. For example, the combination of liquid chromatography (LC) with mass
spectrometry has been used to separate and identify thousands of proteins from microgram
sample quantities [1]. Although the peak capacity of LC separations can be high, the time
required for optimum separations can be long which limits sample throughput. For example,
two dimensional LC separations can have peak capacities of ∼3000 but can require up to 30 h
analysis time [1,2]. The development of rapid separation methods to either augment or replace
traditional solution-phase separations could result in improved analytical capabilities and
increased sample throughput [3].
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Drift tube ion mobility spectrometry (IMS) and high-field asymmetric waveform ion mobility
spectrometry (FAIMS) are rapid gas-phase separation methods with potential to significantly
increase sample throughput. Clemmer and coworkers have developed an on-line combination
of LC, IMS, and mass spectrometry to improve separations without increasing analysis time
[4-6]. This method has been used for both bottom-up [7-10] and top down approaches to
proteomics [11]. The gas-phase conformers of peptides, proteins, and DNA have also been
investigated using drift tube IMS [12-20].

FAIMS [21-23] can also been used to separate a wide variety of ions in the gas phase, and has
been used to separate protein conformers [21,22]. With FAIMS, ions are separated based on
differences between the mobility of the ion in the presence of weak and strong electric fields
[22]. Ions formed by electrospray ionization (ESI) can be introduced into the FAIMS device
through a desolvation region into a gap between two cylindrical electrodes. The use of
cylindrical electrodes can enhance ion transmission through the FAIMS device due to ion
focusing which can result in improved sensitivity [24]. Ions are transmitted past the electrode
surfaces towards the entrance of the mass spectrometer by a carrier gas that flows between the
two electrodes. An asymmetric waveform is applied to one electrode. Ions are displaced
towards one and then the other electrode by a high field for a short time followed by a low field
of opposite polarity for a longer time. If the ion mobility is the same at high and low electric
fields, the ion will experience zero net displacement towards an electrode and will be
transmitted through the FAIMS device into the mass spectrometer. However, the mobilities of
most ions depend on electric field strength over the range used in these experiments resulting
in a net displacement of the ions towards one of the electrodes. The mobilities of atomic ions
and small organic ions tend to increase at higher electric fields, whereas the mobilities of
proteins and larger molecules tend to decrease at higher electric fields [21]. To select which
ions are transmitted into the mass spectrometer, a dc potential, referred to as a compensation
voltage (CV), is applied to one electrode to eliminate the net displacement of the ion towards
one electrode of the FAIMS device. CV scans are generated by scanning through a range of
compensation voltages and measuring the ion abundance transmitted through the FAIMS
device as a function of compensation voltage. Although it is currently not possible to determine
absolute cross-sections directly from the FAIMS CV scans, the presence of different gas-phase
conformations of the same ion is indicated by two or more peaks of ion transmission in FAIMS
CV scans [25].

Although separation by FAIMS and drift tube IMS are fast, the number of components that
can be separated is relatively small. In many cases, incomplete separations lead to broadened
peaks in mobility scans. With drift tube ion mobility, the instrumental response is typically
well characterized so that the number of components that contribute to broadened peaks can
be estimated by determining the minimum number of overlapping flight time distributions
required to fit the observed experimental data [26-28]. Such fitting processes have been used
for protein separations [28] and have also been used to determine dimer binding energies
[15] and barrier heights for conversions between conformers [16,17].

The minimum number of unresolved conformers in FAIMS CV scan peaks is difficult to
determine by fitting methods because the width of peaks in FAIMS CV scans depends on many
factors, such as the shape of [29,30] and gap between [30] the electrodes, the frequency and
magnitude of the applied asymmetric waveform [31], the carrier gas composition [32-35], and
the compensation voltage [24]. The variety of parameters influencing the width of FAIMS CV
scan peaks makes it challenging to accurately predict the expected peak width of a single gas-
phase conformer.

Guevremont and coworkers reported that peak shapes are influenced by ion focusing from the
curved electrode surfaces used in cylindrical devices, with ion–ion repulsion and ion diffusion
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limiting the extent of ion focusing [22,24]. Increased ion focusing results in wider peaks in
FAIMS CV scans. For ions with a larger difference between high and low mobility, the ion
focusing is greater and a higher magnitude CV is required for ion transmission into the mass
spectrometer. Therefore, ions with larger peak widths due to increased ion focusing are
transmitted through the FAIMS device at higher magnitude CV values [22,24]. This correlation
between peak width and CV presents a challenge for estimating the number of conformers in
CV scan peaks as the expected peak width of a single conformer is different for ions transmitted
through the FAIMS device at differing compensation voltages.

The relationship between CV and peak width can be experimentally determined from CV scan
data of a series of ions with a single gas-phase conformation transmitted through the FAIMS
device in a range of CV values. Polyethlylene glycol has a single major conformation as
measured by drift tube IMS [36-39], with several lower abundant minor peaks resolved by
FAIMS CV scans [40]. The low molecular weight PEG samples used in these FAIMS and drift
tube IMS studies have a limited range of molecular weights and charge states. The structures
of higher molecular weight PEG ions have been characterized by differential mobility analysis
[41] and these ions can be used to extend the range of molecular weights and charge states used
in such an analysis.

Here, we experimentally determine the relationship between peak width and compensation
voltage using CV scan data of the synthetic linear polymer PEG and apply this relationship to
estimate the minimum number of lysozyme conformers separated by FAIMS, both with
disulfide bonds intact and reduced. Lysozyme was used to evaluate this method because there
are extensive collisional cross-section [28] and gas-phase basicity [42] measurements which
suggested significant gas-phase conformational differences between ion populations with
disulfide bonds intact and reduced.

2. Experimental
2.1. Samples

Polyethylene glycol 600, 3400, 4600, hen egg-white lysozyme, and dithiothreitol (DTT)
(Sigma–Aldrich Co., St. Louis, MO) were used without further modification except for
experiments in which the disulfide bonds of lysozyme were reduced as described below.
Methanol, acetic acid (Fisher Scientific, Pittsburgh, PA), and ammonium bicarbonate (J.T.
Baker, Phillipsburg, NJ) were used as received. The solution concentrations of all PEG samples
with average molecular weights of 600, 3400, and 4600 Da were 100 μM (calculated from the
average molecular weight) in 49.5/49.5/1% by volume water/methanol/acetic acid. Lysozyme
solutions were 3 × 10−5 M in either an aqueous solution buffered with 200 mM ammonium
bicarbonate or 33.2/66.5/0.3%, by volume, water/methanol/acetic acid solution. Some water/
methanol/acetic acid solutions contained 1.3 mM DTT as a reducing agent. Disulfide bonds
were reduced using the method of Gross et al. [42]. In short, 1 mL aliquots of 50 μM lysozyme
and 2 mM DTT were heated in a 100 °C water bath for 30 min. The heated solution was then
diluted with methanol and acetic acid to the concentrations described above and loaded into a
resistively heated ESI nanocapillary tip. The capillary tip was heated to ensure that the disulfide
bonds remained reduced.

2.2. Mass spectrometry
All mass spectra were obtained on the Berkeley-Bruker 9.4 T FT/ICR mass spectrometer
(Bruker Daltonics, Billerica, MA) [43]. The extended pseudo-open cylindrical cell used in
these experiments has been described previously [44]. Ions were formed by nanoelectrospray
using a pulled capillary that was positioned about 5 mm from the opening in the curtain plate
of FAIMS [44]. A voltage of 2400−2900 V was applied to a platinum wire inserted into the
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back end of the capillary so that it made contact with the solution to be sprayed. Ions were
accumulated in the hexapole ion guide for 0.2 s prior to injection into the cell and eight ion
injections were used prior to mass analysis. No signal averaging was done. Data in which the
disulfide intact versus reduced forms of lysozyme are compared were all obtained on the same
day.

2.3. FAIMS
An Ionalytics Selectra (Thermo-Electron, Waltham, MA) was used for the FAIMS
experiments. The interface of FAIMS to the Berkeley-Bruker FT/ICR mass spectrometer has
been described previously [40,44]. The asymmetric waveform that is used in the FAIMS
apparatus consists of a sine wave that is combined with the second harmonic which is 90° out
of phase. The maximum amplitude, or dispersion voltage (DV) of this waveform was −3800
and −4600 V for lysozyme and PEG, respectively. For all experiments, a nitrogen carrier gas
flow rate of 2 L/min was used, the potential of the outer FAIMS electrode was −30 V and the
curtain plate potential was 1000 V. CV scans were obtained by changing compensation voltage
from −2 to −22 V with a step size of about 0.1 V.

2.4. Analysis
All FAIMS data was analyzed using R statistical analysis software (R foundation for Statistical
Computing, Vienna, Austria) Version 2.1.0. Both PEG and lysozyme CV scans were fit to a
Gaussian equation:

(1)

where a, b, and c, are the amplitude, center, and population standard deviation, respectively.
The population standard deviation is related to the full width at half maximum (FWHM) by:

(2)

The CV data were fit using the curve fitting tool in Matlab (The Mathworks, Natick, MA). For
the PEG data, the program was used to find the optimized parameters for a single Gaussian
peak. The peak widths for the protonated PEG data were then plotted against the CV of the
Gaussian center and a trend line was fit to this data. Using the equation from this trend line,
the width of a single conformer was calculated at specific CV values. The lysozyme CV data
was then fit by iteratively fixing the width, finding the optimum center at that width, and then
adjusting the width to the new center. This typically required three to four iterations. The
number of Gaussians under the CV data was then taken to be the minimum number necessary
to fit the data.

3. Results
3.1. FAIMS CV scans of PEG

Protonated molecules of PEG with molecular weights ranging from 370 to 5126 Da and with
charge states ranging from 1+ to 7+ were formed from PEG 600, 3400, and 4600 solutions.
CV scans were obtained for the ions formed from these three solutions. For each of the PEG
ions, there is typically a single major peak of ion transmission through the FAIMS device.
Representative CV scans for several charge states of protonated PEG oligomers formed from
solutions containing PEG 600 and 3400 are shown in Fig. 1. Using drift tube IMS, Bowers and
coworkers found that there was a single conformer for singly charged, cationized PEG 600
ions [36-39]. Using FAIMS, Robinson et al. found a single large peak (98.9%) and three minor
peaks in CV transmission for singly charged sodiated PEG, indicating the presence of a single
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predominant conformer and three low abundance conformers [40]. With a differential mobility
analyzer, Ude et al. measured mobilities of ammoniated PEG over a wide range of m/z and
showed general trends in ion conformation as a function of molecular weights and charge states
[41]. These results indicate that the major peak in each PEG CV scan corresponds to a single
gas-phase structure or unresolved population of structures.

To characterize the peaks observed in CV scans of PEG ions for which a single conformer or
family of unresolved conformers are indicated, a Gaussian distribution is fit to the major peak
for each PEG n-mer. The CV value of maximum ion transmission and the width for the PEG
CV scan peaks are determined from the center and width (b in Eq. (1) and c in Eq. (2)) of the
Gaussian distribution fitted to each PEG CV scan peak. Peaks corresponding to the 3+ charge
state with masses between 2800 and 3600 Da clearly have shoulders indicating the presence
of multiple unresolved conformers (data not shown). These data were excluded from further
analysis. In general, the peaks can be accurately fit by a Gaussian distribution; the R2 error in
the fit is less than 0.97 in most cases. The width of the peaks in CV scans increases as the
magnitude of compensation voltage for ion transmission increases (Fig. 1). Guevremont and
coworkers observed similar results for a mixture of five amino acids and suggested that the
increase in CV scan peak widths is due to the increased ion focusing for ions transmitted
through the FAIMS device with increased magnitude of compensation voltage [22,24].

3.2. Modeling peak width
To better characterize the relationship between peak width and CV, the widths and CV values
of maximum ion transmission were determined for 280 protonated PEG ions from PEG 600,
3400, and 4600. These data show a linear relationship for peak width versus CV with a slope
of −0.10 and an R2 error of 0.78 (Fig. 2).

To determine if there is a correlation between peak width and m/z, peak widths for charge states
1+ to 7+ from PEG 600, 3400, and 4600 are plotted versus m/z in Fig. 3. Peak widths ranged
from 0.4 to 2.2 V for ions spanning a m/z range from 300 to 1350 with no consistent trend.
However, peaks for PEG 3+ and some 4+ charge states are significantly wider than those of
other charge states. A plot of m/z versus CV values for maximum ion transmission (Fig. 4)
show that the PEG 3+ and 4+ ions that have wider peaks (m/z 850−965) are transmitted through
the FAIMS device at more negative CV values than those for the other PEG ions. Thus, the
larger peak width of these ions correlates to the CV value of ion transmission, not m/z.

It is likely that the different trend in transmission through FAIMS observed for these larger 3
+ and 4+ ions is due to a difference in the gas-phase conformers of these ions compared to the
other PEG ions in this study. Bowers and coworkers found that the cross-sections of singly
cationized PEG ions increase linearly with molecule size [36,39]. For ammoniated PEG ions,
Ude et al. found that the conformation of very low charge state ions approached a limit
corresponding to an “almost spherical” shape, whereas the conformation of highly charged
ions corresponded to a more stretched linear structure [41]. In between the two limits, both
intermediate and transition structures were observed [41]. The PEG ions in the FAIMS studies
are protonated and the charge density of the ions corresponds to the range of “stretched”
structures observed for the ammoniated species [41] with the exception of the high mass 3+
and 4+ and the low mass 2+ charge states. For the 3+ and 4+ charge states, the charge density
corresponds to the transition to partially folded structures that Ude et al. determined for the
ammoniated species [41]. The differential mobility measured by FAIMS is significantly larger
for these transition structures, which may be the result of higher conformational flexibility.
The charge density for the 2+ ions spans the range corresponding to the “stretched” and “almost
spherical” structures for ammoniated species [41]. The presence of different conformer types
may explain the trend in CV versus m/z for some of these ions.
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The peak widths for a single conformer type in the CV scans do not correlate with m/z but do
correlate with the magnitudes of the CV value. Using the CV versus peak width trend, the
intrinsic peak width of a single conformer population at a given compensation voltage with the
parameters used in this experi- ment can be determined. The minimum number of conformers
present in a CV scan for which multiple unresolved conformers are present can be estimated
by determining the minimum number of Gaussian distributions, with peak widths constrained
by the peak width versus CV relationship, required to fit the CV data.

3.3. FAIMS of lysozyme
ESI mass spectra of lysozyme from a buffered, aqueous solution results in two dominant charge
states, 7+ and 8+ (Fig. 5a), whereas 9+ to 12+ charge states are produced from water/methanol/
acetic acid solutions that contain DTT (Fig. 5b). ESI mass spectra from denaturing solutions
with and without the reducing agent DTT had no significant differences in either the charge
state distribution or the extent of the reduction indicating that the addition of DTT has little
impact on lysozyme conformations or disulfide bonds when the solutions are at room
temperature. In the ESI mass spectra obtained from heated water/methanol/acetic acid solutions
without DTT (Fig. 5c), the high charge states are more abundant and the charge state
distribution is bimodal suggesting the presence of two or more populations of conformers in
solution. This result is consistent with slightly more unfolded protein conformations being
populated at high temperatures. The lack of additional charges states in the distributions
suggests that the conformations accessible to the protein are similar in the two solutions. Water
loss is observed for some fraction of the ions formed from heated solutions.

Lysozyme has four disulfide bonds which can be reduced by a combination of adding a reducing
agent, such as DTT, and heating the solution (Fig. 5d) [42]. Both heating the solution and the
presence of a reducing agent are required to reduce the disulfide bonds in lysozyme. No
detectable change in mass is observed when only the reducing agent is present (Fig. 5b) or
when the solution is heated without the reducing agent (Fig. 5c). By fitting the isotope
distributions, we conclude that less than 10% of the lysozyme ions have a single disulfide bond
reduced under these conditions. In contrast, ESI mass spectra of lysozyme from heated
solutions that have DTT result in ions that are fully reduced (less than 20% of the population
has a single disulfide bond intact). These ions have the highest charge states indicating that
they have the most extended conformations.

CV scans of the 7+ and 8+ charge states formed from the buffered aqueous solution result in
a single peak (Fig. 6). For 9+ and 10+ charge states formed from a water/methanol/acetic acid
solution with DTT at room temperature (fully oxidized), there is a single peak with a broad
shoulder for each (Fig. 6). Similar CV scans for the 9+ and 10+ are obtained for the heated
water/methanol/acetic acid solution without the reducing agent (data not shown). This indicates
that either heating the solution or adding the reducing agent alone has little effect on the gas-
phase conformations of lysozyme. CV scans for the 10+ through 16+ charge states formed
from a lysozyme solution with reduced disulfide bonds have broadened peaks or shoulders
indicating the presence of two or more conformers for each, whereas the peak for the 17+
charge state is narrower suggesting a single dominant conformer (Fig. 7).

3.4. Gas-phase lysozyme conformations
The minimum number of conformers that constitute a FAIMS CV peak is estimated by
determining the minimum number of Gaussian distributions required to fit the data. The peak
widths of the Gaussian distributions are determined using the relationship between peak width
and CV value determined from the PEG data. For these PEG data, the peak widths depend
strongly on compensation voltage but not m/z, charge state, or molecular weight. This suggests
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that the fitting parameters determined from the PEG data should be applicable to the lysozyme
data as well.

The peaks for the 7+ and 8+ charge states formed from buffered aqueous solutions can be
accurately fit by a single Gaussian distribution indicating that a single conformer or family of
unresolved conformers is transmitted through the FAIMS device for these charge states (Fig.
6). Two Gaussian distributions are required to fit the data for the 9+ and 10+ charge states
formed from the unheated denaturing solution indicating the presence of two partially resolved
conformers, or families of conformers (Fig. 6).

For the reduced lysozyme 11+ through 16+, three Gaussian distributions are required to fit the
data indicating the presence of at least three conformers for each of these charge states (Fig.
7). It is possible that the low abundance conformers may correspond to the small fraction of
the population that has a single disulfide bond intact (<20% overall abundance). The use of
FAIMS to separate populations with differing numbers of disulfide bonds intact is currently
under investigation. Two Gaussian distributions are required to fit the 10+ charge state,
indicating two conformers in the ion populations of these charge states (Fig. 7). The 17+ has
one conformer in the ion population as indicated by the single Gaussian distribution required
to fit the observed CV scan data (Fig. 7). The charge state, CV, and relative percentage of the
conformers, formed from different solutions, as determined by the Gaussian fitting are
summarized in Table 1.

CV scans for lysozyme 10+ formed from the same solution containing DTT, but with one
solution at 20 °C (fully oxidized) and one heated to 100 °C for 30 min (fully reduced) are
compared in Fig. 8. The fit to the oxidized form indicates the presence of two conformers that
are partially resolved by FAIMS. The fit to the reduced form also indicates the presence of two
conformers that make up the broadened peak in the FAIMS data. The CV values for the reduced
form (Fig. 8b) are less negative than those of the oxidized form (Fig. 8a). With bovine ubiquitin
ions for which collisional cross-section measurements of FAIMS separated conformers have
been performed [45], more compact or folded conformers are transmitted at more negative CV
values. This is consistent with extended conformers being produced from the solution in which
the disulfide bonds are reduced.

4. Discussion
In a buffered aqueous solution, a single dominant conformation is expected. ESI spectra
obtained from this solution results in just two charge states, the 7+ and 8+, consistent with a
compact conformation in solution. In the gas phase, a single conformer or family of unresolved
conformers were identified for these two charge states. For solutions that contain methanol and
acetic acid, more direct comparisons can be made to previous drift tube IMS [28] and proton-
transfer reactivity [42] measurements in which denaturing solutions were also used, although
the exact compositions differed in each of these experiments. For oxidized lysozyme 9+ and
10+, a dominant compact structure (more negative CV) is observed. For both charge states,
the presence of a less abundant more extended conformer is indicated, with the abundance of
this more extended conformer greater for the 10+ than for the 9+ consistent with more Coulomb
repulsion in the former ion. Comparisons of CV values measured for the same ion formed from
different solutions is problematic because the gas composition that flows through the FAIMS
device is slightly different as a result of volatilization of the solvent upon ESI; different gas-
phase compositions can change the differential mobility of an ion [32,33]. However, the data
for the oxidized versus reduced ions should be directly comparable because the solution
compositions were identical and therefore the composition of the carrier gas was the same;
only the temperature of the solution was changed. Nano-ESI of solutions at different
temperatures does not appear to affect the temperature of the gas inside the FAIMS device.
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Proton-transfer reactivity experiments by Gross et al. indicated the presence of two conformers
of oxidized lysozyme for the 9+ and one for the 10+ formed directly from solution, but a second
10+ conformer was produced by charge stripping higher charge state ions [42]. From ion
mobility experiments done in a drift tube, Valentine et al. also observed a dominant peak
corresponding to a largely folded conformation for both the 9+ and 10+ charge states with a
shoulder indicating the presence of a less compact minor conformer [28]. As observed with
FAIMS, the minor conformer with the larger cross-section is more abundant for the 10+ charge
state. Using higher injection voltages into the drift tube, which caused collisional activation
and subsequent unfolding to occur, a total of four different conformers of each of these charge
states were observed [28]. These conformers ranged between highly folded, with cross-sections
about 200Å2 larger than those calculated from the crystal structure to partially unfolded
structures with a cross-section about 600Å2 larger than that of the crystal structure [28].

For the fully reduced lysozyme, a single largely unfolded structure was observed for the highest
charge state (17+) formed directly by ESI. A transition from largely unfolded to more folded
structures (more negative CV) as the charge state decreases from 16+ to 10+ is observed with
FAIMS, with evidence for several intermediate structures present for each of these charge
states. In contrast, only a single extended conformer was identified for each of the 13+ to 15+
charge states from proton-transfer reactivity measurements, but 1, 3, and 2 conformers were
identified for the 10+, 11+, and 12+ charge states, respectively. Drift tube IMS studies indicated
a single conformer for the 10+ to 18+, and also showed a progression from more extended to
partially folded structures with decreasing charge state. These latter experiments were done
with high injection voltages which may have resulted in significant unfolding of the original
starting structures.

For the 10+ charge state of oxidized and reduced lysozyme formed from identical solution
compositions, the FAIMS data indicate the presence of two conformers for each, but these
conformations do not overlap, i.e., both conformers of the oxidized form have more negative
CV values indicating that these ions are more compact. This is consistent with results from
both drift tube ion mobility and proton-transfer reactivity experiments that also indicate that
the oxidized and reduced conformers do not overlap in overall cross-section or shape.

Although the general trends in these data are consistent with what has been measured
previously, more direct comparisons are made difficult because different solution conditions
were used in each of these experiments. In addition, the FAIMS separations probe different or
additional features of the ion population than either collision cross-section or proton-transfer
reactivity measurements alone [44].

5. Conclusions
Low molecular weight PEG appears to be a useful standard for producing predominantly a
single conformer (or a family of indistinguishable conformers) in the protonated form. The 3
+ and 4+ charge states of higher molecular weight PEG ions have notably different sensitivity
to the FAIMS separations which may reflect transitional structures of these ions. From FAIMS
of these ions, the relationship between peak shape, width, and various experimental parameters
was determined. Peaks in the CV data can be accurately fit to a Gaussian; there is linear
relationship between CV value and peak width, but not m/z (for a given conformer type)
consistent with earlier studies that indicate FAIMS separations are largely orthogonal to m/z
[44]. From these relationships, broader FAIMS peaks resulting from unresolved protein
conformers can be deconvoluted.

These results also indicate that FAIMS data could be more efficiently acquired by using a linear
ramp in CV step size rather than a constant step size done conventionally. A linear ramp in CV
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step size would result in peaks of nearly equal width as a function of scan time. This is analogous
to the use of temperature ramps in gas chromatography which make possible improved
separations with less analysis time. The use of a linear ramp in CV step size to improve data
acquisition efficiency in currently under investigation.

For lysozyme, the FAIMS data indicate just a single gas-phase structure for low charge state
ions formed from buffered aqueous solutions, and also a single conformer for the most highly
charged ion (17+) formed from heated denaturing solutions in which all four disulfide bonds
are reduced. Results for lower charge state ions from this latter solution indicate the presence
of multiple conformers. The changes in CV values for reduced lysozyme ions are consistent
with a gradual change from more extended to more compact conformations with decreasing
charge state. Results for the 10+ charge state formed from identical solutions, but one which
is heated and lysozyme is fully reduced clearly shows evidence for a total of four different
conformers, with the two most unfolded conformers corresponding to the fully reduced ions.
Although the peak width depends on several experimental parameters, the use of PEG as a
calibrant appears to provide reliable data that can be used for fitting protein data as well.
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Fig. 1.
FAIMS CV scans of protonated PEG 1+ formed by ESI from a 1.0 × 10−4 M PEG 600 in
49.5/49.5/1%, by volume, water/methanol/acetic acid solution and protonated PEG 3+ through
6+ from a 1.0 × 10−4 M PEG 3400 solution in 49.5/49.5/1%, by volume, water/methanol/acetic
acid. The solid lines are the best fit Gaussian distributions to the experimental data. Data for
the 2+ and 7+ significantly overlap those for the 5+ and 6+, respectively, and were omitted for
clarity.
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Fig. 2.
The peak widths of Gaussian distributions as a function of CV for PEG 1+ (grey filled
triangles), 2+ (solid diamonds), 3+ (open circles), 4+ (black filled triangles), 5+ (squares), 6+
(open diamonds), and 7+ (filled circles). The trend line is calculated using linear regression of
all plotted PEG peak width data.
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Fig. 3.
The peak widths of Gaussian distributions as a function of m/z for PEG 1+ (grey filled
triangles), 2+ (solid diamonds), 3+ (open circles), 4+ (black filled triangles), 5+ (squares), 6+
(open diamonds), and 7+ (filled circles).
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Fig. 4.
The m/z of PEG ions as a function of CV of ion transmission for PEG 1+ (grey filled triangles),
2+ (solid diamonds), 3+ (open circles), 4+ (black filled triangles), 5+ (squares), 6+ (open
diamonds), and 7+ (filled circles).
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Fig. 5.
ESI mass spectra of 3.3 × 10−5 M lysozyme from (a) a 200 mM ammonium bicarbonate aqueous
solution, (b–d) 33.2/66.5/0.3%, by volume, water/methanol/acetic acid solution with: (b) DTT
at 20 °C, (c) 30 min at 100 °C, and (d) both DTT and 30 min at 100 °C. The mass of the ions
formed from solutions with DTT and 30 min at 100 °C (d) indicates that all four disulfide bonds
are reduced. Less than 10% reduction of a single disulfide bond was detected in ESI mass
spectra from the other solutions (a–c). Adducts in (a) corresponding to attachment of sodium
and ammonia are observed for both the 7+ and 8+ change states formed from buffered solutions.
Asterisk (*) indicates instrumental noise peaks.
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Fig. 6.
CV scans for fully oxidized lysozyme 7+ to 10+ charge states formed by ESI from either a 200
mM ammonium bicarbonate aqueous solutions (7+ and 8+) or a 33.2/66.5/0.3%, by volume,
water/methanol/acetic acid solution with 2.0 mM DTT reducing agent added (9+ and 10+) (no
reduced lysozyme present). For the 7+ and 8+ a single Gaussian distribution (solid line) fit the
CV data. The sum of two Gaussian distributions (solid line) fit the CV data for 9+ and 10+.
The individual Gaussian distributions (thin solid lines) that make up the total fit for the 9+ and
10+ are plotted lower for clarity.

Robinson et al. Page 16

Int J Mass Spectrom. Author manuscript; available in PMC 2008 December 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
CV scans for fully reduced lysozyme 10+ through 16+ formed from 33.2/66.5/0.3%, by
volume, water/methanol/acetic acid solution with DTT and heated to 100 °C for 30 min. The
sum of two Gaussian distributions fit the CV data for 10+. For the 11+ to 16+, three Gaussian
distributions fit the CV data and a single Gaussian distribution fit to the CV data for 17+ (solid
lines). Individual Gaussian distributions (thin solid lines) used in the sum for 10+ through 16
+ are plotted lower for clarity.
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Fig. 8.
CV scans for: (a) fully oxidized and (b) fully reduced lysozyme 10+ from 33.2/66.5/0.3%, by
volume, water/methanol/acetic acid solution. The summed Gaussian distribution (solid line)
for both scans is comprised of two individual Gaussian distributions (thin solid lines) which
are individually plotted lower for clarity. Partial mass spectra (right) show isotope distributions
(calculated distributions indicated by “×”) for the 10+ change state indicating an 8 Da mass
change upon reduction of the four disulfide bonds.
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Table 1
The CV of maximum ion transmission, peak width, and relative abundance of the Gaussians used to fit the CV scans
of charge states of oxidized and reduced lysozyme formed from solution consisting of 3.3 × 10−5 M lysozyme in
33.2/66.5/0.3%, by volume, water/methanol/acetic acid with DTT at room temperature and heated to 100 °C for 30
min, respectively

Charge state CV (V) FWHM (V) Relative abundance (%)

Oxidized (disulfide intact) 9+ −11.4 1.86 89
−8.8 1.43 11

10+ −12.1 2.02 78
−9.4 1.52 22

Reduced (disulfide reduced) 10+ −7.7 1.24 74
−8.8 1.43 26

11+ −7.1 1.12 41
−8.0 1.27 54
−5.6 0.90 5

12+ −6.9 1.12 29
−7.8 1.26 59
−5.8 0.93 12

13+ −6.7 1.09 20
−7.8 1.24 52
−5.9 0.95 28

14+ −6.8 1.10 17
−7.8 1.26 32
−6.1 0.98 51

15+ −6.6 1.07 40
−8.1 1.32 11
−6.0 0.96 49

16+ −6.6 1.06 79
−8.8 1.43 5
−5.6 1.43 16

17+ −6.1 0.98 100
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