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Abstract:

It is known that ion collision cross section (CCS) may be calculated from the
linewidth of a Fourier transform ion cyclotron resonance (FT-ICR) mass spectral peak
at elevated pressure (e.g., ~10° Torr) However, the high mass resolution of FT-ICR
is sacrificed in those experiments due to the high buffer gas pressure. In this study, we
describe a linewidth correction method to eliminate the windowing-induced peak
broadening effect. Together with the energetic ion-neutral collision model previously
developed by our group, this method enables the extraction of CCSs of biomolecules
from high-resolution FT-ICR mass spectral linewidths, obtained at typical operating
buffer gas pressure of modern FT-ICR instruments (~10"° Torr). CCS values for
peptides including MRFA, angiotensin I, and bradykinin measured by the proposed
method agree well with ion mobility measurements, and the unfolding of protein ions

(ubiquitin) at higher charge states is also observed.
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Introduction:

Structural analysis of a biomolecule, such as the conformations of a protein, is
critically important to understand its biological functions at a molecular level.""* Mass
spectrometry (MS) has been widely employed for biomolecule identification,
quantitation, and structure determination.’ Based on different principles, ion mobility
spectrometry (IMS) and tandem mass spectrometry (tandem MS) are two widely used
mass spectrometric techniques to acquire complementary ion structural information of

*° With the rapid development of proteomics, there is increasing demand for

an ion.
complementary ion structure determination techniques.

Efforts have been made to perform ion CCS measurements with mass analyzers,
so that molecular weight, fragmentation pattern, and CCS of an ion could be obtained
simultaneously in a single device. Since the 1960’s, a number of experiments have
been carried out to measure CCSs of low-mass ions in an ion cyclotron resonance
(ICR) cell at elevated pressures (up to a few mTorrs).”'® For example, CCS
measurements for crown ether ions have been demonstrated from FT-ICR MS at
elevated pressures.11 In the elevated pressure range (>~10 Torr), ion motion decay is
sufficiently fast to determine ion CCSs from frequency domain linewidths in FT-ICR
mass spectra. In 2014, a method for ion CCS measurements in quadrupole ion traps
was also proposed theoretically, based on a time-frequency analysis method. "

We recently reported a CCS measurement method based on time-domain data
acquired by FT-ICR mass spectrometry.® Here, we present a method in which the
corrected linewidths of FT-ICR mass spectra in frequency domain are used to
determine CCSs of biomolecules. In this work, ion motion-induced image currents
were recorded in the typical working pressure range of modern FT-ICR cells (< 107
Torr), in which the region windowing-induced peak broadening effect needs to be
taken into account to accurately calculate ion CCSs from mass spectral linewidths.
Experimental parameters were carefully chosen so that image current decay was
pressure-dominant."* A linewidth correction method was then developed to eliminate
windowing-induced peak broadening effect. While maintaining high MS resolution,

we calculated CCSs of MRFA, bradykinin, angiotensin I, and ubiquitin directly from
3
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corrected linewidths in frequency-domain FT-ICR mass spectra. The presently
determined CCSs agree well with those measured by ion mobility mass spectrometry
(see below), suggesting that the proposed methodology offers a potentially
complementary approach to probe biomolecule gas-phase structure. Compared to the
time-domain approach," this frequency-domain linewidth correction method is more
straightforward without the need of advanced data processing, and it can be easily

extended to other type of high-resolution mass analyzers, such as Orbitraps.'> '

Theory and Methods

To perform CCS measurements inside an FT-ICR cell, a correlation between mass
spectra linewidth and ion CCS must be established, assuming that the energetic
hard-sphere collision model accurately describes ion-neutral collisions. Details of the
collision model are described by D. Guo etal.'”  Briefly, the total number of ions in a
coherent packet (), and corresponding image current signal at cyclotron frequency

(D), are described by exponential decay.'
N(t)~e T, 1(t)~e/Tcos(wt) (1)

7 is an exponential damping time constant equal to 1/nve, in which #n is the neutral

density (n=P/KT’ for an ideal gas, P is pressure, K is Boltzmann constant, and 7’ is

temperature), v is ion speed, and o is the ion CCS. After Fourier transformation of Eqn.

(1), the real part corresponds to the absorption-mode line shape (4(w)),

— Ao
Ale) = 1+[(0-wp) ]2 @
in which 4 is the amplitude and wy is the ion cyclotron frequency. Thus,
Aw
== 3)

Aw in Eqn. (3) is the peak width of an image current with infinite time-domain
transient length. In practice, the time-domain transient duration is limited by factors
such as data storage memory size, duty cycle (e.g., for on-line liquid
chromatography/MS), data analysis speed, etc.. As shown in Figure 1 (a-d), limited
transient length causes frequency-domain peak broadening (windowing effect)

following fast Fourier transform (FFT)'™ . Various types of truncation window
1
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functions have been applied to minimize windowing effects.”” *' In order to
extrapolate ion CCSs from linewidth, windowing effects need to be corrected,
especially when high-resolution mass spectra and CCSs are acquired simultaneously.
In that case, pressure-induced ion motion decay is slow, and peak broadening caused
by windowing effects can be comparable to (or larger than) that induced by
ion-neutral collisions.

Windowing-induced peak broadening compensated for rectangular windows of
different window widths. For an exponential decay signal truncated by a rectangular
window of width, 7, the real component Fourier transform frequency-domain

spectrum is:

e~ T/T7(eT/T=cos(Tw)+1w sin(Tw)) (4)

T —t/T —
Jy e7F cos(wt)dt = P

Before correction, the measured linewidth at half maximum (Aw’) can be used to

calculate the decay time constant,

e~T/T7(eT/T—cos(TAw")+Tw sin(TAw’)) _ e T/tr(eT/T-1) (5)
1+12(Aw’)? - 2

Experimentally, Aw’ could be measured directly from the absorption-mode
spectrum, and 7, the rectangular window width. Eqn. (5) may be solved numerically
toobtain the decay time constant, 7, from the corrected absorption-mode linewidth
(Aw = 2/1), as shown in Eqn. (5). Based on Eqn. (5), Figure le shows the correlation
between the measured linewidths (Aw’) and corrected linewidths (Aw) processed by
different square window widths. It should be noticed that improved agreement
between measured and corrected linewidths is observed for 1) longer transient data; or
2) higher buffer gas pressure, which leads to faster decay and thus larger corrected

linewidth.

Experimental Section

Experiments were performed with a custom-built 9.4 T FT-ICR mass
spectrometer with cell pressure 10'° Torr (unless otherwise specified).”>  Ultramark,
bradykinin, angiotensin I, ubiquitin, and cytochrome ¢ were purchased from Sigma

Aldrich (St. Louis, MO, USA). Samples were used without further purification.
5
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Electrosprayed samples were diluted to 1.0 pmol/L in methanol/water 1:1 v/v with 0.1%
formic acid. Image current data were collected for 6.115 s transient with 8388608 data
points. Data were further processed with Matlab (MathWorks Inc.) without

zero-filling.

Results and Discussion

To accurately measure the CCS of an ion in a FT-ICR cell, ion motion decay must
be pressure-dominant. In other words, the mass spectral peak width needs to be
determined by ion-neutral collisions. Other factors, including electric and magnetic
field inhomogeneity, space charge effects, and spectral leakage due to windowing also
affect the linewidth and peak shape in an FT-ICR mass spectrum. Besides the use of
corrected linewidth to eliminate the windowing effect, experimental setup and
instrument parameters were carefully controlled to minimize field inhomogeneity and
space charge effects.

Ideally, the three-dimensional electrostatic trapping potential in an ICR cell
should be perfectly quadrupolar. However, higher-order fields contributions are
inevitable due to electrode geometry, electrode truncation, fabrication deviation, etc.?
It is known that the effect of higher-order electric fields components increases with
increasing ion cyclotron post-excitation radius. We used two methods to minimize
electric field imperfection: 1) an ICR cell with minimum higher-order field
components was employed; 2) ions were excited to a relative low cell radius. An
electrically compensated ICR cell with an inner diameter (ID) of 94 mm was used.*
Ions were excited to a radius of 18.8 mm (40% cell radius) before detection. To probe
the linewidth effects caused by field imperfection, ions were excited to different radii
before image current measurement. As shown in Figure 2a, linewidth for ubiquitin
(m/z 1071.595) increased slightly from 0.271 to 0.280 Hz (~3.6% variation) as the ion
excitation radius varies increased from 14.1 to 28.2 mm. It is also known that the
effect of space charge decreases with increasing ion post-excitation cyclotron radius,
because ions of different m/z spread out around a wider circumference. Therefore,

as a compromise between these two effects, ion excitation radius was kept at 18.8 mm

6
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for all experiments unless otherwise specified. Due to the stronger high-order electric
field and image charge forces at higher ion excitation radius,'” a small shoulder could
be observed for the mass spectral peak at excitation radius of 28.2 mm.

Coulomb interactions between ions cause dephasing of ion coherence, which
leads to peak broadening.*** Space charge effects were minimized by limiting the
total ion number in the ICR cell. Thus, ions were accumulated for 40 ms in an
external octopole accumulator before injection into the cell. To characterize space
charge effects, broadband mass spectra and SWIFT*-isolated precursor mass spectra
were both collected and their linewidths compared (see Figure 2b). The detected peak
widths for the broadband and SWIFT-isolated spectra are similar for MRFA,
angiotensin I, and ubiquitin, suggesting that space charge effects are negligible.

Buffer gas pressure inside the ICR cell was controlled by a pulsed leak valve, and
multiple experiments were carried out to confirm the prerequisite. In Figures 2c¢ and
2d, the corrected for ubiquitin and MRFA is plotted as a function of buffer gas
pressures. Nearly linear relationships are observed for all cases. In addition,
intersection points with the y-axis are close to zero (within -0.016 to -0.01 Hz),,
indicating that the corrected linewidth is indeed pressure-dominant. Furthermore,
mass spectral peaks for ubiquitin disappear on buffer gas pressure was increased from
10" to 10° Torr, indicating that ion-neutral collisions are overwhelming and
ubiquitin ions are totally dephased and/or ion packet coherence is destroyed during
the 6.115 s image current detection duration (see Figure 3).

Under carefully controlled experimental conditions, the corrected linewidths were
used to calculate the CCSs for different ions. Figure 4a shows the calculated CCSs for
ubiquitin ions of different charge states. In the experiments, isotope ions were
assumed to exhibit identical CCS. CCSs calculated for different buffer gas pressures
(10'10, 2.3%10™°, 5.2x10"° and 10” Torr) and repeated measurements (3 repeated
measurements at 10" Torr) were processed together. Previous experiments have
shown that ubiquitin exhibits a more extended conformation as more charges are
added, based on analytical techniques such as electron capture dissociation (ECD)**"

>’ H/D exchange™ and IMS-MS.*”*° Two effects may accounts for the relatively
7



Physical Chemistry Chemical Physics

large error bars in CCS measurements: (a) unfolding of an ion, especially for a large
biomolecular ion, could be a continuous process, so that the structure and CCS of an
ion would span a range instead of several fixed values;*' and (b) differences between
parallel experiments, such as exact ion number, statistical nature of ion-neutral
collisions, variation of temperature, buffer gas pressure inside the FT-ICR cell, etc.
Figure 4b shows the correlation between the CCSs of MRFA, bradykinin, angiotensin
I, and ubiquitin measured in the present study and those determined by IMS
experiments. An excellent linear relationship was observed, suggesting that the
present method could serve as a complementary approach compared to IMS for ion
structure analysis. Moreover, because the CCS measurements were performed at low
buffer gas pressures (<10” Torr), high resolution mass spectra could be obtained
simultaneously. As seen in Figures 4c to 4e, a resolving power of ~500,000 (at m/z

1600) or higher (at m/z 433 and m/z 531) was achieved at 10 Torr.

Conclusions:

As a proof-of-principle, we have determined ion CCSs from the corrected
linewidths of FT-ICR mass spectral peaks. Under controlled experimental conditions,
high resolution mass spectra acquisition and CCS measurements could be performed
at the same time at a relatively low buffer gas pressure (<10” Torr). Because the
maximum exchange energy that an ion could obtain from an ion-neutral collision is
inversely proportional to the square of m/z,'" more collisions are required for
sufficient damping for larger ions. The present method appears suitable for ions
smaller than ubiquitin, except for very rigid ions with fragmentation energy higher
than that for ubiquitin ions. Larger ICR cells and stronger magnetic fields are required

in order to extend ion mass range for CSS measurements.
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Figure 1. (a) An infinitely long time-domain signal. (b) Absorption-mode frequency
spectrum of the time-domain signal of (a). (¢c) The same time-domain signal weighted
by a 6-second truncation window. (d) Frequency spectrum of the time-domain signal
of (c). (e) Relationship between the detected linewidth and the corrected linewidth.
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Figure 2
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Figure 2. (a) Measured linewidths for ubiquitin ions (m/z 1071.595 Da) at different
post-excitation excitation ion cyclotron radii. (b) Measured linewidths in the full mass
spectrum without performing ion isolation versus those in the SWIFT-isolated
spectrum. (¢) Corrected linewidths for ubiquitin ions of different charge states at

different buffer gas pressures. (d) Corrected linewidths for MRFA ions at different
buffer gas pressures.

Table 1. Linear fitting equations and standard deviations for the lines in Figure 2c.

Charge states Fitting Equations R’
+7 y=0.18661 x - 0.01625 0.98458
+8 y=0.23123 x + 0.04004 0.97883
+9 y=0.3071 x - 0.08442 0.98396
+10 v=0.35232 x- 0.07839 0.99522
+11 ¥=0.39769 x - 0.12446 0.97886
+12 »=0.41693 x- 0.01004 0.9999
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Figure 3
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Figure 3. Positive electrospray ionization 9.4 T FT-ICR mass spectra of ubiquitin (a) at base
pressure of 107" Torr; (b) at a pressure of 10™ Torr. ~ Signal-to-noise ratio is greatly
reduced in (b) because the time-domain signal damps early in the data acquisition

period.
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Figure 4
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Figure 4. (a) CCSs of ubiquitin ions of different charge states. (Calculated based on
results collected at different buffer gas pressures--see text for details.) (b) CCSs
obtained in this work versus the results from ion mobility measurements. The
corresponding mass spectra of (c) ubiquitin, (d) MRFA, (e) angiotensin I, and
bradykinin.
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TOC

A linewidth correction method was introduced, which enables the measurement of
biomolecule CCSs in FT-ICR cells at 10" Torr.

10-1° Torr 0.18 Hz

"

Measured linewidth  “True” linewidth
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