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ABSTRACT 

The present work employs trapped ion mobility spectrometry (TIMS) for the analysis of ubiquitin ions 

known to display a multitude of previously unresolved interchangeable conformations upon electrospray 

ionization. The conformational distributions of ubiquitin [M +6H]6+ through [M + 13H]13+ ions observed 

by TIMS are nearly identical to numerous drift tube ion mobility spectrometry studies reported in the 

literature. At an experimental resolving power up to ~300,  many of the congested conformations within 

the well-known compact, partially folded, and elongated [M + 7H]7+ states are separated. Minimizing the 

voltages (RF and DC) in the entrance funnel results in exclusive observation of compact [M + 7H]7+ 

conformers. However, under these conditions, the mobility-dependent pseudopotential coefficient may 

discriminate against ions having larger collision cross sections—a universal effect for all RF ion guides, 

funnels, and traps operating in the presence of a gas.  The data presented underscore the complications 

associated with direct comparison of collision cross section values that represent an ensemble average of 

multiple underlying conformations. As illustrated herein, the microheterogeneity within a particular 

conformational family and the relative state-to-state abundance can be altered by solvent memory, 

energetic, and kinetic effects. 
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INTRODUCTION 

Fundamental limitations associated with conventional bulk analysis methods (CD, NMR, X-ray 

crystallography, etc.) have led to the emergence of mass spectrometry (MS) as a complementary 

biochemical tool. One distinct advantage of MS is the ability to rapidly isolate and characterize individual 

components of a system in equilibrium. Of particular importance in the context of structural analysis is 

electrospray ionization (ESI) wherein desolvated analyte ions emerge directly from solution.1,2 Though 

ions transition through various extents of solvation during the ESI process,3-6 several studies have shown 

that ions produced by ESI can retain a memory of their solution conditions7-11 and in some cases, major 

features of their solution structure up to seconds after desolvation.12-18 Implicated in the preservation of 

native states are evaporative cooling leading to kinetic trapping on the experimental timescale,4,5,19-25 the 

relative stability of the native fold,26 and intramolecular interactions that stabilize dry ions after removal 

of remnant solvent from the charge sites.5,22,27-29 In other cases, gaseous protein structures may be entirely 

different from their solution-phase counterparts because the global energy minimum in solution may only 

represent a local minimum in the gas phase.30 In these cases, gentle instrument conditions that inhibit 

isomerization via energetic collisions are considered essential to the preservation of solution structures.31 

To-date, one of the most well-studied protein systems in crystal, liquid, and gas phase is 

ubiquitin. Across a wide range of acidic and alkaline pH, NMR studies in aqueous solution found that 

ubiquitin adopts a compact native (N) state characterized by helical and β-sheet structural elements that 

persist in the presence of organic solvent and super-ambient temperatures.32 In acidic solutions containing 

methanol in excess of 40%, a less compact form (A-state)—characterized by an N-terminal β-sheet 

domain and an extended C-terminal helical region—was observed, whereas an unstructured solution state 

has also been reported.33 Early ion mobility spectrometry (IMS) studies by Clemmer and coworkers 

demonstrated that while high charge states (z > 8+) of ubiquitin ions exclusively adopt elongated gas 

phase structures, low charge states of ubiquitin (z < 8+) can adopt compact conformations upon ESI.34,35 

While the compact conformations are similar in size to the N-state and some of the elongated structures 
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are comparable in size to the A-state, many are not.31,36 Compact states have been found to be stable in the 

gas phase on the timescale of drift tube IMS measurements (tens of ms); however, after storage in an ion 

trap for 40 ms, a significant increase in the collision cross section was observed, indicating substantial 

annealing had occurred.37 Other experiments employing analyses with relatively longer timescales on the 

order of tens of milliseconds to seconds (i.e.: radical directed dissociation, and electron capture 

dissociation) also revealed evidence that low charge states of ubiquitin can adopt structures that do not 

resemble the N-state.38,39   

Though it is widely accepted that ions in drift tube IMS operated below the “low-field limit” 

maintain temperatures near that of the thermal buffer gas,40 other ion mobility techniques such as field 

asymmetric-waveform IMS41 and ion mobility devices employing RF42-44 can potentially heat ions via 

energetic collisions. Trapped ion mobility spectrometry (TIMS) is a new high resolution gas phase 

separation technique that inverts the traditional drift tube IMS experiment. Rather than forcing ions 

through a stationary gas with an electric field, an electric field is used to hold ions stationary against a 

moving gas. In TIMS, ions are radially trapped in a quadrupolar RF field and axially trapped by two 

opposing forces: a DC electric field gradient (EFG) that prevents ions from moving downstream and a 

flow of gas that prevents ions from moving upstream. After a packet of ions is accumulated in the tunnel, 

ions acquire an equilibrium position along the rising edge of the EFG. Ions are then eluted according to 

their mobility as the magnitude of the EFG is reduced. 

Recently, Michelmann et al. derived a first-principles theory for TIMS that clarifies the 

dependence of instrument properties, user-defined experimental parameters, and ion characteristics on the 

analyzer performance.45 In agreement with theory, we have demonstrated that for small peptides and 

model compounds, employing relatively slow EFG scans can yield resolving power exceeding 250.46 In 

the present work, we test the reach of this approach for ubiquitin ions electrosprayed under “native-like” 

solution conditions known to yield compact (C), as well as numerous partially folded (P) and elongated 

(E) states that have been largely unresolved by conventional “high resolution” (R > 50) IMS methods. 
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Effects due to energetics, kinetics, and solvent memory are discussed in the context of numerous hybrid-

MS studies of ubiquitin reported in the literature. 

 

EXPERIMENTAL SECTION 

Ubiquitin was prepared at a concentration of 1 µM in aqueous solutions containing 10-30% 

methanol and 0.1% formic acid; these solution conditions have previously been shown to produce 

compact conformers upon ESI.47 Ubiquitin was also electrosprayed from denaturing solution conditions 

(50:50 water:acetonitrile containing 0.1% formic acid). In all cases, sample solutions were directly 

infused at a flow rate of ~150 µL/hr into a prototype ESI-TIMS-QqTOF mass spectrometer (Bruker 

Daltonics, Billerica, MA).  

The details of the instrumentation have been previously described.48-50 Briefly, the TIMS analyzer 

is comprised of three regions: an entrance funnel, tunnel (46 mm axial length), and exit funnel. An 850 

kHz RF potential at variable peak-to-peak amplitude was applied to each section creating a dipolar field 

in the funnel regions and a quadrupolar field inside the tunnel. For all experiments, the ion accumulation 

time was 18 ms and the entrance funnel pressure of N2 (g) was 3.8 mbar. Unless otherwise noted, the 

voltage scan rate (δ) was 142 V/s. Data were summed for 100 analysis cycles (938 ms/cycle) yielding 

analysis time on the order of 1.56 minutes/frame. Often a single frame is sufficient to measure narrow 

conformer distributions, though the broad distributions of 6+ and 7+ ions required ~5-10 frames for 

adequate sampling. For kinetics studies, ions were trapped in the analyzer for 2 to 350 ms before they are 

subsequently eluted by scanning the EFG. For collisional activation experiments, the peak-to-peak RF 

amplitude (Vpp) and axial field across the entrance funnel (Vf) were varied between 100-230 Vpp and 0-

250 Vf. Reducing the peak-to-peak RF amplitude to 100 Vpp significantly decreased the ion intensities and 

required 50 analysis frames for sufficient sampling. Ion-nitrogen collision cross section values were 

determined by calibration of the elution voltage against the known reduced mobility values for low 
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concentration tuning mix ions (Agilent Technologies, Santa Clara, CA).45,50 All resolving power (R) 

values reported herein were determined from Gaussian peak fits of the features in the TIMS distributions 

(R = Ω/∆Ω) using OriginPro (version 9.0). 

For RF trapping studies, reserpine (m/z 609, Sigma Aldrich, St. Louis, MO) was added to low 

concentration tuning mix to yield a final concentration of 1 µg/mL. The peak monitored at m/z 663 is 

oxidized Naugard 524, a plasticizer commonly observed in its singly protonated form in ESI-mass spectra 

of tuning mix.51 The mixture was analyzed by TIMS using an accumulation time of 7 ms and voltage scan 

rate of 695 V/s. Ion signals for each of the three analytes (m/z 609, m/z 622, and m/z 663) were measured 

as a function of the RF amplitude over the voltage range where ion transmission was first observed (100-

210 Vpp). 

 

RESULTS AND DISCUSSION 

Charge State Dependent Ubiquitin Conformers. Figure 1a contains an ESI-mass spectrum of 

ubiquitin that shows a prominent distribution centered near the 8+ charge state and a secondary 

distribution centered near the 11+ charge state. Figure 1b contains TIMS distributions of m/z-selected [M 

+ zH]z+  (z = 6 to 13) ions with near-baseline separation of all major features comprising the 7+ to 13+ 

charge state dependent conformations. For comparison, discrete ion-nitrogen collision cross section 

values measured by drift tube IMS are shown as vertical lines. In agreement with other IMS experiments, 

protein ion conformations increase in size and often display less conformational heterogeneity as the 

charge state is increased.52-54 Qualitatively, the conformer distributions for the 10+ to 13+ charge states 

are in excellent agreement with drift tube IMS studies recently reported by Bowers and coworkers.31 

There, the authors reported only a single population of 13+ ions whereas 10+ to 12+ ions were each 

comprised of two populations. Here, we observe a similar single major feature for 13+ ions and two 

discrete conformational families for 10+ to 12+ ions, though the higher resolving power afforded by 
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TIMS allows for partial separation of the conformations comprising each of the families. Very recently, 

von Helden and coworkers also reported two populations of 11+ ions separated by drift tube IMS.55 UV 

photodissociation of each population revealed A-state-like gas phase conformations found to differ in the 

cis/trans orientation of a single peptide bond. Here, we clearly observe that the major feature in the 

bimodal distribution of 11+ ions contains at least two conformations. This result is consistent with the 

notion that many structurally similar isomers were present, but ultimately could not be resolved using 

drift tube IMS methods. 

Table 1 shows a quantitative comparison of the ion-nitrogen collision cross section values 

measured by TIMS, and those measured by drift tube IMS. Owing to the conformational complexity of 

ubiquitin and the difference in resolving power between TIMS and drift tube IMS methods, evaluation of 

the data is not straightforward. It is clear from Figure 1 that the collision cross section values measured by 

TIMS generally agree with the literature values. However, exact comparison is complicated as it is 

unclear which conformations resolved by TIMS actually correspond to the discrete values previously 

reported. In the case of 8+, 9+, 12+, and 13+ ions, it appears that the major features contained in the 

TIMS distribution closely match the collision cross section of the literature values; however, in the case 

of 7+, 10+ and 11+ ions, assignment of the literature values to individual or collective features contained 

in the TIMS distribution is unclear. To semiquantitatively estimate the measurement agreement between 

the datasets, a weighted average collision cross section was calculated for 8+ to 13+ TIMS peaks having a 

relative abundance >10% within their respective distribution; note that these peaks are listed in Table 1. 

Comparison of the weighted average collision cross section value measured by TIMS and those reported 

in the literature yields good agreement; in ten of eleven measurements, the percent difference was < 1%. 

In one instance, the percent difference for 11+ ions was 3%. However, it appears that the particular 

conformer reported (2392 Å2) was detected and accurately measured herein (2390 Å2), though its 

abundance was only 28% relative to the conformer at 2300 Å2. These data underscore the complications 

associated with direct comparison of collision cross section values that represent an ensemble average of 
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multiple underlying conformations. That is, only the peak centroid resulting from a conglomeration of 

conformations is measured with lower resolving power IMS techniques. As illustrated below, the 

microheterogeneity within a particular conformational family and the relative state-to-state abundance can 

be greatly altered by solvent memory, energetic, and kinetic effects. 
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z 

Ω [Å2] 

 

Ω [Å2] 

Weighted Average 

Ω [Å2] 

Ref. 56 

Ω [Å2] 

Ref. 57 

7 N 1279 

E1 1760 

E2 1798 

E3 1816 

E4 1828 

E5 1841 

E6 1868 1910 

E7 1908 

E8 1933 

8  1970 
1984 

  

1988 1990 

9 2082 2092 2090 2080 

2110 
 

10 2159 

2226 2206 2200 2228 

2244 

11 2300 

2319 2319 2340 

  2390   2392 

12 2460 

2478 2476 2480 2473 

2560 

13 2637 2600 2625 

Table 1. Comparison of the major features observed by TIMS and ion-nitrogen collision cross section 
values measured by drift tube IMS. For 8+ to 13+ ions, peaks with a relative abundance >10% within 
their respective distribution are listed, though several minor peaks were also observed (see Figure 1). 
Note that the [M + 7H]7+ P state that spans ~1500 to 1750 Å2 is omitted from the list. 

 

Factors Affecting TIMS Distributions of [M + 7H]
7+
 Ions. The data shown in Figure 2b-e 

demonstrate that as expected from TIMS theory, reducing the voltage scan rate by increasing the scan 

time results in superior resolving power. At a voltage scan rate of 122 V/s, at least eight prominent [M + 

7H]7+ elongated conformers are observed at a resolving power as high as ~300, though it is clear that 

several minor peaks are also present. However, increasing the measurement timescale also results in 
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changes in the conformer abundances comprising the family of [M + 7H]7+ extended states such that the 

most abundant extended gas phase species (initially E6) shifts toward E2 (see discussion below).  

Changes in the conformer abundances are also observed upon ESI from denaturing solvent 

conditions. As shown in Figure 2a, when electrosprayed from solvent containing acetonitrile, the most 

abundant conformer is E2 while the abundances of E1, E4, and E5 are significantly reduced. These results 

are consistent with observations made by Clemmer et al. wherein the relative abundance of the elongated 

states produced by collisional activation was dependent upon the solution condition from which the 

protein was electrosprayed.58 These data have important implications when comparing collision cross 

section values across laboratories with IMS analyzers that yield lower resolving power—especially since 

only three of the conformers within the [M + 7H]7+ elongated family have been resolved using drift tube 

IMS.58 On the basis of relative peak positions in the TIMS measurements acquired at lower resolving 

power (Figure 2d-e), we speculate that the three elongated conformers previously observed in helium 

correspond to the peaks E6, E7, and E8, whereas E1 through E5 are conformers that have not been 

previously resolved. 

Of equal importance for structural studies of biomolecules in the gas phase are energetic effects 

that can alter the distribution of states. [M + 7H]7+ ions provide a useful means to study energetic effects 

in TIMS because the conformers are known to exist in a diverse ensemble of compact, partially folded, 

and elongated conformations. The relatively high abundance of peaks P and E in the [M + 7H]7+ 

distribution (see Figure 1b) indicates annealing has occurred prior to TIMS. Analogous to the effect of 

additional charge, weak activation has been shown to unfold a compact conformer into one of many 

partially folded states whereas stronger activation results in conversion into one of several elongated 

conformations.34 Despite relatively large differences in collision cross section, von Helden et al. recently 

reported that many of the conformers comprising the P and E states yield near-identical UV 

photofragment ions, indicating that common structural motifs are shared and retained during the gas 

phase unfolding process.59 
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Here, the principal factors contributing to gas phase annealing prior to TIMS were expected to be: 

(1) the axial voltage across the entrance funnel, (2) the peak-to-peak amplitude of the RF voltage and (3) 

the measurement timescale. Figure 3 shows the effect of the first two variables dramatically alters the 

distribution of [M + 7H]7+ ions observed. For example, applying 250 Vf across the entrance funnel and 

230 Vpp RF,  the [M + 7H]7+ distribution is comprised almost entirely of population E; however, as both 

voltages are reduced, the relative abundance of peaks P and C significantly increase. Figure 4a shows that 

if both voltages are further minimized (0 Vf  and 100 Vpp), it is possible to exclusively observe peak C and 

trap this ensemble of conformers for >250 ms in the gas phase without apparent changes in the peak 

width or observation of other states. Under these conditions, the observed signal intensities were 

significantly reduced. Alternatively, if the entrance funnel voltages are slightly increased (180 Vpp and 

100 Vf, see Figure 4b), it is possible to simultaneously trap the C, P, and E states with only small changes 

over time to their respective abundances. Under the conditions described in Figure 4b, a small decrease in 

the abundance of peak C (~11% relative to peak P) was observed upon extending the trap time from 3 to 

353 ms prior to elution of ions from the trap. This result is consistent with results from electron capture 

dissociation studies by Breuker et al. that found the native fold was unstable in the gas phase.60 Moreover, 

because the relative abundance of conformer E2 increased in each instance where the experimental 

timescale was increased (see Figures 2 and 4), it appears that this conformation is thermodynamically 

favored. Conversely, the concomitant decrease in E6 (a presumed kinetically-favored conformer) clearly 

indicates that these conformers comprising the elongated states convert on the timescale of a few tens of 

milliseconds. Interestingly, tandem IMS experiments by Clemmer et al. determined that the conformers 

comprising peak C do not interconvert on a similar timescale.61 

The data presented in Figures 3 and 4 demonstrate that the observation of gas phase structures 

(peaks P and E) is highly correlated with the entrance funnel potentials. One explanation is that structural 

conversions are inhibited at low voltages because the energy acquired by the ions between collisions is 

less than the energetic barriers required to transition between states—a hypothesis supported by previous 
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collisional activation tandem IMS experiments of conformer-selected [M + 7H]7+ ions.58 In this work, we 

also considered a secondary effect that, in part, can account for the absence of peaks P and E at low RF 

amplitudes. That is, partially folded and extended conformations are also presumably formed during the 

ESI process; however, these ions (having relatively larger Ω values at the same m/z) are discriminated 

against at low RF amplitudes because the radially-confining pseudopotential acting on them is 

preferentially dampened.  

In a collisionally dampened regime, the mobility-dependent effective potential coefficient, �, is 

given by,62 

��
∗ = 	� ∙ ��	


∗           [1] 

� = 
���

�����
          [2]. 

Here, ��
∗ is the effective potential at a given pressure, ��	


∗  is the effective potential in vacuum, and � is 

the angular RF frequency. In eq. [2], the velocity relaxation time, �, is expressed by, 

� = 	
��

��
           [3] 

where K is the ion mobility coefficient, m is the mass, z is the charge state, and e is the elementary charge. 

For [M + 7H]7+ ubiquitin ions trapped under the experimental conditions used herein, the � value for 

conformers occupying peak C (K0 = 1.11 cm2 V-1 s-1)  was found to be ~0.83 whereas � for peak E8 (K0 = 

0.732 cm2 V-1 s-1)  was ~0.67. Thus, theory suggests that the radially-confining pseudopotential is ~1.2-

fold greater for compact conformers, relative to the most elongated conformations of identical m/z. 

Though this difference appears small, it is difficult to independently assess the role of mobility-dependent 

collisional dampening directly from the data presented in Figures 3 and 4, since radial confinement effects 

cannot be decoupled from the known state-to-state transition processes.  
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We therefore measured ion transmission as a function of the RF amplitude during a TIMS 

experiment for a mixture of three structurally rigid ions of similar mass, having reduced mobility values 

that span a range near that of [M + 7H]7+ ions (K0 = 1.01 to 0.733 cm2 V-1 s-1; see experimental section for 

additional details). The data shown in Figure 5 indicate that the RF amplitude at which the onset of ion 

transmission occurs is strongly correlated with the collision cross section, consistent with equations [1-3]. 

The data also reveal that though the analytes were electrosprayed as a mixture, it is possible at a low RF 

amplitude (~150 Vpp) to selectively trap the ion having the smallest collision cross section, though the 

other two were also present in solution and were generated by ESI. The onset of ion transmission is not 

correlated to the relative ion intensities, which eliminates the possibility of threshold signal suppression.  

It is noteworthy that this outcome is not specific to TIMS but is a universal effect for all RF devices 

operating in the presence of a collision gas. In the context of ubiquitin, it now becomes somewhat unclear 

whether folded structures that arise from solution are simply preserved under gentle instrument 

conditions, or whether partially folded and elongated structures (that may also be transiently present in 

solution or produced during ESI) are suppressed at low RF amplitudes. Given that the axial voltage across 

the entrance funnel is not expected to strongly contribute to the preferential transmission of a particular 

mobility, it appears that collisional activation prior to TIMS still contributes to the presence of gas phase 

conformations, but that both effects can play a combined role in the distribution of states ultimately 

observed. 

Resolving Power. The results presented above demonstrate that though several new peaks have 

been resolved for the elongated states of +7 to +13 ions, the compact and partially folded states of [M + 

7H]7+ ions (that are of principal interest for native MS studies) remained largely unresolved. Tandem IMS 

experiments have shown that peak C is comprised of many similar conformations that do not interconvert; 

in principle, these conformers could be resolved.61 Here, it is obvious that peak C is considerably broader 

than expected for a single conformation. The ability to more easily differentiate conformers comprising 

the populations of extended states is not entirely due to greater structural heterogeneity of peak C. That is, 
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both theory and experiment have previously demonstrated that TIMS resolving power is mobility 

dependent, as R theoretically scales with 1/K3/4 (or Ω3/4).45 Here, if we apply the known resolving power 

dependence across the entire mobility range, a resolving power of 295 at Ω = 1933 Å2 translates into R 

~216 at Ω = 1279 Å2 making it inherently easier to separate ions having larger collision cross sections by 

TIMS.45 This outcome also explains why in many cases, conformers of larger Ω within the partially-

folded [M + 7H]7+ family appear to be emerging from the ensemble, though individual features are not 

observed for peak C (see Figures 1 and 3).  

It is noteworthy that while the [M + 7H]7+ compact conformers are difficult to resolve, the TIMS 

distribution of [M + 6H]6+ ions does indicate evidence for the emergence of features within the 

distribution of more compact ions (see Figure 1b). While the current resolving power of TIMS (R ~300) is 

significantly higher than alternative IMS techniques, the plurality of compact and partially folded 

conformations still requires higher resolving power to comprehensively characterize the vast 

conformational landscape of gas phase ubiquitin ions. 

 

CONCLUSIONS 

TIMS has been employed for conformational characterization of electrosprayed ubiquitin ions. 

Overall, the qualitative features and collision cross section values measured by TIMS were in excellent 

agreement with past drift tube IMS experiments.  Consistent with several drift tube IMS studies, high 

charge states (z > 8+) exclusively displayed elongated structures, whereas [M + 7H]7+ ions adopted a 

multitude of compact, partially folded, and elongated conformations. At a resolving power up to ~300, 

eight [M + 7H]7+ prominent elongated conformers were observed in addition to several minor peaks. 

Many of the newly resolved [M + 7H]7+ conformers appear to represent kinetically trapped species that 

transiently exist during the gas phase unfolding process.  
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Though the measurement timescale of TIMS (tens to hundreds of ms) can be longer than 

alternative IMS techniques, compact conformers were still readily observed. The relative abundance of 

the [M + 7H]7+ C, P, and E states were found to be highly correlated to the potentials in the entrance 

funnel, indicating that gas phase annealing of protein ions can occur prior to TIMS.  As expected from 

theory, a mobility-dependent pseudopotential dampening coefficient was found to suppress ions having 

the same m/z but larger collision cross sections when low RF amplitudes were employed—a universal 

effect for all RF devices that operate in the presence of a gas. The convolution of both effects—annealing 

and pseudopotential dampening—can play a role in the conformer distribution observed. 

The high resolution capabilities of TIMS allow one to monitor the abundance of an individual 

conformation within a family as a function of timescale, energetics, and solution conditions. This ability 

should prove particularly useful in the context of structural analysis where more accurate collision cross 

section values can provide better constraints and improve structural assignments made from molecular 

dynamics simulations, spectroscopic signatures, and/or fragmentation techniques. Further improvement in 

TIMS resolving power is expected to reveal additional protein conformations—especially for compact 

conformers that are more closely related to the solution structure. 
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Figure 1. ESI-mass spectrum of ubiquitin (a) and mass-selected TIMS distribution of [M + zH]z+ (z = 6 to 
14) ions (b). For comparison, the dashed56 and dotted57 lines are collision cross section values from two 
independent datasets measured by drift tube IMS. 
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Figure 2. [M + 7H]7+ elongated states observed upon electrospray ionization from denaturing (a) and 
“native-like” conditions (b-e, see experimental section for additional details). In (b-e), the voltage scan 
rate (δ) was decreased from 1115 to 122 V/s by increasing the scan time from 99 to 900 ms. 
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Figure 3. Distribution of compact, partially folded, and elongated [M + 7H]7+ states observed as a 
function of the DC voltage applied across the entrance funnel (Vf) and peak-to-peak RF voltage amplitude 
(Vpp). 
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Figure 4. Distribution of compact, partially folded, and elongated [M + 7H]7+ states observed as a 
function of the trap time, as indicated in each panel. The entrance funnel voltage (Vf) and peak-to-peak 
RF voltage (Vpp) were also varied in (a) and (b), as indicated in each legend. 
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Figure 5. RF transmission curves during a TIMS experiment for singly charged ions of similar mass (● 
m/z 622, ♦ m/z 609, ▲ m/z 663) having differences in their collision cross sections. The solid lines are 
best-fit linear regression functions of the experimental data.  
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