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Unlike traditional drift-tube ion mobility-mass spectrometry, traveling-wave ion mobility-mass spectrometry
typically requires calibration in order to generate collision cross section (CCS) values. Although this has
received a significant amount of attention for positive-ion mode analysis, little attention has been paid for
CCS calibration in negative ion mode. Here, we provide drift-tube CCS values for [M-H] ions of two calibrant
series, polyalanine and polymalic acid, and evaluate both types of calibrants in terms of the accuracy and
precision of traveling-wave ion mobility CCS values that they produce.
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Introduction

lon mobility-mass spectrometry (IM-MS) has gained popularity in multiple areas of chemical and biochemical research,l'6
providing insight into gas-phase molecular structure, and increased peak capacity on a millisecond timescale.”® Gas-phase
structure can be quantitatively determined in the form of collision cross section (CCS) using traditional drift-tube IM (DTIM), as
the number of low-energy collisions between an ion and neutral buffer gas molecules in an electrostatic drift tube is proportional
to ion size. As a result, drift time can be directly converted to ion-neutral CCS via the Mason-Schamp equation

(1)

Q= 18mY2  ze [11M2t4E 760 T
- 16 1 273
(kgT)2 *

where Q is CCS (typically reported in A% or nmz), ze is ion charge, kg is the Boltzmann constant, T is temperature (in K), W is the
reduced mass, ty is drift time, E is electric field, L is the length of the tube, P is pressure (in Torr), and N, is the number density of
the drift gas under standard temperature and pressure.g’10

In addition to DTIM, " other IM approaches such as traveling-wave IM (TWIM), field-asymmetric waveform ion mobility
spectrometry (FAIMS),“'23 and trapped ion mobility spectrometry (TIMS)M’25 can also be coupled with MS detection. Several of
these approaches have been incorporated into commercially-available instruments, a development that has considerably
increased the use of IM-MS. The most popular commercial IM-MS platform uses a high ion transmission TWIM mobility cell. The
dynamic electric fields used for separation are not typically compatible with theory underlining the Mason-Schamp equation,
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which typically prevents direct CCS measurement (see ref. 20 for exception). To overcome this limitation, compounds with
known DTIM CCS values are typically used as TWIM-MS CCS calibrants, generating parameters for a modified function that
incorporates many elements of the Mason-Schamp equation, as described by Smith et al”® Briefly, the power function

Q
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is used, where A and B are constants determined from known DTIM CCS calibrants, and other terms are the same as in the
Mason-Schamp equation (1). A number of these terms can be grouped together into the constant A, such that

Q= ze [ﬂm A'(ty)® 3)

where A’ and B are experimentally-derived, and only ion charge and reduced mass terms remain. When appropriate CCS
calibrants are chosen, this method — or a variation of this method — generates CCS values for numerous types of positively-
charged analytes with good accuracy compared to DTIM measurements.**">*

In contrast, negative ion mode TWIM CCS calibration strategies have received little attention to date. However, the use of
negative mode in MS-based research appears to be increasing in fields such as metabolomics, glycomics, environmental analysis,
and biopolymers, where many analytes of interest are relatively acidic and can be deprotonated during ion generation.
Moreover, it has been shown that methods which explore both negatively-charged and positively-charged analytes provide a
more comprehensive molecular ‘snapshot’ of a system.36'38 Additionally, CCS values can be used for feature identification in
addition to tandem MS and LC retention time matching.39 Therefore, it is expected that more researchers will progressively
incorporate TWIM separations into negative-mode MS and LC-MS workflows (e.g., HILIC**2),

Several TWIM CCS negative ion mode calibrants have been proposed to date, including poly—DL—aIanine,39 polystyrene,
dextran,” and phosphate clusters.*® However, for polystyrene and phosphate clusters, experimental DTIM CCS values have not
yet been obtained. Thus, these series cannot be readily used as TWIM CCS calibrants at this time. Dextran has been shown to be
a good TWIM CCS calibrant for oligosaccharides, but appears to be somewhat fragile in the gas phase. Therefore, we introduce a
new CCS calibrant for negative ion mode analysis of small molecules, poly-.-malic acid, which we cross-validate against poly-pL-
alanine (Fig. 1) TWIM results based upon absolute DTIM CCS measurements in He and N, drift gases. Both of these series ionize
well in negative ion mode and demonstrate excellent fitting characteristics for TWIM CCS calibration. Additionally, experimental
and computational methods are used to gain insight into gas-phase conformations of the calibrants.

43-44

Experimental
Materials

Ultra-pure deionized water (18.2 MQ cm) was generated on a Barnstead Nanopure Diamond system. Poly-pL-alanine (Sigma-
Aldrich USA) was prepared at a concentration of 0.01 mg mL? in DI water, into which a dialanine (Bachem Bioscience) solution
was spiked in order to better cover low-CCS analytes. L-malic acid monomer was obtained from Chem-Impex International. Poly-
L-aspartic acid sodium salt (Alamanda Polymers) was dissolved in DI water at a concentration of 1.4 mg mL™. This solution was
then hydrolyzed in 1M HCI at 37°C overnight to shorten the peptides, reconstituted in DI water, and diluted accordingly. L-lactic
acid powder (Sigma-Aldrich USA) was polymerized using the same method as for L-malic acid.

Poly-L-malic Acid Synthesis

L-malic acid monomer (0.050 M in 200 pL of DI water) was placed in an open 1mL Eppendorf container and heated at 85°C for
24 hours to remove water and to drive ester bond formation. After 24 hours, 200 puL of DI water were re-added and
subsequently diluted 1:100 to yield 20 mL of 0.50 mM total malic acid. When not being used, samples were stored at -20°C to
minimize ester hydrolysis. However, one may also dry-down hydrolyzed samples overnight in order to re-form oligoesters.

DTIM Analysis

All DTIM measurements were performed using a Waters Synapt G2 HDMS equipped with a 7 mm i.d. RF-confining drift cell.”
RF-confining drift cells enable accurate CCS measurements without drift time calibration.?”?****"*8 ccS values were determined
by measuring drift times at 8 different drift voltages ranging from 125 to 350 V at either 1.5 Torr N, or 2 Torr He buffer gas.
Reported DTIM CCS values are averages of three replicate experiments performed on separate days.

TWIM Analysis and Calibration

Analytes were directly infused into a Synapt G2 HDMS platform (Waters Corp., Milford, MA) using electrospray ionization in
negative ion mode. Nitrogen was the neutral buffer gas for all TWIM experiments. Instrument settings were as follows: capillary
voltage, 2.0 kV; cone voltage, 30 V; extraction cone voltage, 3.0 V; source temperature, 90°C; desolvation temperature, 250°C;
cone gas flow, 20.0 L hr'l; desolvation gas flow, 650 L hr'l; source gas flow, 0.0 mL min'l; trap gas flow, 2.0 mL min'l; He cell gas
flow, 180.0 mL min'l; IMS gas flow, 90.0 mL min'l; IMS wave delay, 450 us; IMS wave velocity, 650 m stor750 m s'l; IMS wave
amplitude, 40 V; IMS (N,) pressure, 3.67 mbar (2.75 Torr); Transfer wave velocity, 190 m s'l; Transfer wave amplitude, 4.0 V; TOF
resolution mode (m/Am = 20,000).

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Arrival time distributions were extracted from DriftScope 2.1 and MassLynx 4.1 into OriginPro 9.0 and fit with Gaussian
functions to more accurately determine peak maxima. All arrival times were then corrected using the equation

t) =ty — [(EDC delay) N \/m_/z] (4)

1000
such that the effective drift time (ta’) represented mass-independent flight time through the mobility region (T-wave and

transfer). Calibrant DTIM CCS values were normalized according to the function

_°

11172
(=b1")
where Q' is normalized CCS, Q is DTIM CCS (in ,&2), z is absolute value of ion charge state, and W is reduced mass.* To generate
calibration curves, ta’ and Q' were fit in Origin using Belehradek power functions of the form

0= (5)

N=A4"x* (t)—t)f* z (6)

where to accounts for the mobility independent contributions to the measured arrival times.*® This type of fit was found to
generate more accurate CCS values than a simple power function of the form 2 = A’ * (t})B, especially for low-molecular-
weight analytes. Reported TWIM CCS values are averaged over five replicate experiments.

Molecular Dynamics and MOBCAL Simulations

Atomic models were generated using SYBYL-X Suite (2012). Oligomers of alanine and malic acid were initially constructed as
ideal a-helices and were then allowed to fold into new conformations. Malic acid structures were manually derived from the
corresponding aspartic acid structures by editing the corresponding PDB files. For each alanine oligomer, a negative charge of 1
was placed on the C-terminal carboxylic acid, maintaining the neutrality of the N-terminus. In contrast, because malic acid
oligomers have ionizable side chains, oligomers of the same length were generated containing different deprotonation sites.
Specifically, the negative charge was placed at one of the three locations: i) the side chain of the N-terminal residue, ii) the side
chain of a central residue, and iii) the C-terminal residue. The AMBER FF99 force field>® was used for alanine oligomers. The
General AMBER force field (GAFF)*' was used for malic acid and its oligomers; parameters were assigned using the
Antechamber’? package within the AMBER Toolkit. The BCC option was used to assign the charges for Molecular Dynamics (MD)
calculations.”® To generate conformations, 5000 steps of the steepest decent minimization were followed in by 50 ns MD
simulations performed in the gas phase at 300 K and a time step of 1 fs using NAMD™* for malic acid and Gromacs®” for alanine.
Fifty conformations separated by 1 ns were extracted from each MD trajectory using the VMD pat:kage.56 One representative
structure from each MD trajectory was re-optimized at the B3LYP/6-31++G(d,p) level of theory using Gaussian.”’ The Projection
Approximation method was used to compute ccs.”® MOBCAL, originally produced by the Jarrold research group, is freely
available software for estimating CCS and found at http://www.indiana.edu/’“nano/software.htm|.59'60

Results and Discussion
Polyalanine and Polymalic Acid

The utility of poly-pL-alanine as a TWIM CCS calibrant has been previously discussed in the context of positive-ion mode
experiments.32 Briefly, commercially-available poly-pL-alanine provides a large number of calibration points (n=3-14 for singly-
charged species), good fitting characteristics, and high stability to hydrolysis.

To our knowledge, polymalic acid not been used previously for TWIM CCS calibration purposes. Consistent with our previous
report on malic acid oligomerization in a prebiotic chemistry t:ontext,61 a solution of malic acid monomer placed in an open
container and dried overnight at 85°C resulted in ester bond formation. The oligomers produced in this reaction can be clearly
observed by both MS and TWIM analysis (Fig. 2a, b).

Polymalic acid was investigated as an alternative TWIM CCS calibrant for several reasons. Initially, we observed that the
relationship between mass-to-charge and arrival time was highly linear (Fig. 2b, inset). Additionally, L-malic acid monomer is very
inexpensive (approximately $1/gram at present), easy to polymerize (Methods), highly soluble in water, and enantiomerically-
pure. Although polyester backbones are easier to form than peptide backbones, they are also easier to break, as they are
susceptible to hydrolysis - especially in solutions with acidic or basic pH. Nevertheless, we observed that polymalic acid, when
dissolved in pH-unadjusted DI water and stored at -20°C, is stable for up to one month before requiring re-polymerization by
oven drying.

Cross-validation of TWIM CCS Calibration by DTIM CCS Values

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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DTIM CCS values for the [M-H] species of polyalanine and polymalic acid, obtained in both He and N, neutral buffer gases,
are provided in Table 1 and plotted in Figure 3. It was observed that polymalic acid presented systematic differences with
polyalanine in both N, and He drift gases, therefore suggesting differences in their interactions with the drift gas, or intrinsically-
different structural characteristics. Molecular dynamics and MOBCAL calculations were performed to generate gas-phase
conformations and their corresponding CCS values to match those found in experiments. Helium was chosen for these
simulations as it is much less polarizable than N,, and therefore simpler to use from a computational perspective. Overall,
computationally-generated polyalanine CCS values (in He) were found to be in very good agreement with experimental CCS
values when the Projection Approximation was used (Table 1).

Unlike polyalanine, which in its [M-H] form is likely deprotonated at the C-terminus,62 it is not straightforward to predict
where malic acid oligomers are deprotonated as every residue side chain has a carboxylic acid moiety. Although specific
deprotonation sites were assigned before MD simulations, there may be a mixture of deprotonation sites for oligomers of the
same size. Additionally, deprotonation sites may migrate similar to the mobile proton model for positively-charged peptides in
the literature.”® As a result, theoretical CCS errors for polymalic acid were typically greater than those for polyalanine, especially
for n=4-7 (Table 1). For the n=8 oligomer, varying the site of deprotonation did not significantly affect structure, as a number of
hydrogen bonds generate the fold (vide infra). However, for intermediately-sized oligomers (e.g., n=4-5) stabilized by only a few
hydrogen bonds, moving the charge led to large variance in theoretical CCS. For these intermediately-sized oligomers, we also
tried generating conformations via Gaussian, although no significant improvements in theoretical CCS were observed. For this
reason, efforts are currently underway to optimize charge distributions for polymalic acid and plan to be addressed in
subsequent work.

In order to cross-validate both calibrant series, DTIM CCS values of polyalanine were used as calibrants to estimate TWIM CCS
values of polymalic acid, and vice versa. Experimental comparisons between DTIM and TWIM CCS were done in N, due to the
fact that analyte-ion rollover is inefficient in He, which is the fundamental basis for separation in TWIM. % Initially, In td’ vs. In
Q’ curves were used for TWIM calibration (Fig. S1, ESI), which demonstrated good fitting characteristics (R2 > 0.9998). Using
these TWIM calibration functions, CCS values for the opposite chemical series were generated and compared to DTIM CCS
values. All TWIM CCS values matched DTIM CCS values within £ 2.0 % error, and 16 of the 20 species matched within £ 1.0 %
error (Table S1, ESI). However, we observed a small yet systematic bias in the measurements, which we attribute to this type of
calibration not accounting for mobility-independent flight times outside of the traveling-wave mobility cell. For this reason, we
decided to use Belehradek power functions to generate our calibration curves (Fig. 4), which gave R? values of greater than
0.9999. When these functions were used, all TWIM CCS and DTIM CCS values matched within £ 1.0% error, including low-
molecular-weight species (Table 1). Although both sets of CCS values matched very closely, we did observe that the majority of
TWIM CCS values were slightly less than their corresponding DTIM CCS values.

Consistent with previous CCS calibration studies in positive ion mode, we observed that the precision for these
measurements was typically better than the accuracy, especially for larger species (Table 1).32' 3433 \When mobility peaks were fit
using Gaussian functions, error in determining peak maxima was minimized and the main sources of variance were likely slight
variations in TWIM cell pressure (N,) and in room temperature. Nevertheless, all relative standard deviations (RSDs) were less
than 0.5 %, and the majority of RSDs were less than 0.2 %.

Minimizing Sources of Error in TWIM CCS Calibration

Studies in positive ion mode have previously explored causes of absolute error (bias) in TWIM measurements, and suggested
the main cause being calibrant-analyte structural mismatch. /23248
experiments as well, we compared CCS values of leucine encephalin (YGGFL) and selected metabolites®® using both polyalanine

To explore if this was true for negative ion mode

and polymalic acid calibration functions (Table 2). All differences in CCS between the two calibrants were less than + 1.0 %.

Although minor, CCS differences observed between the two calibrants may be attributed to effects related to gas-phase
structure. We initially suspected that mobility differences between polyalanine and polymalic acid could be assigned to
differences in interactions of the involved ionic species with the somewhat-polarizable N, drift gas. However, as shown in Figure
3, differences between polyalanine and polymalic acid in N, are consistent with those observed in He, which is less polarizable.
Therefore, polyalanine and polymalic acid differences are not artifacts related to elasticity in ion-N, collisions but are instead
structural by nature.

In order to probe these structural differences further, we obtained TWIM CCS values for lactic acid and aspartic acid (Table
S2-S3, ESI), structural analogs of the calibrants used which vary only by the linkage in their polymer backbones. Polylactic acid is
the a-hydroxy acid (ester-linked) analog of polyalanine, and polyaspartic acid is the a-amino acid (amide-linked) analog to
polymalic acid. CCS values of polyalanine, polylactic acid, polyaspartic acid, and polymalic acid are shown in Figure 5. Polyalanine
and polylactic acid show essentially no difference in CCS, and polyaspartic acid and polymalic acid show only minor differences in
CCS.

Previous IM studies have shown that some peptides are able to form stable secondary structures in the gas-phase based
upon backbone amide hydrogen bonding.ﬁs'71 However, as our calibrants primarily cover the low m/z range, linkages of the
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polymer backbones play less of a role in determining gas-phase conformations than do the identity of the residue side chains (-
CHj; for alanine and lactic acid; -CH,COOH for aspartic acid and malic acid). Thus, structural differences between polyalanine and
polymalic acid are believed to result from not only differences in density72 but also strong intramolecular hydrogen bonding from
the acidic side chain of polymalic acid, consistent with molecular dynamics simulations (Fig. 6).

From these results, it appears that absolute TWIM CCS error in negative mode is primarily caused by structural differences
between calibrant and analyte. For positive ion mode, it has been shown that error due to charge-state mismatch (ca. 5 %) is
greater than error due to structural mismatch (ca. 1 %, consistent with our data).34 Calibration error due to charge-state
mismatch likely exists in negative mode as well, although it is not applicable to the [M-H] species considered here.

General Calibration Strategies

Based on the studies presented here, both polyalanine and polymalic acid appear to be viable negative ion mode CCS
calibrants for multiple types of molecules. In contrast with previously-suggested calibrants, these oligomers can be
electrosprayed directly from water, ionize well as [M-H] species, demonstrate excellent fitting characteristics, and cover a
significant m/z and CCS range for small molecules. Polyalanine is more stable to hydrolysis and generates a wider calibration
range than polymalic acid; for these reasons, it is more suitable for long-term, large-scale -omics studies (proteomics,
metabolomics, etc.). On the other hand, polymalic acid is easy to prepare, is very soluble in water, is produced from single
enantiomer (L-form), and is equally suitable for structural analysis of negatively-charged analytes under 1 kDa. In particular, the
strong intramolecular hydrogen bonding of polymalic acid suggests it is an ideal calibrant for acidic and/or polar compounds.
Nevertheless, it is possible that researchers will encounter analytes which are structurally dissimilar from both polyalanine and
polymalic acid calibrants, and thus would need to find alternative TWIM CCS calibrants for determining gas-phase
conformations.

Typically, researchers infuse leucine enkephalin peptide (YGGFL) through the reference electrospray capillary in order to
correct for shifts in m/z calibration during LC-TWIM-MS experiments. Lietz et al. suggested that CCS calibrants such as
polyalanine could be continuously infused via the Lockspray capillary present on the TWIM-MS instrument platform.35 This idea
is intriguing, as CCS could be corrected in real-time during LC-TWIM-MS acquisitions in a similar manner. Either polyalanine or
polymalic acid would be used first in order to generate a multi-point calibration curve, which could then be multiplied by a
correction factor based on drift in the observed leucine encephalin CCS.

Conclusion

In summary, both polyalanine and polymalic acid have been shown to be appropriate and versatile calibrants for negative-ion
mode TWIM CCS determination. Absolute errors for TWIM CCS values were all less than £ 1.0 % when compared to DTIM CCS
values. Only minor differences were observed when switching between the two calibrants, due to inherent structural differences
in their gas-phase conformations and propagation via calibrant-analyte mismatch. Based on these insights, we project absolute
errors of 0.5-1.0 % are to some degree inevitable when generating CCS values on TWIM instrumentation.
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Fig. 1. Oligomers used for negative ion mode TWIM CCS calibration. Poly-L.-malic acid was formed by drying down an aqueous solution of L-
malic acid monomer overnight (Methods). For the alanine series, dialanine (L-form) was added to poly-bL-alanine.
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(initial monomer) was infused at 5 pL min™. Oligomers n=1-8 are detected as [M-H] ions and labeled by their m/z values. (b)
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34 Table 1. Experimental and theoretical CCS values of polyalanine and polymalic acid. Cross-validation of polyalanine and polymalic acid
35 calibrants was done by comparing TWIM and DTIM CCS measurements. Polyalanine TWIM values were obtained by using polymalic acid as
36 the calibrant, and polymalic acid TWIM values were obtained by using polyalanine as the calibrant (n=5 measurements). All differences
37 between TWIM and experimental DTIM (N,) values are less than +1.0 %. CCS values are reported in A% and my/z values correspond to [M-H]
38 ions. MOBCAL CCS values were obtained for He drift gas using the Projection Approximation. *The alanine 14-mer N, DTIM CCS value was
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Pleaserdoy. 1 VS stmarsins

PAPER Analyst
Analyte m/z TWIM CCS SD TWIM CCS sD % Diff.
(N, PolyA cal.) (N, PolyMA cal.) (MA:A)
Leucine Enkephalin 554.26 219.4 0.6 219.6 0.1 0.06%
Leucine 130.09 127.7 0.6 127.3 0.1 -0.32%
Salicylic Acid 137.02 117.1 0.7 116.2 0.2 -0.73%
Glutamic Acid 146.05 121.3 0.6 120.7 0.2 -0.51%
Citric Acid 191.02 125.5 0.5 125.2 0.1 -0.27%
Glucuronic Acid 193.03 128.8 0.4 128.6 0.1 -0.16%
UuMpP 323.03 157.1 0.4 157.6 0.2 +0.32%
AMP 346.06 168.4 0.4 169.0 0.2 +0.36%
ADP 426.02 180.2 0.4 180.8 0.2 +0.35%

Table 2. TWIM CCS measurement of leucine enkephalin and several selected metabolites (n=3 measurements for leucine

enkephalin; n=5 measurements for metabolites). Leucine enkephalin (YGGFL) is commonly used as the Lockspray real-time m/z
calibrant. CCS differences of less than + 1.0 % are observed between the two calibrant sets. CCS values are reported in A? and

my/z values correspond to [M-H] ions.
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13 Fig. 6 Representative structural conformations of alanine (left) and malic acid (right) octamers generated from MD simulations.
14 Malic acid folds tightly due to an increased number of hydrogen bonds. For both oligomers, theoretical CCS values generated
15 using MOBCAL match closely to experimental DTIM CCS values in He drift gas (159 A? MOBCAL vs. 155 A2 DTIM for Ala 8-mer;
16 188 A MOBCAL vs. 186 A> DTIM for MA 8-mer).
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