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ABSTRACT: The chirality of substituents on an amino acid
can significantly change its mode of binding to a metal ion, as
shown here experimentally by traveling wave ion mobility
spectrometry-mass spectrometry (TWIMS-MS) of different
proline isomeric molecules complexed with alkali metal ions.
Baseline separation of the cis- and trans- forms of both
hydroxyproline and fluoroproline was achieved using TWIMS-
MS via metal ion cationization (Li+, Na+, K+, and Cs+). Density
functional theory calculations indicate that differentiation of
these diastereomers is a result of the stabilization of differing
metal-complexed forms adopted by the diastereomers when
cationized by an alkali metal cation, [M + X]+ where X = Li, Na,
K, and Cs, versus the topologically similar structures of the protonated molecules, [M + H]+. Metal-cationized trans-proline
variants exist in a linear salt-bridge form where the metal ion interacts with a deprotonated carboxylic acid and the proton is
displaced onto the nitrogen atom of the pyrrolidine ring. In contrast, metal-cationized cis-proline variants adopt a compact
structure where the carbonyl of the carboxylic acid, nitrogen atom, and if available, the hydroxyl and fluorine substituent solvate
the metal ion. Experimentally, it was observed that the resolution between alkali metal-cationized cis- and trans-proline variants
decreases as the size of the metal ion increases. Density functional theory demonstrates that this is due to the decreasing stability
of the compact charge-solvated cis-proline structure with increased metal ion radius, likely a result of steric hindrance and/or
weaker binding to the larger metal ion. Furthermore, the unique structures adopted by the alkali metal-cationized cis- and trans-
proline variants results in these molecules having significantly different quantum mechanically calculated dipole moments, a
factor that can be further exploited to improve the diastereomeric resolution when utilizing a drift gas with a higher polarizability
constant.

The development of analytical methods for differentiating
chirality in molecules has been a major focus of separation

chemistry for a wide range of applications, including those in
drug discovery1,2 and proteomics.3−5 In drug discovery,
molecular chirality is a major focus because most small organic
compounds have enantiomeric forms, and these forms can
differ in toxicity and activity in biological systems.1,2 Also,
changes in chirality of single amino acids in the primary
sequence of peptides and large proteins can have a significant
impact on higher-order structure.3−8 Typically, chiral separa-
tions are achieved via liquid or gas chromatography, but
optimizations and analysis using these separations can often be
long and tedious.9−11 In an effort to eliminate these slow and
tedious steps, there has been significant interest in the
development of methods that enable chiral discrimination in
mass spectrometry (MS).12−37 However, isomeric species have
the same exact mass, making it impossible to differentiate these
ions by m/z alone. Therefore, several mass spectrometric
strategies for distinguishing isomeric species using mass
spectrometry have been developed, including the kinetic
method based on the dissociation of cluster ions,12,22

collision-induced dissociation of diastereomeric adducts,23,27

host−guest ion molecule reactions,23−26,28,29 and ion mobility
analysis.12−20,30−37

Ion mobility spectrometry (IMS) has the ability to rapidly
separate isomeric species based on their mobilities through a
drift gas under the influence of an electric field, which depends
primarily on the shape and charge of the gas-phase ion. The
IMS-MS combination has therefore provided a proven
mechanism for the gas-phase separation and characterization
of isomers and conformers ranging from small mole-
cules31,33,36,38 and amino acids16,33,39 to proteins40−42 and
large native protein complexes.42−44 In traveling wave ion
mobility spectrometry (TWIMS)-MS, a wave of amplitude V is
applied to a set of adjacent pairs of lenses and moved along the
mobility cell at a velocity v. Compared to static field IMS
devices, this device has high transmission efficiency but suffers
from lower resolution.45,46 Recently, several strategies have
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been reported that can be used to increase the resolution
between isomers using IMS-MS, including addition of a chiral
modifier in the drift gas,17,38 varying the drift gas,19,20,34,35 metal
ion adduction,14,32 and complex dimer formation.14 A pair of
constitutional isomers, N-butylaniline and para-butylaniline,
with theoretical collisional cross sections (ccs: Ω) that differ by
1.2 Å2 show baseline resolution using a TWIMS-MS instrument
for the protonated ion using carbon dioxide, nitrous oxide, and
ethene as the drift gas.19 Hill and co-workers also demonstrated
that two enantiomers, (S)-atenolol and (R)-atenolol, using
atmospheric pressure IM can be resolved in the gas phase when
the drift gas in the ion mobility cell is modified with a chiral
vapor.38 More recently, the formation of multimers and metal
ion adducts to diastereomeric small molecules was used to
improve the isomeric resolution observed in TWIMS-MS
experiments.14,32

Stabilization of salt-bridge and charge-solvated amino acid
geometries in the gas phase with alkali metal ions has been
extensively studied with infrared multiple photon dissociation
(IRMPD) spectroscopy, and metal ion size has been shown to
be a significant factor in the stabilization of a given
structure.47−56 While IRMPD has been the primary tool to
evaluate amino acid gas-phase geometries in the past, it is
particularly interesting to investigate whether salt-bridge or
charge-solvated forms for different isomeric species can be
elucidated with TWIMS analysis. Here, we report the TWIMS
spectra of protonated and alkali metal-cationized cis- and trans-
proline variants and results of complementary density func-
tional theory calculations in combination with a nitrogen-based
trajectory method (TM) algorithm that explores a wide range
of salt-bridge and charge-solvated structures. Furthermore, the
effect of the drift gas polarizability on improving the resolution
observed between the diastereomers is evaluated on TWIMS
and an RF-confining drift cell instrument. These results show
that the isomeric form of the proline variants dictates the gas-
phase geometry adopted by the ion when adducted to an alkali
metal ion and provides a possible route to resolving isomeric
amino acids using TWIMS analysis.

■ EXPERIMENTAL SECTION
Sample Preparation. The cis- and trans- forms of 4-

substituted hydroxyproline and fluoroproline were all pur-
chased from Bachem (Torrance, CA, U.S.A.). The chloride salts
of Na+, Li+, K+, and Cs+ and all calibrant ions (N-ethylaniline,
acetaminophen, alprenolol, ondansetron, and clozapine N-
oxide) were purchased from Sigma-Aldrich (St. Louis, MO).
Calibrant solutions were prepared at a concentration of 1 μM
for each calibrant in 49.5/49.5/1.0 water/acetonitrile/acetic
acid. Sample solutions for analysis were prepared at a final
concentration of 10 μM proline variant in purely aqueous
solutions with and without 1 mM of a chloride salt.
Instrument Parameters for Ion Mobility Measure-

ments. TWIMS experiments were performed using a Synapt
G2 high definition mass spectrometer (HDMS), and RF-
confining drift tube measurements were performed on a
modified Synapt G1 HDMS (Waters, Milford, MA, U.S.A.)
both operated in positive ESI mode. Further experimental
details can be found in the Supporting Information.
Theoretical Studies. Exhaustive conformational ensembles

of singly charged protonated and metalated molecules of cis-
hydroxyproline, trans-hydroxyproline, cis-fluoroproline, trans-
fluoroproline, and trans-proline were generated with the MMFF
(molecular mechanics force field) and utilizing the low mode

molecular dynamics (LMMD) search algorithm as imple-
mented in the Molecular Operating Environment (MOE)
program suite.57 All resultant, structurally unique MMFF
geometries were then optimized using the B3LYP functional
and 6-31++G(d,p) basis set on all atoms except cesium, for
which the pseudopotential-corrected SVPD basis of Rappoport
et al. was employed.58 Vibrational frequency analyses
characterized all stationary points as minima and allowed for
relative free energy determination. Electrostatic potential-
derived charges were fit using the Merz−Singh−Kollman
scheme59 and constrained to reproduce the computed dipole
moment. All quantum mechanical calculations utilized the
Gaussian 09 program system.60

TM Calculations. The TM algorithm was originally
developed by Jarrold and co-workers61 and is based on an
ion’s neutral interaction with the drift gas He. Theoretical ΩN2
values were calculated using modified versions of the TM.31

Additional modifications were also made due to the nature of
the compounds investigated within this study. UFF values62 of
atomic distance (Å) and energy (meV) for lithium, potassium,
and cesium were added to the TM code so the Lennard−Jones
parameters could be approximated and representative ΩN2
values could be calculated. For the N2 TM, a scaling factor of
0.93 was applied to the UFF lithium, potassium, and cesium
values, resulting in atomic distance and energy values of 2.279
Å and 1.008 meV, 3.545 Å and 1.411 meV, and 4.201 Å and
1.815 meV, respectively. It is fully acknowledged within this
study that the Lennard−Jones potential values for the atoms
lithium, potassium, and cesium are approximations and may
well lead to errors in the reported theoretical ΩN2 values.
However, in the absence of accurate lithium, potassium, or
cesium IM-derived Lennard−Jones values, our chosen values,
based on scaled and previously published UFF values, appeared
to be workable, and the theoretically calculated ΩN2 values were
consistent with the calibrated TWIMS and RF-confining drift
cell drift times. Assuming the geometries for each molecule are
an ensemble of a Boltzmann energy distribution, a ΩN2 value
was determined by weighting the ΩN2 for each geometry by
their contributing population for structures that possess relative
Gibbs free energies with values of 5 kcal mol−1 or less.

■ RESULTS AND DISCUSSION
Ion Mobility Spectra of cis- and trans-hydroxyproline

and fluoroproline. ESI of an aqueous solution containing 1
mM NaCl and either cis- or trans-hydroxyproline results in
singly charged protonated and sodiated monomers with
identical m/z values for both diastereomers (Figure 1).
Collision induced dissociation of [M + H]+ and [M + Na]+

results in similar fragmentation patterns (Figure S1), making it
challenging to distinguish these diastereomers by MS or MSn

experiments alone. With the need for an orthogonal technique
to differentiate these diastereomers, TWIMS-MS experiments
were performed to investigate if protonated or sodiated ionic
structures of these diastereomers can be distinguished by their
ΩN2. The drift time difference between the protonated ions of
cis- and trans-hydroxyproline was determined to be 0.05 ms,
corresponding to a 0.6 Å2 difference in the experimental ΩN2
and a Rp‑p of 0.08 (Figure 2a). The ΩN2 of [M + Na]+ for both
cis- and trans-hydroxyproline is significantly larger than that
observed for the corresponding protonated ions (Figure 2b).
Interestingly, [trans-hydroxyproline + Na]+ has a significantly
larger ΩN2 than that observed for [cis-hydroxyproline + Na]+.
This results in a factor of about a 3.0 and 11.5 increase in the
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ΩN2 difference and Rp‑p (0.92), respectively, between sodiated
cis- and trans-hydroxyproline compared to the protonated
counterparts. Similar results were obtained for the cationized
forms of cis- and trans-fluoroproline. The drift profiles of (M +
Na)+ shows a 6.0 Å2 ΩN2 difference and a Rp‑p = 0.84 (Figure
2e) between the diastereomers of fluoroproline compared to
the 1.2 Å2 difference and Rp‑p = 0.12 (Figure 2d) observed for
the protonated ions. Adduction of multiple sodium ions does
not result in a further improvement in Rp‑p (Figures 2c and f),
indicating that the increase in resolution is not inherently a
result of sodium ion attachment alone. These results indicate
that sodium cationization stabilizes a unique and specific ion
structure that is substantially different for each of these
diastereomers.
Effect of Metal Ion Size on Diastereomer Resolution

in TWIMS-MS. To investigate the effect of alkali metal ion size
on diastereomer resolution using TWIMS-MS, ion mobility
spectra for [M + X]+, where X = Li, Na, K, and Cs, were
obtained and compared to that observed for the protonated
ions (Figure 3) of cis- and trans-hydroxyproline. In all cases, the
metal ion cationized molecules showed a minimum of a factor
of 4 increase in Rp‑p between the diastereomers compared to

the protonated counterparts. The most pronounced difference
between drift times was observed for [M + Li]+, where baseline
separation was achieved, and the ΩN2 difference and Rp‑p
observed between cis- and trans-hydroxyproline was 12.3 Å2

and 1.43, respectively. The observed ΩN2 difference between
diastereomers decreases from 12.3 to 2.6 Å2 as the ionic radius
of the alkali metal increases. Similar results were obtained for
cis- and trans-fluoroproline (Figure S3). These results indicate
that the metal ion size, or charge density, is a critical factor
determining TWIM separation and therefore distinguishing the
diastereomers in the gas phase.

Figure 1. ESI mass spectra of 10 μM (a) cis- or (b) trans-
hydroxyproline (hydPro) in a 1.0 mM NaCl aqueous solution.

Figure 2. Traveling wave ion mobility spectra for (a, d) [M + H]+, (b,
e) [M + Na]+, and (c, f) [M + 2Na − H]2+ for cis- and trans- forms of
hydroxyproline and fluoroproline, respectively, using N2 as the drift
gas.

Figure 3. Traveling wave ion mobility spectra for (a) [M + H]+ and
[M + X]+, where X = (b) Li, (c) Na, (d) K, or (e) Cs, for cis- and
trans-hydroxyproline (hydPro) using N2 as the drift gas.
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Theoretical Structures of [M + H]+ and [M + X]+,
where X = Li, Na, K, and Cs, for proline diastereomers.
To investigate the relationship between experimental ΩN2 and
the structure adopted by the diastereomers when protonated or
metal cationized, all possible conformers of all possible
cationized states were computed for [M + H]+ and [M +
X]+, where X = Li, Na, K, or Cs, for cis- (Figure 4) and trans-
hydroxyproline (Figure 5). Unique structures within a 3 kcal

mol−1 Gibbs free energy window are depicted, with an
expanded set (5 kcal mol−1 window) available in Figures S4
and S5. For both protonated cis- and trans-hydroxyproline, the
ion exists predominantly in a structurally compact form with
the proton residing on the nitrogen atom of the pyrrolidine
ring. The two energetically similar conformers near the global
minimum of [M + H]+ result from slight differences in the
orientation of the hydroxyl substituent on the pyrrolidine ring.

Figure 4. Lowest energy conformers possessing Gibbs free energy with 3 kcal mol−1 of the global energy minimum for (a) [M + H]+ and [M + X]+,
where X = (b) Li, (c) Na, (d) K, or (e) Cs, for cis-hydroxyproline. In panel (a), the arrow denotes the site of protonation.

Figure 5. Lowest energy conformers possessing Gibbs free energy within 3 kcal mol−1 of the global free energy minimum for (a) [M + H]+ and [M
+ X]+, where X = (b) Li, (c) Na, (d) K, or (e) Cs, for trans-hydroxyproline. In panel (a), the arrow denotes the site of protonation.
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The highly similar overall topology of the dominant cis and
trans [M + H]+ (Figures 4a and 5a) is consistent with the
minimal difference in experimentally observed ΩN2 values
(Figures 2a and 3a).
In the case of the metalated systems, the lowest energy

conformers of [trans-hydroxyproline + X]+, where X = Li, Na,
K, or Cs, exists in a nearly linear salt-bridge form,47−56

involving metal complexation with the pendant carboxylate and
protonation of the pyrrolidine N (Figure 5). The trans
disposition of the hydroxyl function precludes its participation
in metal binding. In contrast, the lowest energy conformer for
[cis-hydroxyproline + X]+, where X = Li, Na, or K, exists in a
charge-solvated47−56 structure, in which the acid carbonyl,
hydroxyl group, and pyrrolidine ring all participate in
encapsulation the metal ion, resulting in a tight, compact
structure (Figure 4). These results are consistent with the
smaller ΩN2 values (both TWIM and theoretically derived)
obtained for metalated cis-hydroxyproline and the larger ΩN2
values obtained for metalated trans-hydroxyproline ions and
demonstrate why baseline resolution was observed for these
isomeric species when complexed with lithium and sodium
alkali metal ions.
Unlike the series of trans-hydroxyprolines, the distribution of

complexation states (and thus overall ion size and location of
greatest positive charge) of the metalated cis-hydroxyproline
changes significantly as the size of the alkali metal ion increases.
While the linear salt-bridge form is not a competitive structure
for the lithiated ion (ΔG > 5 kcal mol−1), the linear salt-bridge
forms of the sodiated and potassiated ions are found to reside
4.3 (Figure 8, Supporting Information) and 1.6 kcal mol−1,
respectively, above the corresponding compact charge-solvated
form. In the case of [cis-hydroxyproline + Cs]+, the trend is
actually reversed; the linear form is now dominant and the
charge-solvated encapsulated form resides about 1.0 kcal mol−1

higher in energy. Taken together, these results are consistent
with the substantial increase in the experimental ΩN2 for cis-
hydroxyproline as the size of the metal ion increases, whereas
no significant change was observed in the experimental ΩN2 for
trans-hydroxyproline with metal ion size, as the linear form is
dominant for each. It is likely that increasing the size of the
metal ion gives rise to greater steric congestion in the compact
forms of metalated cis-hydroxyproline, ultimately preferring the
linear form in the case of Cs+. Similar trends as described here
were observed for the theoretical structures of protonated and
metal-cationized cis- and trans-fluoroproline and trans-proline
(Figures S6, S7, and S8). The results presented here are
consistent with IRMPD spectroscopy results that have shown
that the stability of the salt-bridge form can be largely
dependent on the size of the alkali metal ion.51,55,56 Currently,
this is the first report that shows that the charge-solvated and
salt-bridged forms of amino acids can be clearly differentiated
using TWIMS analysis.

In order to compare the theoretically calculated structures to
the experimental ΩN2, a theoretical ΩN2 was determined for
each structure using an N2-based TM algorithm, and a
Boltzmann-weighted theoretical ΩN2 was determined based
on the contributing population of each structure. The resultant
Boltzmann-weighted theoretical ΩN2 was then compared to the
experimental ΩN2 (Table 1). The theoretical ΩN2 shows close
agreement with experimental ΩN2. Both theoretically and
experimentally, little difference in ΩN2 was observed for the
protonated ions of cis- and trans-hydroxyproline, and the
biggest difference in ΩN2 was observed for the lithiated ion.
Similarly, the theoretical and experimental ΩN2 for [cis-
hydroxyproline + X]+, where X = Li, Na, K, or Cs, both
increase with metal ion size, providing further evidence of the
transition from the compact charge-solvated form to the linear
salt-bridge structure for the cis- isoform as the size of the metal
ion increases.

Relating the Ion’s Charge Distribution to Its Observed
IM Separation. Recent results have demonstrated that more
polarizable drift gases19,63 can be used to improve diastereomer
and other structurally related compounds using TWIMS
analysis when a significant difference in the dipole moment
value exists between the two ionic species. The calculated
dipole moments (μ) for all species in this study are provided in
Table S1. Panels (a) and (b) of Figure 6 depict the electrostatic
potential mapped upon the electron density surfaces of lithiated
cis- and trans-hydroxyproline, respectively, along with the
corresponding atomic charges based on the ESP fit. These two
lithiated diastereomers were found to exhibit the greatest
difference in computed dipole moment among all the metal−
chelated species (Δμ = 1.38 D). For lithiated cis-hydroxyproline
(μ = 2.07 D), the positive region in the vicinity of the Li atom is
encapsulated by the nearby regions of relative negative charge
due to the chelating heteroatoms. Conversely, the trans
orientation of the pendant, noncomplexing hydroxyl group in
trans-hydroxyproline (μ = 3.45 D) gives rise to a greater
separation of charge and resultant dipole moment than the cis
form.
In order to determine if the difference in dipole moment can

be exploited to improve the resolution of these diastereomers
by using a different drift gas, ion mobility spectra of [M + Li]+

for cis- and trans-hydroxyproline were obtained using CO2
(Figure 6c), N2 (Figure 6d), or He (Figure 6e) as the drift gas.
Performing this analysis on an RF-confining drift cell
instrument provided many advantages. For example, the
pressure of each drift gas could be measured accurately;
therefore, a constant pressure (1.5 Torr) for all measurements
could be achieved allowing for accurate ion mobility spectra
comparisons between drift gases (He, N2, and CO2). Accurate
Ω measurements could also be derived in each gas; this would
have been impossible for CO2 on the TWIMS instrument
because there are no CO2 calibration standard values. When

Table 1. Experimental and theoretical (Boltzmann-weighted) ΩN2 values for [M + H]+ and [M + X]+, where X = Li, Na, K, or
Cs, for cis- and trans- hydroxyproline. All values are reported as Å2

cis-hydroxyproline trans-hydroxyproline cis-fluoroproline trans-fluoroproline trans-proline

charge carrier exp. theor. exp. theor. exp. theor. exp. theor. theor.

H 126.5 120.7 ± 1.4 125.9 120.3 ± 1.5 126.6 121.3 ± 1.6 125.4 120.5 ± 1.2 117.8 ± 1.3
Li 127.5 120.0 ± 1.3 139.8 128.0 ± 1.4 127.2 120.1 ± 1.2 139.8 128.2 ± 1.2 124.2 ± 1.1
Na 129.5 122.8 ± 1.0 137.3 129.0 ± 1.6 130.1 123.4 ± 1.2 136.1 129.5 ± 1.6 125.1 ± 1.5
K 130.6 124.6 ± 1.1 134.1 129.6 ± 1.5 131 126.1 ± 1.2 134.5 130.2 ± 1.6 125.5 ± 1.5
Cs 133.4 129.4 ± 1.4 136.0 129.5 ± 1.5 133.4 129.9 ± 1.4 135.8 133.6 ± 1.5 126.9 ± 1.3
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using He, an insignificant difference between the cis- and trans-
forms is observed (Rp‑p < 0.1) with a small but measurable ΩHe
difference (4.8 Å2). The observed resolution between the
diasteromers is significantly improved when N2 is used as the
drift gas (Rp‑p = 0.17) corresponding to an increased ΩN2
difference (8.3 Å2), but the greatest improvement in resolution
is observed with CO2 (Rp‑p = 0.29 and ΩCO2 difference of 17.4
Å2), the drift gas with the highest polarizability constant. This
improvement in the Rp‑p value is also observed on the TWIMS
instrument (Figure S9). Further discussion on the effect of the
ion’s dipole moment on the drift time and how this correlates
to the theoretical Ω derived from the projection approximation
(PA) algorithm can be found in the Supporting Information.
A relationship between the predicted dipole moment and Ω

is also observed for the additional cationized (Li, Na, K, and
Cs) species analyzed within this study, where the dipole
moment value is found to be higher for all trans-hydroxyproline
metal-chelated species except for cesium. For the lithiated
hydroxyproline ions that display the greatest TWIM separation
(Rp‑p 1.43; Figure 3b), these ions also possess the largest Δμ

(1.38 D). The TWIM separation of the sodiated species is
lower (Rp‑p = 0.92; Figure 3c), corresponding to the lower Δμ
value (0.98 D). TWIM separation is further reduced for the
potassiated species (Rp‑p = 0.42; Figure 3d), possessing a Δμ of
0.42 D. The cesiated hydroxyproline ions are analogous to the
protonated cis and trans-hydroxyproline species, in that the cis-
form possesses a larger dipole moment value (2.94 D) than the
trans- form (1.78 D). As the chelated metal ion increases in
size, the drift time of the cis-hydroxyproline increases (less
mobile) due to the increased long-range charge induced dipole
attractive forces between the ion and the neutral drift gas,
whereas the drift time of the trans- form remains fairly constant.
These TWIMS observations for the metal-cationized ions can
also be rationalized as a function of where the metal ion resides
on the hydroxyproline molecule (vida supra). These results
further demonstrate that the charge distribution on the ionic
species can result in both subtle and dramatic drift time
differences and also that more polarizable drift gases (than He)
can be used to improve isomeric resolution when the isomeric
pair’s dipole moments significantly differ.

■ CONCLUSIONS
Results presented here indicate that alkali metal ion
cationization substantially improves the resolution between
isomeric proline variants in TWIMS analysis. The experimental
ΩN2 are in excellent agreement with those determined
theoretically. The improvement in TWIMS separation for the
isomeric proline molecules can be attributed to a combination
of the trans- form adopting a linear, salt-bridge structure,
whereas the cis- form exists primarily in a compact, charge-
solvated form for small alkali metal ions, and also the effect of
the charge distribution of the ion and its effect on the long-
range charge induced dipole interaction with the neutral drift
gas. The results demonstrate the first example illustrating the
capability for TWIMS analysis to distinguish a salt-bridge vs
charge-solvated gas-phase structure for an amino acid. Also,
these results indicate that smaller alkali metal ions, such as
lithium, may provide an analytical advantage in TWIMS
analysis for isomeric resolution. A recent study14 also
demonstrated the importance of alkali metal cationization in
isomeric resolution but did not probe the relationship between
resolution behavior and the structural role of the cation, a key
focal point of the current work. The ability of small alkali metal
ions to improve isomer resolution for TWIMS (and RF-
confining drift cell) analysis can potentially be used for many
different applications, such as for both small molecule and
protein- or peptide-based therapeutics. However, it is critical
that adduction of the alkali metal ion to the isoforms is capable
of stabilizing a gas-phase structure that is unique, or at least
preferential, to only one isomer. As our understanding
progresses of how alkali metal ions adduct to different amino
acids and small molecules in the gas phase, the capability of
alkali metal ions as a tool to improve isoform resolution in
TWIMS analysis will have greater utility.
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B3LYP/6-31++G(d,p) electrostatic surface potential mapped onto the
total electron density for (a) [cis-hydroxyproline + Li]+ and (b) [trans-
hydroxyproline + Li]+ with corresponding atomic charges. Isosurface
value coloration: blue, positive; red, negative. Ion mobility spectra
obtained on an RF-confining drift cell instrument for lithiated cis- and
trans-hydroxyproline using (c) CO2, (d) N2, or (e) He as the drift gas.
RF-confining drift cell voltage gradient of 135 V and a pressure of 1.5
Torr.
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