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Abstract:

The advancement of hybrid mass spectrometric tools as an indirect probe of molecular structure
and dynamics relies heavily upon a clear understanding between gas-phase ion reactivity and ion
structural characteristics. This work provides new insights into gas-phase ion-neutral reactions of
the model peptides (i.e., angiotensin Il and bradykinin) on a per-residue basis by integrating
hydrogen/deuterium exchange, ion mobility, tandem mass spectrometry, selective vapor binding,
and molecular dynamics simulations. By comparing fragmentation patterns with simulated
probabilities of vapor uptake, a clear link between gas-phase hydrogen/deuterium exchange and
the probabilities of localized vapor association is established. The observed molecular dynamics
trends related to the sites and duration of vapor binding track closely with experimental
observation. Additionally, the influence of additional charges and structural characteristics on
exchange kinetics and ion-neutral cluster formation is examined. These data provide a foundation
for the analysis of solvation dynamics of larger, native-like conformations of proteins in the gas

phase.
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Introduction

Control of gas-phase ion chemistry remains a key factor in developing mass spectrometric
techniques and strategies to probe gas-phase ion structures and dynamics. Moreover, tandem
mass spectrometry and its numerous variants (e.g., collision-induced dissociation, charge transfer
dissociation mechanisms, and radical-driven dissociation) rely extensively on the chemical nature
of the target analyte and, in some cases, the surrounding environment.”~'® Broadly, the field of
gas-phase ion chemistry encompasses efforts aimed at identifying analyte charge locations
before and during mass analysis."**'""'? Gas-phase hydrogen-deuterium exchange (gHDX)
reactions are a unique class of experiments that provide constructive insights related to chemical
reactivity and ion structure.'*?° Physical measurements of ion behavior (e.g., m/z, ion-mobility
(K), spectroscopic evaluations, and fragmentation patterns) serve to constrain experiments aimed

°21-24 However, the inclusion of gas-phase reactivity and sites of

at interpreting ion structure.
chemical modification offer additional dimensions that broadly inform the dynamic natures of ion

structure.

Initial gHDX experiments relied upon controlled leaks of deuterated gas into trapping mass
spectrometers and recorded the evolution of isotopic envelopes as a function of time.'>2>-?7
Although extended storage times were required and increasing the pressure of the trap broadly
contradicts the goals of mass analyzers, early success was realized with impressive levels of
deuterium incorporation similar to the solution-phase HDX experiments. For example, cytochrome
¢, when exposed to deuterated water in an ICR trap, exchanged 94% of the theoretically

exchangeable hydrogens and allowed for at least three different conformers (on the basis of

different reaction kinetics) to be identified with trapping times in excess of 1000 seconds.

Previous work has also illustrated that the same amino acid residue in different locations within a

peptide chain may exhibit different exchange kinetics due to three-dimensional structural effects
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or localized gas-phase basicity. Green and Lebrilla observed this behavior for bradykinin in the
presence of deuterated water (D,O) and suggested that the exchange proceeded through a relay
mechanism.?” According to Wyttenbach and Bowers, the surface accessibility of basic sites and
the distance between them are what affect the observed rates for bradykinin and DO as
determined by molecular dynamics.?® One of the most significant conclusions from that work was
that the experimental data could be accurately fit by using 25 conformers of bradykinin illustrating

the dynamic nature of even small peptides in the gas phase.

Performing the HDX experiment within a mobility cell is appealing as it combines a chemical probe
of accessible surfaces (gHDX) with a physical separation technique based on the orientationally
averaged interactions between an ion and neutral.'*?*3" In select cases, gHDX can be used to
differentiate ion populations based on kinetics and deuterium incorporation to introduce an added
dimension for characterization.”'**2 While these metrics can be used to infer dynamics and
structure, ion mobility offers experimental results measuring the effects of charge and momentum-
transfer ion-neutral cross-sections on the arrival time distributions of ion populations.®® Valentine
and Clemmer first reported gHDX experiments within a drift tube experiment and were able to
identify shape-resolved conformers of cytochrome ¢.' By combining changes in the ion-neutral
collisional cross-section and deuterium incorporation, they rationalized a broad array of ion
characteristics based upon the degree of molecular charging. In their experiments, the more
highly charged species displayed increased levels of deuterium incorporation due to elevated
levels of surface accessibility and provided further experimental evidence of charge-induced
elongation of gas-phase proteins, though the additional charges may also have influenced greater
vapors sequestered resulting in increased exchange. More recently, Valentine et al. have
developed a host of tools, including identifying changes in helicity, top-down structural

identification, and ‘omics studies.'’34-38
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The model peptides, angiotensin Il and bradykinin have been studied extensively with a variety
of deuterium sources and pressures. Freitas et al. studied a suite of these peptides and their
derivatives and found that angiotensin Il exchanged faster and more completely than bradykinin
did with D,0.3® After 1 hour of storage with DO in an ICR, angiotensin Il exchanged 13 Hs. While
several other works evaluated different sources of deuterium, methanol-OD (CH3OD or MeQOD)
has been shown to cluster selectively with single amino acids and achieve appreciable levels of
exchange.®' Lower pressure works using FT-ICRs with bradykinin [M+2H]*2 showed 3 exchanges
of hydrogen for deuterium at extended trapping times.'>?"4° While initially quite successful,
challenges with trapping ions for extended periods of time and measuring trace partial pressures
of deuterating agents limited the broad adaptations of the technique as an indirect structural

probe.

The introduction of condensable vapor phase species which form non-covalent ion-neutral
complexes with analytes can also be employed in ion mobility-mass spectrometry (IM-MS) as a
means to shift mobilities in an analyte-specific manner.*'~** This adds further dimensionality to
ion mobility experiments and can also be used as a means to probe gHDX. Angiotensin Il, in
addition to being a reportedly fast-exchanging peptide, has been studied in the context of ion-
neutral clustering with alcohols. Efforts by Rawat et al. reported shifts in angiotensin Il mobility as
a function of the increased vapor pressure of isopropyl alcohol and attributed this behavior to site-
specific vapor uptake.*® More recently, using singly charged amino acid ions, we utilized MeOD
as a dopant within an atmospheric pressure ion mobility drift cell to demonstrate a strong
correlation between the degree of ion-neutral cluster formation and the extent of gHDX.?' Such
experiments build upon a framework put forward in prior studies showing that condensable vapor
molecules transiently bind to analyte ions as they migrate in a drift cell. Because gas-phase
chemistry retains the pertinent features of solution phase processes, gas-phase ions exposed to

condensable vapors are in dynamic equilibrium (i.e., vapor molecules are continuously sorbing
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and desorbing as the ion migrates). Most importantly, changes in ion mobility arrival times when
using condensable vapors directly correlate with the degree of ion-neutral clustering.*' By
simultaneously examining mobility shifts due to ion-neutral complex formation and the extent of
gHDX via mass spectrometry, we observed that the rate of HDX appeared to decrease with an
increased extent of MeOD conjugation with the amino acid ions, which was rationalized based on

the steric hindrances to additional gHDX caused by the clustering neutral molecules.

This finding, coupled with prior studies of gHDX in lower pressure systems without long-lived ion-
neutral cluster formation, suggests that the ions within the clusters have distinct gas phase
behavior compared to their bare analyte counterparts, but the extent to which this conclusion can
be generalized remains unclear. Here, we expand upon measurements using single amino acids
to examine how condensable vapor clustering impacts gHDX exchangeable hydrogens with singly
and doubly charged peptide ions, angiotensin Il and bradykinin. In expanding measurements to
larger ions, we explicitly probe (1) how charge states influence both the extent of ion-neutral
complex formation and the extent of HDX, and (2) whether the ion-neutral complex formation also
has a measurable impact on the rate of HDX for larger ions, which can accommodate multiple
neutral adducts. Additionally, the experimental efforts are supported by a new molecular dynamics
(MD) framework that explicitly accounts for ion-neutral cluster formation and mobility shifts due to
transient clustering. From these simulations, the locations on the ions where clustered neutral
molecules reside can be mapped onto the peptides on a per-residue basis providing a

measurement for the probability of each amino acid sequestering a neutral vapor.

Methods

Sample Preparation. The model peptides bradykinin and angiotensin Il were purchased from
Sigma Aldrich. Stock solutions were prepared by reconstituting the lyophilized peptide in
deionized water and stored at 5 °C. Working electrospray solutions were prepared fresh daily
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from the sock solutions using methanol with 0.1% formic acid to 50 uM for the peptides.
Tetradodecyl ammonium (T12A) was included at 1 uM as a system suitability check for ion
mobility calculations. This was done to ensure all variability in the mobility domain was of a
chemical nature rather than instrumental drift or environmental factors. Over the concentration
range used in this experiment, no HDX or shift in mobility was observed for T12A. For each
replicate, the mobility for T12A was calculated to be 0.61 £ 0.1 cm? V' s™" or was otherwise thrown

out and recollected.

Table 1 summarizes the analyte ions examined in this work. Only the [M+2H]"?ions of bradykinin
were detected when sprayed from MeOH with 0.1% formic acid. Both the [M+2H]*? and [M+H]"
ions for angiotensin Il were observed in the mass spectra and used for analysis. The number of
exchangeable hydrogens comes from the neutral molecule assuming HDX will proceed through
a relay mechanism and exchange sites only capable of forming a hydrogen bond (see Figures S1
and S2). Protonation to form ions increases the number of exchangeable hydrogens by the
number of charges added. The simulated charge locations were assigned based on individual

amino acid basicity. The singly charged angiotensin Il species was protonated at the Arg? residue

only.
Analyte Mass z M° # of Amino Acid Simulated Charge
(g/mol) | Detected Hexchangeable Sequence Locations
Bradykinin 1060 2 17 RPPGFSPFR Arg', Arg®
Angiotensin II| 1046 1,2 16 DRVYIHPF Arg?, Pro’
T12A 691 1 0 n/a n/a

Table 1: Analyte information.

lon-Mobility Mass Spectrometry. Gas-phase HDX during transient vapor binding was

performed as explained previously.*' Working solutions were electrosprayed at 3 yL/min into the
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IMS using a 75 ym ID glass capillary using an applied potential of 2.2 kV above the entrance
potential of the IMS. The drift tube was operated at atmospheric pressure and room temperature
(~700 torr and 21 °C in Pullman, WA). The dual gate IMS was pulsed from 5 to 8005 Hz for
bradykinin and 5 to 2505 Hz for angiotensin Il experiments. This difference in terminal frequency
did not have any noticeable effects on the quality of the data collected but was changed to

maximize experimental efficiency.

More detailed accounts of the atmospheric pressure, dual-gate PCB-IMS coupled to an ion trap
mass spectrometer have been reported previously.*’#® As seen in Figure S3, the full IMS includes
the drift region and desolvation regions, which are equal in length. Consequently, the drift time
measured from the FT-IMS experiment is approximately half of the total time the ions spend in
the IMS. It is for this reason that when calculating the kinetics effects, the total drift time, estimated
to be twice the time the ions take to traverse the drift region, is used. For a more in-depth
conversation on the data analysis process used for the HDX kinetics, refer to our previous

publication using amino acids.*'

The countercurrent drift gas was N2 at 2.5 L/min and modified using 99% pure methanol-OD
(CHsOD, (Cambridge Isotope Laboratories, Inc. (Andover, MA)) through the primary gas inlet at
a variable flow rate between 5 and 300 uL/hr using a syringe pump. In these experiments, the
drift time shifts after introducing the reactive vapor gas due to transient ion-neutral clustering.*'6
To quantify the relative magnitude of the shift, the ratio Ki/Ko, is calculated where K; is the mobility
of the analytes with a user-defined concentration of modifier introduced into the drift gas, and K,
is the mobility of the analyte with no modifier. The degree of gHDX was deduced from the isotope
window assuming pseudo-first-order kinetics and calculating the average m/z values for each
analyte at each flow rate. This study assigned the isotope window by the number of exchangeable

hydrogens. For example, bradykinin [M+2H]"? has 19 exchangeable hydrogens and was detected

at m/z 530.7 (for a mass of 1061.4 Da). If all possible hydrogens are exchanged, the monoisotopic
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mass would be 1080.4 Da (or m/z 540.2). Under these conditions, the total isotopic window spans
from m/z 530.7 to 540.2. For each replicate, the average m/z needed for kinetics analysis was

calculated by a Gaussian fit of the isotope distribution within this range.

Simulation Setup and Conditions. A range of variables, including charge positioning and vapor
molecule trajectory, contributed to the simulations aimed at capturing the distribution of vapor
molecules bound to analyte ions and the specific analytes sites of vapor interaction. The partial
charges on the three analyte ions (singly/doubly charged angiotensin Il and doubly charged
bradykinin) were determined via classical molecular dynamics (MD) simulation under vacuum
conditions using the charge equilibrium method.*® These QEq MD simulations were performed on
the Large-scale Atomic/Molecular Massively Parallel Simulator, under the NVT ensemble,
controlling ion temperature at 300 K by a Nose-Hoover thermostat.*®>? The simulations were
conducted for 10 ns with 0.25 fs time steps, during which the partial charges on each atom were
exported at every 10000" time step (2.5 ps). The average partial charges were computed by
averaging the charges from the period between 1 to 10 ns. The parameters for QEq, specifically
the electronegativity and self-Coulombic interactions, were taken from Rappe and Goddard.*° The
additional hydrogen locations due to protonation were determined based on the highest two pKa
value amino acids. The simulated protons were added to the two arginines for bradykinin ions,
while for angiotensin Il ions, they were placed on the arginine and the proline. We note that the
proton location on angiotensin Il has, at times, been reported to be at a different location from the
proline. It was shown by Marchese et al. that the lowest energy protomer was protonated on the
arginine and the histidine.>® However, when moving the charge between residues, we found no
significant impact on the recorded vapor-ion interactions when the excess hydrogen location was
changed from proline to histidine.>* This is detailed further in the supporting information in Figure

S4. We, therefore, report results with excess charges placed on the arginine and proline.
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Subsequently, the vapor trajectory-monitoring simulations about each of the three analyte ions
were conducted using an in-house-developed code used previously in studying ion-ion
recombination.®® The ion under consideration was placed at the center of a cubical domain with
one side length of 160.61 nm, with the cubic volume decided using the ideal gas law to represent
near-atmospheric pressure and room temperature (750 torr and 300 K, respectively) with 10°
nitrogen gas molecules. The methanol (MeOH) vapor molecules, as well as the 10° nitrogen (N2)
gas molecules, were randomly arranged in the cubical domain while avoiding overlap. The total
number of MeOH molecules ranged from 10 to 100, representing experimental MeOH vapor
pressure ranges of 0.075 to 0.75 torr, with the vapor pressure also calculated using the ideal gas
model. We remark that simulations were performed assuming that MeOH and MeOD display
similar behaviors with regard to ion-vapor clustering. The velocities for all atoms were initialized
by sampling velocities from the Maxwell-Boltzmann distribution at the specified temperatures, and
all-atom trajectories were iterated for 500 ns with a time step of 0.25 fs under the NVE ensemble.
This was repeated at least 20 times, leading to a total simulation time of >10 us for each vapor
pressure and ion. The inter- and intra-molecular interactions were parameterized based on the
general Amber force field, but the gas-gas interaction was neglected in this calculation, as done

%-%8 The long-range Coulombic interaction was handled

in previous gas-phase simulations.
directly without the Ewald decomposition technique, as the system did not contain a net neutral
charge. Furthermore, because the gas-vapor and vapor-vapor interactions occurred distally from
the ion, these events do not significantly influence the simulated ion behavior or the nature of the
vapor interaction with the ion surface. For these reasons, the vapor (MeOH) and gas (N2)
molecules were treated as interactionless point masses when their distances from the center ion
were more than 10 nm (i.e., they moved ballistically at fixed velocity outside the 10 nm region,
with their structures and potential effects only considered when within 10 nm of the ion). This
coarse-grained approach is depicted schematically in Figure 1. This simplifying assumption

substantially reduces computational cost but also neglects potential interactions beyond 10 nm
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radius, which, in select cases, may include the ion-methanol dipole potential outside this region.
In preliminary simulations aimed at tuning this cut-off distance, we found increasing the radius
had a negligible influence on results, suggesting that ion-dipole interactions need not be
considered beyond 10 nm; however, Coulomb interactions, if present, are certainly significant

beyond 10 nm .%’
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Figure 1. A) Depiction of the molecular dynamics simulations performed to examine MeOH
clustering with angiotensin Il and bradykinin ions. The left depicts the entire simulation domain,
noting the cubical domain side length and depicting the inner sphere where potential interactions
are considered. Outside the sphere, gas molecules and MeOH molecules drift ballistically. B)
Snapshots of the molecular dynamics simulation with bradykinin. The methanol vapor is shown
in yellow.

Periodic boundary conditions were applied on the domain walls, and periodically, the domain was
recentered to the ion center-of-mass with distances traveled by the ion recorded for post-

processing. Both pre-processing (QEq) and vapor molecule trajectory monitoring utilized velocity-
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Verlet integration (unthermostatted, as noted above). In total, these simulations provided the
coordinates and structures of each of the three ions and the coordinates of each of the vapor

molecules relative to the ion.

Calculation of Gas-Phase Diffusion Coefficients. Post-processing first involved the estimation
of ion mobilities and diffusion coefficients to compare the simulation results with the experimental
ion mobility shifts caused by vapor molecule clustering. We remark because we utilize MD
simulations to examine MeOH and ion interactions, calculations do not apply to fixed structures,
as are commonly used when comparing ion mobility predictions to measurements. We instead
calculated the diffusion coefficient from ion trajectories through two methods, and converted
values to ion mobilities using the Sutherland-Einstein-Smoluchowski equation, assuming the low-
field limit.>*®* These methods naturally account for ion structure variability throughout simulations.
The diffusion coefficient in MD simulations was computed using the Green-Kubo relation with the

velocity auto-correlation function (VAF):

1 T

DVAF = §J < v(t) N U(O) > dt
0

where the v(t) is the ion center of mass velocity at time t and 7 is the sampling time. The diffusion

coefficient was also calculated via the mean square displacement (MSD):

1 2
Dusp =< [r(@) —r(0)]:; >

where r(t) is the ion center of mass position at time equal t, and [r(7) — r(O)]%;; represents square
displacements. Importantly, by tracking the velocities and displacements of ion centers of mass,
this method naturally accounts for vapor clustering effects on ion mobilities, as opposed to the
calculation framework in our prior work, which hinges upon the estimation of the mobilities or
diffusion coefficients as a function of an integer number of vapor molecules bound, as well as the

fraction of time the ion spends with that integer number bound. In both diffusion coefficient
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calculations, the value T needed to be large enough to approximate t — co; we selected t such
that the VAF reaches <10 (normalized with initial correlation v(0) - v(0)). Further details on

calculations are provided in the supporting information.

Evaluation of Methanol Vapor Binding Properties. We remark that in simulations, MeOH
clustering with other MeOH molecules, forming dimers, was rarely observed, and such dimers
were short-lived. This is expected, as the MeOH number densities were far below saturation
levels. MeOH monomers, therefore, collided with ions. To assess the level of MeOH clustering
with each ion, post-processing was performed, which included calculating the number distribution
of bound vapor molecules with the ion and the probability distribution of the vapor binding location
on the ion. To determine the mean number of vapor molecules bound, we identified each vapor
molecule in the simulation as in either the “binding” or “not binding” state based on its position
and state in the previous time step. Initially, all vapor molecules were denoted as “not binding.”
Subsequently, at each time-step, we calculated the minimum distance between each vapor

molecule and the ion (L;) considering all atoms in the ion, using the equation:

. N;
L = min{[r; — [ "

where 7; is the position for each atom in the analyte ion, r; is the center of mass of methanol
molecule i, and N, is the number of atoms in the ion. When a vapor molecule was in the "not-
binding" state in a prior time-step and L; decreased below a prescribed arrival distance in the
current time-step, L,, the state for the vapor molecule in question was switched to "binding".
Conversely, when for a vapor molecule in the "binding" state, if L; became larger than a prescribed
leaving distance, L;, the state switched back to "not-binding." We set the arrival distance to 1 nm;
this was empirically tuned to avoid grazing short-time encounters, while the leaving distance was

set to a sufficiently large length of 10 nm to allow for rebound of vapor molecules back to the ion
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surface upon impingement. We remark that the results are only weakly sensitive to these choices
provided the arrival distance is the 0.5-1.0 nm range and the leaving distance is larger than the
arrival distance. The number of vapor molecules in the “binding” state was recorded every 10000
timesteps, which we used to construct the number distribution of vapor molecules bound, for
variable vapor pressures. For the location probability, again every 10000 time-steps, for all vapor
molecules in the “binding” state, the nearest exchangeable hydrogen was identified on the ion,
assuming all hydrogens bonded with either nitrogen or oxygen were exchangeable, provided as
Figure S1 and S2. We report location probabilities by amino acid in each ion. Subsequently, we
use these values to construct cumulative location probabilities for fragment ions identified in CID
experiments and compare these probabilities to the extent of HDX observed on each fragment

jion.

Collision-Induced Dissociation Experiments. The fragmentation spectra for each species were
collected both with and without the introduction of MeOD. Once the monoisotopic m/z was
isolated, the normalized collision energy was increased until the precursor ion intensities were
~10% of the most intense fragment peak. From there, MeOD at 80 yL/hr was introduced, and the

resulting spectra were collected under the same conditions.

A list of b- and y-type ion m/z values were generated for each amino acid sequence.®® Only singly
charged m/z fragment ions were used for [M+H]" angiotensin |l, whereas both +1 and +2 charged
ions were used for the [M+2H]*? species. These values were used to fit Gaussian distributions for
each fragment ion mass if present in the MS/MS. If the fragment ion was detected in the CID
spectra with no modifier present, then it was monitored upon the addition of MeOD. A Gaussian
distribution was fit to the isotope profiles and used to calculate an average m/z for the ions. This
is the value used to determine how many deuteriums were incorporated into the fragment on

average.
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For each amino acid in a given fragment’s amino acid sequence, the probabilities of each amino
acid interacting with a modifier were summed. Since the HDX occurs in the drift tube and the CID
fragmentation occurs in the MS, the probabilities calculated for the intact protein are still
representative of the probabilities of each residue in the fragment. This would not be true if the
exchange had been done within the ion trap. However, we acknowledge that proton scrambling
could mislead the HDX interpretation.®%'? For that reason, we view these data qualitatively rather
than attempting to parse though site-specific exchange data. Additional work using an alternative

fragmentation method to limit deuteron scrambling will be done in the future.

Results and Discussion

Classic gHDX experiments illustrate the utility of ion reactions to constrain models of protein
structure based on the rate of exchange and the percentage of deuterium uptake. Since our
previous work suggests that the clustering equilibrium affects the exchange profiles observed,
this experiment requires a few extra considerations.®' It has been shown that the charge of an ion
influences the ability of an ion to sequester vapors. For that reason, we will constrain our
discussion to a comparison between the doubly charged species of angiotensin Il and bradykinin
for structural differences as they may affect HDX and clustering, and subsequently, discuss the
effects of additional charges using two charge states of angiotensin Il. Within the context of the
present work, we expect angiotensin |l to exchange faster and more completely than bradykinin,
while the shifts in mobility due to transient clustering may look relatively similar for ions of the

same charge state.

Structural Considerations of [M+2H]*? lon: Bradykinin vs. Angiotensin Il Our present work
provides results from a different ionization compared to prior efforts. The Green and Wyttenbach
reports use MALDI, which favors singly charged ions, whereas our work was done with ESI, which

is known for creating a distribution of more highly charged species.?”?® This explains why the
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singly charged species were more prevalent in the previous work. When using our spray
conditions, the [M+2H]*2 remained the dominant ion population. A peak around the correct m/z
for the singly charged species could be seen sparingly, but after comparing mobility data of the
two distributions, it was concluded to be doubly charged ions that had undergone charge

reduction into the mass spectrometer.

Angiotensin I, however, formed the singly and doubly charged species under the same spray
conditions. This peptide has also been studied using gHDX, where it was reported to exchange
quite rapidly.*® Angiotensin Il has also been studied in the context of ion-neutral clustering with
alcohols. Prior efforts by Rawat et al. reported shifts in angiotensin Il mobility as a function of the
increased vapor pressure of isopropyl alcohol and attributed this behavior to site-specific vapor
uptake.*® Within the context of the present work, we expected angiotensin Il to exchange faster
and more completely than bradykinin, while the shifts in mobility due to transient clustering may
look relatively similar. The differences in gHDX rates for these analytes were attributed to
elements of three-dimensional structural differences as discussed previously and, to a degree,

reflected structure differences observed in the simulation.

The quantitative experimental results can be found in Table 2. The fast and slow rate constants
come from the linear fits plotted using the pwif 64 python package which also determines the
breakpoint. The Hexchange COlumn comes from the greatest number of deuterium incorporated that
cannot be attributed to a "*C peak. Those numbers are divided by the number of theoretically
exchangeable hydrogens to give the percentage in parentheses. The average total drift time is
the average time the ions take to traverse the entire ion mobility cell (both the desolvation and
drift region). This illustrates that the number of exchanges is not limited to the amount of time the

ions spend in the presence of MeOD, but rather the difference in the analytes.
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As seen in Figure 2, the nonlinear exchange profiles for the target peptide systems resemble the
trends observed with Ki/K, as reported previously with single amino acids.®' For angiotensin II,
the Krst is twice that of bradykinin while ksow is four times faster. Despite the differences in rate,
the breakpoint and mobility shifts are quite similar, showing the significance of charge on the
effect of clustering on rates. The total time the ions spend exposed to the modifier through the
drift regions is also very similar, however, angiotensin Il exchanges % of its exchangeable
hydrogens, whereas bradykinin only exchanges Vs. In summary, for the two ion distributions which
are similar in m/z and mobility shifts, the fast rate, slow rate, and thus relative rates are unique to

the analyte ion structure.

17


https://paperpile.com/c/LQbEpS/31HdA

A) Bradykinin [M + 2H]*? Exchange Rates and Clustering

295+ i o KiKo -1t
: O Fast Exchange [~100
2.90 - o i + O Slow Exchange | (g9 g
;5 2054 b 008
< g 0 + oo7 &
. E = N\ L 0.96
| — 0 o5
270 1 0.94

I I I 1 1 I |
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Modifier Flow Rate (Torr x seconds)

B) Angiotensin Il [M + 2H]*? Exchange Rates and Clustering

294 - 1.01
g : O Fast Exchange
287 | O Slow Exchange |-1.00
|
2.7 o Ki/K o
! Mo 099
— - ] ol
> 26 b 09875
L 55 , o_©° =
£° — 0 097 &
|
24 >
: = 096 <
23] 1 \D
! o -0.95
224 I ¢
T — T T T T 094
0.000 0.005 0.010 0.015 0.020 0.025
Modifier Flow Rate (Torr x s)
C) Angiotensin Il [M + H]* Exchange Rates and Clustering
294 -1.01
m} O Fast Exchange
28 o\ O  Slow Exchange |-1.00
27 BE\ o o KiK, 0008
% 26+ e

24 >

i

1

1

1

1

1

1

1

i Q [ 098°C
c - i O }oo7r 8

1

1

T

1

1

:

1

- 0.96 <C
23
-0.95
22
0.94

I I I I 1 I
0.00 0.01 0.02 0.03 0.04 0.05
Modifier Flow Rate (Torr x s)

Figure 2(a-c). Pseudo-first order kinetics plots with shifts in mobility as a function of methanol-OD
concentration for A) bradykinin [M+2H]*2, B) angiotensin Il [M+2H]*2, and C) angiotensin Il [M+H]*. All of
these analytes exhibit nonlinear trends in the kinetics data. For this reason, a fast rate (blue squares) and
a slow rate (orange squares) are plotted with two linear fits. The highly correlated shifts in mobility quantified
by the ratio Ki/Ko are overlaid on the right y-axis and plotted in green circles. The error bars for all data are
the standard deviation of three replicates at each flow rate with different electric fields.
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The Role of Charge on Angiotensin Il gHDX: [M+2H]*? vs. [M+H]* By comparing the exchange
and shifts in mobility for two charge states of angiotensin Il, the effects of added charge can be
studied. The singly and doubly charged ions dominated the mass spectrum though conditions

could be optimized to also observe the triply charged ions.

Since structural changes can arise when adding additional charge onto a peptide, the charge
states with minimal differences in reported collisional cross sections would be better candidate
analytes. In order to minimize the possible effects of structural changes induced by an additional
proton, only the [M+2H]*? and [M+H]" ions will be compared which have only a 7% difference in
CCS.% This way, the measured differences in gHDX and mobility shifts due to transient cluster

formation will be more focused on the effects of additional charge.

As expected, the doubly charged species exchanges faster than the singly charged species; the
[M+2H]*? ions’ kst is four times faster and ksiow is twice as fast than the [M+H]" ions. Interestingly,
the relative rate and mobility changes for the singly charged species are nearly half that of the
doubly charged species, further supporting that gHDX rates are influenced by clustering. The
higher charge states attract more vapor modifiers than lower charge states and thus have faster
initial rates but a larger reduction in rate as the modifier vapor concentration is increased, pushing
equilibria toward clusters. To elaborate further on this point, the faster initial rate is due to the
increased collision frequency for the doubly charged ions inducing more cluster formation as the
partial pressure of the modifier is increased. Clusters sterically hinder further access to the
exchange site which results in a drop in rate that is more pronounced for the doubly charged

species.

The breakpoints are different for each charge state, however, the average Ki/Ko of the flows
bracketing the breakpoint is 0.985 [M+2H]"? and 0.989 for [M+H]". These data support that
clustering slows down the rate of exchange and could be a cause of the nonlinear behavior thus
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controlling where the breakpoint is calculated. It is also important to note that the extent of
deuterium incorporation is greater for the doubly charged species despite spending roughly half
the time within the drift tube, highlighting that the data recorded differs on the basis of gas phase

reactivity rather than kinetic limitations.

Analyte Kiast Keiow | Ktastl Kelow (i';er?';p:::) Hexchanges At‘: gﬂ (Trzt:)" c;/‘; I'f;e
Bradykinin*? | 6.55E-12 | 3.45E-13| 19.0 | 00031 | 6(32%)| 31 4.9%
Angiotensin 11”2 1.62E-11 | 1.29E-12 | 12.6 | 00031 |12 (67%)| 32 5.4%
Angiotensin II* | 3.92E-12 | 6.48E-13 | 6.0 0.0095 | 8 (47%) | 57 2.8%

Table 2: gHDX IM-MS Experimental Results.

Mobility Shift Simulations. Videos of MeOH clustering about Bradykinin*? and Angiotensin 11"
for a MeOH vapor pressure of 1.5 Torr are provided as supporting information. Snapshot images
of one and two MeOH molecules bound in simulations are also provided. From simulations, the
ion mobilities computed using both the VAF and MSD approaches were normalized by the mobility
value Ko, which was obtained from MD simulations conducted in the absence of MeOH vapor.
Figure 3 displays a comparison of the normalized mobilities from MD trajectory calculations in
comparison to experimental results for three different analyte ions. Overall, the ion mobilities
computed from both the VAF and MSD methods agreed well, indicating that the sampling (or total
calculation time) of the MD simulation was sufficient to monitor ion diffusion. The trend of mobility
reduction with increasing vapor pressure was also observed in the MD simulations. However,
distinct from experimental measurements, we observed no discernable decreases in mobilities
for the lowest vapor pressures examined, with mobilities fluctuating for vapor pressures below 1.0
Torr. Nonetheless, the magnitude of the mobility shifts observed experimentally and in simulations

are comparable, only with slightly higher vapor pressures required to cause shifts similar to those
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observed experimentally. We remark that in comparing measured and calculated mobility in
polyatomic gasses, it is frequently necessary to tune potential interactions or to introduce diffuse
scattering models (when “frozen” ions are modeled) in order to bring calculations in line with

measurements.®"

% Modifying potential interactions, including parameter tuning, varying the
partial charge optimization method, or using alternative potential functions, may also help to
resolve the small mobility shift difference between simulation and experiment here. However,
even without these modifications, our results suggest that simulations do capture the approximate

number distributions of binding vapor molecules leading to observed mobility shifts; hence they

have value in examining vapor binding number distributions and binding location probabilities.

(a) Bradykinin [M+2H]*2 (b) Angiotensin II [M+2H]*? (c) Angiotensin II [M+H]*!
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Figure 3. The mobility shifts of three analytes, bradykinin [M+2H]*? (a), Angiotensin Il [M+2H]*? (b), and
Angiotensin Il [M+H]*" (c) observed in the experiment (blue triangle) and predicted based on the diffusion
coefficient calculation with two different ways in the MD simulation (VAF: red circle and MSD: black circle).

Canonical Vapor Binding Distributions. The average number of MeOH vapor molecules
adsorbed onto the analyte surface, denoted as N, was calculated by monitoring the quantity of
MeOH molecules marked as "binding" at any given instant throughout the simulation duration and

subsequently computing the mean value, represented as N. Figure 4 depicts N as a function of
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MeOH vapor pressure for each analyte, displaying higher values for angiotensin 11" than
angiotensin II*!, with bradykinin positioned between the two angiotensin Il species. The prevailing
trend observed for N is that an elevated vapor pressure results in more binding vapor molecules
for each of the three analytes. This can first be simply attributed to the increased frequency of
vapor molecule collisions with ions at higher vapor pressures or, in other words, at augmented
vapor concentrations. Figure S5 substantiates this observation, illustrating the linear relationship
between the vapor collision frequency and MeOH vapor pressure. The collision frequency was
derived by counting the instances when vapor labels switched from "non-binding" to "binding."

The corresponding collision frequency slopes for bradykinin*?, angiotensin 11

, and angiotensin
11" were 0.195, 0.208, and 0.093 ns™" torr”", respectively. We also find that the collision frequency
is predominantly governed by the long-range force between the "net charge" of the analyte ion
and the dipole of the vapor (i.e., the ion-dipole interaction). For this reason, the collision frequency
slope of angiotensin 1I*2 is larger than that of singly charged angiotensin 1. However, the collision

I*2 and bradykinin*? are similar values, also indicating that short-

frequency slopes of angiotensin |
range forces and minor structural deviations affect the collision frequency to only a minor extent.
Revisiting the comparison of N for different analytes displayed in Figure 4, despite having similar

I*2 do have disparate N values. This suggests

collision frequencies, bradykinin*? and angiotensin |
that the governing physical properties determining the binding duration (the time difference
between the vapor's arrival and leaving times) are not only determined by the net charge but also

depend upon local properties, including short-range interactions or partial charge levels.

Also of interest is the distribution of vapor molecules bound for each ion at variable vapor
pressure; we plot these distributions in Figure 5 for bradykinin* and in Figures S6 and S7 for

I*" |*2

angiotensin II"" and angiotensin 11™*, respectively. In addition to distributions extracted directly
from simulations, we also plot Poisson distributions using N as the mean value. Overall, we find

strong agreement at all vapor pressures for each of the three analytes between the directly-
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calculated distributions and Poisson distributions. Deviations evident for larger numbers of vapor
molecules bound are attributable to plotting results on a logarithmic scale, amplifying these
differences, and to increasing variability in simulation results due to poorer counting statistics for
low probability N values. Therefore, in spite of binding influenced by ion and vapor molecule
properties and local structures, we find that the distribution of vapor molecules bound for
subsaturated, equilibrated conditions can be approximated by a rather simple Poisson
distribution, only requiring an estimate of the mean number of vapor molecules bound, N. The
extent to which this conclusion is generalizable, however, would need to be addressed in future
work, as it is certainly possible that for particular ion-vapor molecule combinations, a specific
number of vapor molecules bound may be anomalously probable (i.e., a so-called magic number

cluster) or improbable (an anti-magic cluster), which is not captured by Poisson statistics.
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Figure 4. Mean binding vapors, N, as a function of MeOH vapor pressure in different analytes. The black
triangle is doubly charged bradykinin, the red square is doubly charged angiotensin Il, and the blue circle
is doubly charged angiotensin II.
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Figure 5. MeOH vapor binding distributions on the doubly charged bradykinin. Black and red bars
respectively indicate results from MD vapor trajectory calculation and prediction with the Poisson
distribution.

Localized Vapor Binding Distributions. To better understand MeOH dynamics upon binding,
local MeOH vapor binding probabilities were calculated for each amino acid with an exchangeable
hydrogen in doubly charged bradykinin across a range of vapor pressures, with results displayed
in Figure 6. Similar calculations were performed for doubly and singly charged angiotensin I, with
results available in the Supporting Information, Figures S8 and S9, respectively. Notably, the
hydrogen exchangeable sites in bradykinin are limited to four amino acids: serine and the two
terminal arginine residues, as depicted in Figure S2, as well as the amide backbone hydrogens.
Interestingly, the proline residues, which have no exchangeable hydrogens either from side
4

chains or the amide backbone, result in local binding probabilities consistently at zero. The Gly

residue also has a consistent zero binding probability despite one local exchangeable amide
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hydrogen which could be protected from the solvent by the adjacent prolines. In contrast, the
phenylalanine residues have exchangeable amide hydrogens and a nonzero probability of vapor

binding.

We observe that the local vapor binding probability distributions are rather insensitive to vapor
pressure, suggesting that vapor binding is predominantly governed by one-to-one interactions
between the vapor molecule and analyte and expected for vapor binding probability distributions
where multiple vapor molecules simultaneously bound is rare. The two terminal arginine sites
(Arg" and Arg®) show the highest probabilities, whereas the central phenylalanine site (Phe®)
shows the lowest nonzero probability. This concave-down distribution pattern is also observed in
the two angiotensin Il ions (though weaker for the doubly charged angiotensin Il ion). This
suggests that the accessibility of MeOH vapor to the more central amino acid residues is hindered
due to interference from surrounding amino acids, or, in the case of bradykinin, preference for
terminal charge sites, leading to higher binding probability at the terminal sites. Such binding
patterns are common in collision-limited systems in the gas phase; for example, diffusion-limited
aggregate structures form frequently in gas phase collision-limited processes due to limited
accessibility to structural interiors in colliding partners. It is not surprising that this finding

qualitatively extends to chain-like ions.

We also calculated the partial charges and MeOH vapor accessible surface areas (ASA) for each
amino acid comprising the analytes. The local binding probabilities are plotted against these two
properties in Figure 7, with details of the calculation procedures for these parameters in the
Supporting Information. To quantify the correlation between the local binding probability and these
two properties (partial charges and ASA), Pearson's correlation coefficients were found to be -
0.079 and 0.340 for partial charges and ASA, respectively. These results suggest that the

correlation between the local binding probability and partial charges is negligible, while a weak
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correlation is present with the ASA. Local binding, therefore, appears to be predominantly driven

by the structural characteristics of the ions examined.
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Figure 6. The binding location probability distribution on each amino acid of doubly charged bradykinin,
Arg1, Pro2, Pro3, Gly4, Phe5, Ser6, Pro7, Phe8, and Arg9. (a) to (i) represent different vapor pressures,
0.15to0 1.80 Torr.
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Figure 7. Binding location probability to each amino acid versus amino acid partial charges (a) and versus
amino acid accessible surface area (ASA). The black triangle corresponds to the doubly charged
bradykinin, the red square represents doubly charged angiotensin Il, and the blue circle is the doubly
charged angiotensin II.

The Role of Accessible Surface Area, Clustering, and gHDX. The weak correlation between
ion-neutral clustering and accessible surface area of each residue observed in MD simulations
has been a topic of debate in gHDX literature for biological molecules.?®® Robinson and Williams
paired FAIMS-derived CCS values with gHDX extent and found that, while gHDX was sensitive
to conformational changes, the changes were not correlated with the CCS values.”® However, MD
simulations of the gHDX experiment with bradykinin concluded that the surface availability of
basic sites and their respective distances impacted the calculated rate.?® While ASA cannot be
ignored in gHDX and, as shown in this work, ion-neutral clustering, a clear distinction needs to be
made. Vapor-ion interactions are necessary for a reaction to proceed but do not necessarily
ensure a reaction (e.g., gHDX) will occur. Stated differently, the local environment of a solvent-
accessible hydrogen (e.g., hydrogen-bonded) may still preclude the possibility of gHDX. In fact,
this behavior has been exploited in prior efforts as a control condition when probing gas-phase
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clustering and HDX.*' When combined with MD, the present set of experiments aids in the
placement of constraints when balancing the degree of solvent accessibility with the observed

rates of HDX.

Collision-Induced Dissociation of Exchanged Peptides. Trends in collision-induced
dissociation (CID) spectra with and without the modifier present were evaluated. A list of fragment
ions detected and how many hydrogens each exchanged can be found in Figure S10. While more
fragment ions were observed for bradykinin, the overall intensity of the fragment ions was much
lower than with angiotensin Il. Interestingly, the trends observed with the intact peptide gHDX
match interpretations from the CID data; doubly charged angiotensin Il exchanges more than
doubly charged bradykinin and singly charged angiotensin Il. Since CID occurs on time scales
that allow for scrambling, we use these data to qualitatively compare experimental and simulated
data. Questions related to the degree of HDX realized per residue will be the focus of future work

using faster fragmentation methods (e.g., UVPD).”""2
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Figure 8 (A-C). CID HDX versus probability of the fragment ion to form a cluster for A) bradykinin*?, B)
angiotensin I1*2, and C) angiotensin II*. The summed probability is calculated by adding the probability of
each amino acid forming a cluster from the MD simulation. The dashed line only serves to guide the eye to
the observed trends.

Correlating Clustering Probability and Peptide Fragment gHDX. The average number of
exchanged hydrogens was plotted versus the per residue summed probability. Generally, as the

summed probability increases for a fragment ion, the average number of exchanges also
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increases. This trend is seen clearly in Figure 8 A) and B) for angiotensin Il [M+H]* and [M+2H]*?,
respectively. While the average Hexchanged increases with probability for bradykinin as well, there
are a few outliers, particularly the doubly charged bs ion, RPP. The other outliers are the singly
charged y2 and ysions to form FR and SPFR, which exchange less than the trend. It could be
theorized that these ions originate from a peptide with a charge on the C-terminus arginine
involved in some form of three-dimensional structure and is thus not accessible by the deuterated

vapor for exchange.
Conclusions

The most encouraging aspect of these data is that the complex equilibria of peptide ion-neutral
interactions, examined from two independent perspectives on a per-residue basis, gHDX
experiments, and simulated cluster formation, are directly related. This suggests that these two
methods can be used to provide complementary information about these interactions. These
independent observations contribute to the notion that ion-vapor clustering greatly mediates
gHDX. Similar conclusions have been drawn throughout the gHDX literature with regard to the
relay mechanism that is shown to proceed through a “long-lived ion-neutral complex” involving
two hydrogen bonds.? By combining those results with the ones presented here, one can imagine
the nature of these reactions as the ions traverse the drift tube: ions move through the neutral
gas, mostly nitrogen, but when a MeQOD interacts with the peptide, it can sample the accessible
surface area forming a cluster. When, or if, the vapor reaches a residue that can form the double
hydrogen bonds necessary for exchange through the relay mechanism, gHDX can proceed. Our

study provides evidence that the exchange could take place while the ion is locally solvated.

Although this concept may appear intuitive, performing these reactions within an instrument
incapable of quantifying changes in the complex equilibria that exist between ions and the reactive

modifier, such as a trapping mass spectrometer, could not quantify both the HDX reactivity cluster
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formation."13257374 For this reason, studying clustering (and subsequent gHDX) within an IMS
enables data for both phenomena to be recorded in a single experiment and provides information
past m/z. Expansion on this work could be useful in deducing protein structural differences, post-

translational modifications, and selecting the most native-like charge states.
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