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Abstract

The structure and folding of a protein in solution depends on noncovalent interactions within the
protein and those with surrounding ions and molecules. Decoupling these interactions in solution
is challenging, which has hindered the development of accurate physics-based models for structure
prediction. Investigations of proteins in the gas phase can be used to selectively decouple factors
affecting the structures of proteins. Here, we use Cation to Anion Proton Transfer Reactions
(CAPTR) to reduce the charge states of denatured ubiquitin ions in the gas phase, and ion mobility
to probe their structures. In CAPTR, a precursor charge state is selected () and reacted with
monoanions to generate charge-reduced product ions (C). Following each CAPTR event,
denatured ubiquitin ions (13+ to 6+) yield products that rapidly isomerize to structures that have
smaller collision cross sections (Q). The Q of CAPTR product ions depend strongly on Cand very
weakly on P. Pre- and post-CAPTR activation was then used to probe the potential-energy surfaces
of the precursor and product ions, respectively. Post-CAPTR activation showed that ions of
different Pfold differently and populate different regions of the potential-energy surface of that
ion. Finally, pre-CAPTR activation showed that the structures of protein ions can be indirectly
investigated using ion mobility of their CAPTR product ions, even for subtle structural differences
that are not apparent from ion mobility characterization of the activated precursor ions. More
generally, these results show that CAPTR strongly complements existing techniques for
characterizing the structures and dynamics of biological molecules in the gas phase.
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Introduction

Despite progress in understanding protein folding®-2 and protein structure prediction,34
universal methods for predicting the tertiary and quaternary structures of proteins on the
basis of their sequence remain elusive, partially due to limited experimental data.1:>~" The
folding of proteins depends on covalent interactions and noncovalent interactions within the
protein and with surrounding ions and molecules. Although a great deal of progress has been
made,8 how these contributions work in concert to achieve native, biologically active
proteins remains difficult to predict using physics-based models. Decoupling these
contributions is particularly challenging in the condensed phase, where all interactions
contribute simultaneously.

Mass spectrometry (MS) and associated methods have emerged as robust tools for studying
proteins and noncovalent complexes in the gas phase, particularly due to their ability to
selectively characterize individual components of mixtures.®-11 Electrospray ionization of
proteins from native conditions, e.g., pH = 7.0 and physiological ionic strengths, enables
measurements of “native-like” gas-phase ions, which can retain ligands, stoichiometries, and
tertiary structures from solution.®-11 Coupling mass spectrometry to ion/neutral proton
transfer reactions,12-15 hydrogen/deuterium exchange reactions,14-16-20 electron-mediated
dissociation techniques,?1-23 and ion mobility (IM),23-2° enables the characterization of gas-
phase structures, which can be compared to their solution-phase counterparts.®2%-33 For
example, IM-MS measurements can be used to determine the collision cross section (Q) of
an ion with a buffer gas molecule,3* which can be compared with Q values calculated for
atomic and coarse-grained models and structures.35-38

Biomolecules can adopt multiple structures that are kinetically stable in the gas phase. For
example, native-like ions typically exhibit a single feature in their IM arrival-time
distributions at low energies39:40 and activation of these ions can result in the formation of
multiple structures that are kinetically stable and appear at different drift times.#1-44 IM-MS
of protein ions generated from denaturing solutions, e.g., low pH and a large fraction of
organic solvent, frequently exhibit features for multiple coexisting conformers.27:31.45 For
example, IM-MS of 3+ bradykinin from different solutions shows evidence for a total of ten
conformers that are all kinetically stable on the millisecond time scale of the separation.46
To investigate the relationship between these conformers, Clemmer and coworkers pioneered
IM-IM-MS47 and IM-IM-IM-MS“8 approaches to characterize the potential-energy surfaces
of peptide ions in the gas phase. For example, six conformers of 3+ bradykinin were each
mobility selected, activated, and reanalyzed using a second IM separation.4950 At high
energies, the products of these experiments all exhibited the same three populations in
approximately identical ratios.*%:50 They propose that these ions formed a quasi-equilibrium
of structures in which the relative populations of those structures depended on their free
energies after thermalization. These tandem IM experiments have established the ground
work for quantitative thermodynamic measurements of potential-energy surfaces in the gas
phase.50

The relationship between the structure, charge state, and original solution of protein ions
remains challenging to decouple. For example, native-like ions of prion®! and intrinsically
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disordered®2 proteins as well as proteins ions from denaturing solutions31:53:54 can exhibit a
strong correlation between charge state and Q. However, charge state3%-41.55 and polarity4?
can have a comparatively small effect on the Q of native-like ions of large, globular proteins
and protein complexes. One approach to probe the relationship between structure and charge
state is to manipulate the charge states of protein ions in the gas phase. For example, in ion/
neutral proton transfer reactions a multiply charged precursor cation is reacted with a neutral
molecule, A, which has a higher gas-phase basicity:13:56

[Mn+zH" 4+ A — [My+(z—1)H|* DY+ AHY  (Reaction 1)

Foundational results from ion/neutral proton transfer reactions in tandem with IM-MS have
shown that charge reduction of mixtures of ions that have high-charge states and unfolded
structures can yield product ions that have lower charge states and partially folded
structures.>’:%8

An alternative approach to manipulate the charge states of protein ions in the gas phase is to
use ion/ion proton transfer reactions, in which multiply charged protein cations react with
monoanions to yield charge-reduced protein cations:

[My+2H) T+ A — [Mo+(2=1)H)* DT+ AH  (Reaction 2)

lon/ion reactions benefit from more favorable kinetics and thermodynamics relative to ion/
neutral proton transfer reactions.>3-62 Recently, we reported an approach for these reactions
that we refer to as cation to anion proton transfer reactions (CAPTR).62 CAPTR is most
similar to ion/ion proton transfer reactions pioneered by McLuckey and coworkers.60:61
However, those reactions are typically performed under pseudo first-order kinetics
(effectively constant anion abundance),60:61.63 whereas the abundance of anions in CAPTR
depletes during individual experiments and as a result a wide range of product ion charge
states (from different numbers of sequential proton transfer events) can be formed during a
single experiment.52 It differs from analogous experiments using electron transfer (“electron
transfer no dissociation™)22 in that charge reduction is caused by proton transfer rather than
electron transfer, which can also cause bond cleavage.64.65

Here, CAPTR of m/z-selected precursor ions are used to monitor the stepwise changes in
conformation as the charge state of a protein ion is reduced. We perform CAPTR within the
vacuum system of a mass spectrometer in order to reduce an individual charge state of
denatured ubiquitin, IM to characterize the structural effects of removing charge, and
collisional activation to probe the structures and stabilities of CAPTR precursor and product
ions. IM of CAPTR product ions show that there is a strong relationship between their
charge state and Q. Energy-dependent experiments suggest that 6+ ubiquitin can adopt at
least two sets of structures that are unable to interconvert under the conditions of these
experiments.
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Experimental Methods

Bovine ubiquitin was purchased from Sigma Aldrich and dissolved into ultrapure (18.2 MQ)
water to a concentration of ~100 uM without additional purification. This solution was then
diluted with methanol and water, which were acidified to a pH of 2 using trifluoroacetic
acid. The final solution contained 10 uM ubiquitin in 70%:30% water:methanol by volume.
Cations were generated using nanoelectrospray ionization from borosilicate capillaries with
inner diameters of 0.78 mm that were pulled to ~1 to 3 um on one end using a Sutter
Instruments P-97 micropipette puller (Novato, CA). Electrical contact with the solution was
achieved by inserting a platinum wire into the wide end of the capillary. The source was
maintained at 120 °C. Note that under these conditions there is some heat transfer to the
sample capillary, which is discussed with Figure S1.

Experiments were performed using a Waters Synapt G2 HDMS modified with a glow-
discharge ionization source® and a radio-frequency confining drift cell (Figure 1A).57 This
instrument is equipped for ion/ion reactions in the trap cell, which contains 0.08 mBar
helium and is positioned before the mobility cell and the time-of-flight mass analyzer.
\Voltages were selected to minimize activation and maximize transmission. Monoanions for
CAPTR, the fragments of perfluoro-1,3-dimethylcyclohexane (PDCH, Sigma Aldrich) at
mlz381 ([PDCH-F]"),68 were generated via glow discharge for 100 ms, quadrupole
selected, and accumulated in the trap cell.52 The instrument was then switched into positive
mode for 2 to 3 s, during which a single charge state of ubiquitin was quadrupole selected
and trapped with [PDCH-F]™ to initiate CAPTR. The CAPTR products and residual
precursors were then pulsed into the RF-confining drift cell for 200 s every 13.8 or 22 ms,
depending on the maximum /m/z measured. For selected experiments, ions were collisionally
activated by increasing their kinetic energy (Figure 1B) prior to injection into either the trap
cell (pre-CAPTR activation) or the mobility cell (post-CAPTR activation). Spontaneous
charge loss following IM separation is minor relative to the other charge reduction processes
in these experiments, as discussed in the Supporting Information.

IM arrival-time distributions were measured using a radio-frequency confining drift cell,” a
field of 5 V.-cm™, and 2.0 mBar helium. Q values were determined from those distributions
using a procedure discussed in the Supporting Information. Briefly, field-dependent
measurements were used to determine the /77zindependent and /77 z-dependent® transport
times of ions from the exit of the mability cell to the time-of-flight mass analyzer. The
experimental drift time of CAPTR ions obtained from a measurement at a single field
strength were corrected for these transport times to determine their mobility (K), which was
converted to Q using the Mason-Schamp equation:34

_3ez< 21 >%1
16N \pk; T/ K (Equation 1)
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where zis the charge state, eis the elementary charge, NVis the number density of the drift
gas, 4 is the reduced mass of the ion and drift gas (helium), Ag is the Boltzmann constant,
and T7is the temperature of the drift gas, which was 301 K for these experiments.

Discussion

Recently, we reported experiments using CAPTR to manipulate the charge states of protein
complex ions.®2 Here, we couple CAPTR to reduce the charge states of protein ions
generated from denaturing solutions and 1M to monitor to how changes in z of protein ions
affect their Q. Figure 2A shows a nanoelectrospray ionization mass spectrum of ubiquitin
from a denaturing solution of 70%:30% water:methanol at pH 2. 13+ to 5+ cations were
observed, but the abundance of the 5+ cation was too weak for further analysis (Figure 2A,
inset). Precursor ions were /m/z selected (Figure 2B) and then subjected to CAPTR (Reaction
2) in the trap cell (Figure 2C). In this implementation, CAPTR spectra exhibit peaks for the
charge-reduced product ions and a small population of unreacted precursor ions.52 The
product ions and any unreacted precursor ions were then characterized using IM-MS (Figure
2D). For the remainder of the discussion, precursor ions are defined as quadrupole-selected
ions that have not undergone CAPTR, and will be noted as either “~+’ or “P—>P’. The
product ions of CAPTR are noted as “P—C’, where Pis the charge state of the precursor
ion and Cis the charge state of the product ion.

CAPTR of Denatured Ubiquitin

Figure 3 shows the Q distributions for the 13— Cions. All of these ions, except 13—6 and
13—5, exhibit monomodal Q distributions. The Q distribution for the 13—6 ions exhibits
three features, whereas that for the 13—5 ions exhibits two features. Figure S2 shows the Q
distributions for selected #—7 and A—6 ions, which exhibit monomodal and trimodal Q
distributions, respectively. The Q distributions of the #—7 ions were fit using one Gaussian
distribution and those for the ~—6 ions were fit using three Gaussian distributions.
Interestingly, all 7/—6 ions exhibit features I, 11, and 111, but the relative intensity of those
features depend on P. Note that each Gaussian function used likely represents a family of
conformers, rather than a single structure.”®

Figure 4 shows the centroids of the Gaussians fit to the features in the Q distributions for
isolated 13+ to 6+ ubiquitin cations and the corresponding CAPTR products. For each
precursor charge state selected, the resulting CAPTR products exhibit smaller Q values. This
result is consistent with the product ions isomerizing to more compact conformations after
charge reduction. The Q of each feature observed for the product ions of a given charge state
(C) are remarkably similar. The average root-mean-square deviation (RMSD) of the Q for
each feature is 0.04 nm?2 and the greatest RMSD is 0.15 nm? (found for feature | of the ~—6
cations). These experiments show that the Q of CAPTR product ions depend weakly on
precursor charge state, regardless of whether the ion was produced via electrospray
ionization or CAPTR.

The Q values of native-like ubiquitin cations generated from buffered solutions of aqueous
ammonium acetate are 9.72, 9.83, and 10.0 nm? for the 4+, 5+, and 6+ cations,
respectively.”! The average of those three values is 9.85 nm2 and is also shown on Figure
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4.7 Features I, 11, and 111 of the ~—6 cations in these experiments range from 12.5 to 14.6
nm?2 and are significantly larger than the 6+ native-like ions. In contrast, the ~—3 cations in
these experiments all have Q values near 9.9 nm2, which are indistinguishable from the Q of
the native-like cations given the uncertainties in the mobility experiments.3%:67 Although the
native-like ions and the low-z CAPTR product ions were formed through very different
processes, these results suggest that they have similar size, and may share some structural
motifs. At a minimum, these results suggest that the densities of the low-z CAPTR product
ions converge with those of the corresponding native-like ions.

These results demonstrate that the CAPTR products of ubiquitin adopt more compact
structures with decreasing z This finding is consistent with results from ion/neutral proton
transfer reactions in which all ions generated from electrospray were reacted simultaneously
with neutrals,>758 je,, the charge-reduced product ions originated from precursor ions that
had a range of charge states. CAPTR of m/z-selected precursor ions in this study enabled the
Q to be monitored for up to ten consecutive proton transfer reactions, /.e., the products from
different precursors are directly comparable to each other. Furthermore, the rates of ion/ion
proton transfer reactions are expected to depend primarily on the charge state of the protein
cation,59-62 whereas those for ion/neutral proton transfer reactions also depend on the
structure of the protein cation.12:14.15 pPreviously, Badman and coworkers reported IM-MS
analysis for ion/ion proton transfer reactions of two adjacent charge states each of
cytochrome ¢/2 and ubiquitin.”3 Similar to the results reported here, Badman and coworkers
observed that the Q for the charge-reduced products of a mixture of 7+ and 8+ ubiquitin
decreased through the 3+ product ion, and the Q of the product ions were independent of
their precursor charge state.”? In the present study, in which significantly more charge states
were characterized, we can draw more general conclusions regarding the relationship
between P, C, and Q. Specifically, the results in Figure S2 show that the Q distribution of the
features observed for each Cdepend weakly on 2, but that there are some differences in the
relative intensities of those features. These results are consistent with the structure of
CAPTR product ions depending strongly on C, or at least, that the structures formed as a
function of C have similar Q.

Note that each of these experiments, from ionization until time-of-flight mass analysis, take
less than 44 ms. Furthermore, the widths of the arrival-time distributions are typically less
than one millisecond, even though ions are formed during the entire accumulation period for
the ion mobility experiment (13.8 or 22 ms). This suggests that these structural changes
occur prior to IM and are therefore very fast, perhaps even sub-millisecond. For comparison,
the folding time of ubiquitin in water has been estimated to be ~3 ms.” This suggests that
structural changes for proteins in the absence of solvent can occur on time scales similar to
those in solution.

Post-CAPTR Activation

In order to probe the structures and stabilities of the CAPTR product ions in more detail,
arrival-time distributions were measured as a function of the voltage used to inject the ions
into the mobility cell (Figure 1B). The collisionally activated species will be indicated with
an asterisk, 7.e., P~ C* indicates that the CAPTR product ions are activated following
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CAPTR and prior to IM separation. Figure S3 shows results for #— C*, where P= 13, 8,
and 6. Interestingly, the arrival-time distributions for the 13—13*, 13—8%, and 8—8* ions
(Figures S3A to S3C, respectively) are independent of the injection voltage over the range
studied. These results are consistent with those ions adopting their lowest-energy structures
over all energies, those ions not overcoming the barrier to structural isomerization in these
experiments, or that any new structures formed have similar Q. Note that the range of
injection voltages used in these experiments is limited by competition with covalent
fragmentation of CAPTR product ions.

Figures 5A and 5B show the Q distributions observed for the 6—6* and 8—6* ions,
respectively, as a function of the injection voltage as they enter the mobility cell. Vertical
dashed lines correspond to the average of the centroids of features I, 11, and 11l for all /6
ions in Figure 4. The 6—6* and 8—6* cations at low energies have intense populations
corresponding to feature 1. However, the 6—6* ions exhibit low-intensity peaks
corresponding to features Il and 111, whereas the 8—6* ions exhibit intense peaks for
features 11 and I11. From 55 to 85 V the 6—6> ions convert predominantly to feature I11. The
8—6* cations unfold to feature 111 similarly to the 6—6* cation, however it unfolds at ~10
V lower than the 6—6* ions and exhibits a slightly narrower feature at the highest energies.
Therefore, in contrast to the Q distributions for the 13—13*, 8—8*, and 13—8* ions, those
for the P~—6* ions depend strongly on the injection voltage.

Figure 6A shows a qualitative reaction coordinate that is consistent with the results for the
6—6* ions (Figure 5A) and has three local minima corresponding to features I to I1l. The
energies of the three features descend from I to I11, consistent with features I and 11
converting to 111 with sufficient activation. For injection voltages greater than 80 V, the Q
distributions for the 6—6* ions no longer depend on energy, which is consistent with these
ions establishing a quasi-equilibrium of structures®® at high energy. As previously discussed,
the results for the 8—6* and 6—6* ions are similar, and therefore the qualitative reaction
coordinate in Figure 6A is consistent with the results for both experiments.

At low injection energies, the 13—6* ions predominantly exhibit feature 11, with less intense
features centered at | and 111 (Figure 5C). With injection voltages of 45 to 70 V, feature 11
converts to feature I11 until they are roughly equal in intensity from 80 to 100 V.
Interestingly, the intensity of feature | remains constant over the injection voltages studied,
in contrast to that feature for the 8—6> and 6—6* ions. At high energies, the Q distribution
for the 13—6* ions (Figure 5C) are very different than those for the 6—6* and 8—6* ions
(Figures 5A and 5B, respectively). These results are consistent with the 13—6* ions
adopting different structures than the 6—6* and 8—6* ions. As a result, the qualitative
reaction coordinate in Figure 6A alone cannot explain all the data in Figures 5A to 5C.

A qualitative reaction coordinate that is consistent with the post-CAPTR activation of the
13—6* ions is shown in Figure 6B. The qualitative reaction coordinate in Figure 6B differs
from that in Figure 6A in that the local minima are more similar in energy, consistent with
features | to 111 all being populated under quasi-equilibrium conditions (Figure 5C). Two
alternative explanations are that (1) the persistence of feature | at high energies is the result
of a high barrier for isomerization from that feature to the other features or (2) the 13—6*
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ions have a subpopulation of ions that are consistent with the qualitative reaction coordinate
in Figure 6A, /i.e., isomerize to feature Il at high energies, and additional subpopulation that
yield features | and Il and are unable to interconvert to 111 even at very high energies.

The post-CAPTR activation results for the 6—6*, 8—6*, and 13—6* ions suggest that 6+
ubiquitin can adopt at least two sets of structures that are unable to interconvert under the
conditions of these experiments, and that these experiments probe at least two different
regions of the potential-energy surface of 6+ ubiquitin. The pair of qualitative reaction
coordinates shown in Figure 6 are consistent with these observations. Although we do not
believe that it is possible to explain all of the results for the 6—6*, 8—6*, and 13—6* ions
using a single reaction coordinate with three local minima, there are other reaction
coordinates that are also consistent with these results. For instance, it is possible that feature
| for the 6—6* and 8—6> ions convert directly to feature 111, without the formation of
feature Il as an intermediate.

The ions populating different regions on the potential-energy surface probed in the post-
CAPTR experiments cannot interconvert and therefore have significant structural differences
with barriers to isomerization that are higher than that for covalent fragmentation. One
possibility is that these different regions correspond to different configurations of
protonation sites. If the barriers to proton migration are sufficiently high, the protonation
sites for the precursor ions may depend on the locations favored during ionization. In
contrast, the protonation sites of the CAPTR product ions will also depend on the reactivity
of the protonation sites for the precursor ion. Individual CAPTR events are highly
exothermic,2 which will favor proton transfer through the most entropically favored
channels. Therefore, the 6+ ions generated directly from electrospray and the 13—6 ions
may have very different protonation sites, which may affect their structures and stabilities.
These results all indicate that CAPTR product ions can have structural differences that
depend on A, but that do not necessarily affect their Q.

Pre-CAPTR Activation

To investigate the effects of the structure of the precursor ion on those of the resulting
CAPTR products, ions were activated prior to CAPTR as they were injected into the trap
cell (Figure 1B). lons activated prior to CAPTR are indicated with an asterisk, 7.¢e., P*—C.
Figure S4 shows results for P*—C, where £= 13, 8, and 6. Our interpretation of these
results will assume that pre-CAPTR activation occurs prior to charge reduction. This
assumption is reasonable because the density of helium in the trap cell greatly exceeds that
of the monoanions and the CAPTR cross section will decrease with increasing relative
velocity of the cation and monoanion pair.>® Note that the range of injection voltages used in
these experiments is limited by competition with covalent fragmentation.

The Q distributions for the 6*—6 ions as a function of injection voltage are shown in Figure
5D. With increasing injection voltage, the intensity of feature | decreases and that for feature
Il increases. The results for the 6*—6 ions are similar to those for the 6—6> ions, although
the distribution at the highest energy for the 6*—6 ions is broader than that for the 6—6*
ions, suggesting that a small population of ions that yield feature 11 may persist. This
suggests that for a given ion, high-energy injection into either the trap or mobility cells
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results in activation via a similar mechanism, despite differences in the efficiencies and
activated ion lifetimes.

The Q distributions of the 8*—6 ions (Figure 5E) change with increasing energy, even
though the arrival-time distributions for the 8*—8 ions appear to be independent of energy
(Figure SAC). The Q distribution of the 8*—6 ions at the lowest energy studied contains
features I, 1l and I11 in decreasing intensities. With activation of the 8+ precursor ion, feature
| of the 8*—6 product ion becomes less abundant and features 11 and 111 become more
abundant. At high energies (=70 V), feature 1l is marginally more populated than feature Ill,
which are both more intense than feature 1. One explanation of these results is that the
8*—8 ions isomerize to form additional conformers with indistinguishable Q distributions,
which go on to form different structural populations of the 8*—6 ions. Thus, as the 8*—8
ions are activated and populate new conformations that yield an indistinguishable Q
distribution, those structural changes are reflected in the Q distribution of the 8*—6
products. Therefore, CAPTR products appear to provide indirect evidence of a change in the
structure of a precursor ion. Interestingly, the Q distributions of the 8*—6 ions are
indistinguishable from 70 to 100 V (Figure 5E). This result is consistent with the 8*—8 ions
achieving a quasi-equilibrium of structures that go on to yield 8*—6 products with
indistinguishable Q distributions over this range of energies. Analogous experiments for the
13*—6 ions are consistent with the 13+ ubiquitin ions adopting a quasi-equilibrium of
structures over all energies, and consequently, all 13*—6 ions have similar distributions of
structures (Figure 5F).

Interestingly, the arrival-time distributions of the 6*—5 ion exhibit very little change over
the entire voltage range (Figure S4l), even though the Q distribution of the 6*—6 ions
changes from predominantly feature | to predominantly feature Il as the injection voltage is
increased from 50 to 70 V (Figure 5D). This suggests that CAPTR of the 6+ precursor ions
associated with features 1 and 111 both result in 5+ products that have more similar structures
or at least structures that have more similar Q.

In the preceding discussion of the 6*—6, 8*—6, and 13*—6 ions, the relative intensity of
features I, 11, and 11 for the 6+ product ions depended on both Pand energy. From these
experiments alone, there is not enough information to know the extent to which the
qualitative reaction coordinates in Figure 6 apply to the ions formed in the P~—6
experiments, for P> 6. Future experiments using energy-dependent activation both before
and after CAPTR (P*— C* experiments) may provide additional insights.

Conclusion

The experiments presented used CAPTR and IM to investigate the relationship between the
Q and charge state of a protein cation. We have shown the Q of ubiquitin ions depend most
strongly on its charge state. This conclusion is based on the observation that regardless of
precursor charge state, ions of the same product ion charge state exhibit features that have
similar Q (Figure 4). This observation indicates that their structures may be determined
predominantly by a delicate balance between intramolecular bonding and Coulombic
repulsions. These results build upon those showing that ion/neutral charge reduction of
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mixtures of protein ions that have both high charge states and extended structures yield
product ions with partially folded structures,>”+58 by tracking this process for series of
precursor ions with different charge states that were each m/z selected prior to a sequential
series of CAPTR events.

The results from the pre-CAPTR and post-CAPTR activation experiments provide several
new insights into the effects of charge reduction and the concomitant gas-phase folding.
Despite the differences in the low-energy Q distributions of the 6—6* and 8—6* ions, the
ions isomerize to similar Q distributions at high energies, exhibiting predominantly feature
I11 (Figures 5A and 5B). These results are consistent with these ions forming a quasi-
equilibrium of structures and the qualitative reaction coordinate in Figure 6A. In contrast,
post-CAPTR activation of the 13—6* ions results in a different Q distribution at high energy
(Figure 5C), consistent with forming a different set of structures. Consequently, these data
suggest that 6+ ubiquitin can adopt at least two sets of structures that are unable to
interconvert under the conditions of these experiments. Therefore, these experiments probe
at least two different regions of the potential-energy surface of 6+ ubiquitin.

Pre-CAPTR activation enables the exploration of the potential-energy surfaces of CAPTR
precursor ions, which then is probed indirectly through Q analysis of the corresponding
CAPTR product ions. For example, the Q distributions of 8+ ubiquitin ions do not depend on
the activation energy used (Figure S4C), but the Q distributions of 8*—6 ions do depend on
the energy used to activate the 8+ precursor (Figure 5E). Together, these results show that
subtle structural difference that are not apparent from IM of the precursor ions can be
indirectly probed using IM of CAPTR product ions.

More generally, these results show that CAPTR complements existing techniques for
characterizing the potential-energy surfaces of biological molecules in the gas phase. The
final products ions in these experiments were characterized in terms of their 77zand ion
mobility, but as illustrated several times in the present work, different structures can have
similar ion mobilities. Future experiments will benefit greatly from complementary probes
of structure, e.g., hydrogen/deuterium exchangel6:17.14.18-20 anq electron-mediated
dissociation techniques.?1:23.22 Furthermore, the energy-dependent experiments reported
here used collisional activation under multicollision conditions, thus the results are
qualitative. Alternative approaches in which the ions have more clearly defined internal
energies and activated lifetimes may enable more quantitative analogs to the present energy-
dependent experiments. Future hybrid CAPTR experiments will provide new insights into
the structures and dynamics of biological molecules in the gas phase, which in turn may
inform condensed-phase protein folding experiments by decoupling solvent interactions
from intramolecular forces.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Diagram of the modified Waters Synapt G2 HDMS used in these experiments. Anions
(green) are generated by glow-discharge ionization56 and accumulated in the trap cell.
Cations (purple) are generated by nanoelectrospray ionization (nESI) and are trapped with
anions for CAPTR. Residual precursor and CAPTR product ions are separated using IM in a
radio-frequency confining drift cell8” prior to mass analysis. (B) Representative potential-
energy diagrams for cation transmission during minimal activation, pre-CAPTR activation,
and post-CAPTR activation experiments. The double headed arrows indicate the DC bias
adjusted relative to the minimal activation conditions.
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Figure2.
CAPTR experimental workflow. (A) Mass spectrum of ubiquitin ions generated using

nanoelectrospray ionization from a denaturing solution. (B) 13+ ubiquitin (8) is /m/z selected
using a quadrupole mass filter. (C) Precursor ions are subjected to CAPTR; the intensity axis
is plotted on a logarithmic scale to aid in visualizing the low abundance product ions. (D)
CAPTR mass spectrum plotted versus the corresponding ion mobility drift times. Intensities
were scaled using a nested logarithm function (logyg(logyg(intensity))) to aid in the
visualization of low-intensity product ions.
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Figure 3.
Normalized Q distributions of all 13— Cions. All ions except 13—6 and 13—5 exhibit

monomodal Q distributions. 13—6 and 13—5 exhibit trimodal and bimodal Q distributions,
respectively. Q distributions were determined using drift times measured in a radio-
frequency confining drift cell’” and the Mason-Schamp equation (Equation 1), as discussed
in the Supporting Information.
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Figure 4.

Q of precursor (P) and CAPTR product ions (P— C) of ubiquitin. The lowest charge state
product detected for each precursor ion was 3+. Precursor charge states are represented by

differently colored circles, which were selected to facilitate visualization of the data.

Average Q of 4+ to 6+ ubiquitin from a native-like solution’? is shown with a dotted line for

comparison.
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Figure5.

Pogst—CAPTR activation of (A) 6—6%*, (B) 8—6*, and (C) 13—6* ubiquitin ions. Pre-
CAPTR activation of (D) 6*—#6, (E) 8*—6, and (F) 13*—6 ubiquitin ions. Vertical lines
corresponding to the average Q for the three features of the Q distribution of 6+ (I to 1)
from Figure 4 are included for comparison. The Q distributions obtained at the lowest
energies in A to C are also shown in Figure S2. These mobility experiments used a field of
6.4 V-cm™.
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Figure 6.
(A) Qualitative reaction coordinate of 6—6* and 8—6* ubiquitin that is consistent with the

post-CAPTR activation data shown in Figures 5A and 5B. The labels for the three wells
correspond to features in the Q distributions. (B) Qualitative reaction coordinate of 13—6*
ubiquitin that is consistent with the post-CAPTR activation data shown in Figure 5C. Again,
the labels for the wells correspond to the features in the Q distributions; the post-CAPTR
activation experiments indicate that the structures populated in the wells in B are different
than those in A.
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