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change (HDX)-mass spectrometry (MS) has been used to study the conformations
of negatively-charged peptide and protein ions. Results are presented for ion con-
formers of angiotensin 1, a synthetic peptide (SP), bovine insulin, ubiquitin, and
equine cytochrome c. In general, the SP ion conformers demonstrate a greater level
of HDX efficiency as a greater proportion of the sites undergo HDX. Additionally,
these ions exhibit the fastest rates of exchange. Comparatively, the angiotensin 1
ions exhibit a lower rate of exchange and HDX level presumably because of de-
creased accessibility of exchange sites by charge sites. The latter are likely confined

to the peptide termini. Insulin ions show dramatically reduced HDX levels and
exchange rates, which can be attributed to decreased conformational flexibility resulting from the disulfide bonds.
For the larger ubiquitin and protein ions, increased HDX is observed for larger ions of higher charge state. For
ubiquitin, a conformational transition from compact to more elongated species (from lower to higher charge
states) is reflected by an increase in HDX levels. These results can be explained by a combination of interior site
protection by compact conformers as well as decreased access by charge sites. The elongated cytochrome ¢
ions provide the largest HDX levels where higher values correlate with charge state. These results are consistent
with increased exchange site accessibility by additional charge sites. The data from these enhanced IMS-HDX
experiments are described in terms of charge site location, conformer rigidity, and interior site protection.
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Introduction

he development of soft ionization methods such as

electrospray ionization (ESI) [1] and matrix-assisted laser
desorption (MALDI) [2, 3] presented the unique opportunity to
study the gas-phase conformations of large biomolecular ions.
Within a short time, a variety of mass spectrometry (MS)-based
techniques were developed for the structural characterization of
these ions as well as to relate gas-phase conformers to anteced-
ent solution structures [4—20]. One early technique determined
the gas-phase hydrogen-deuterium exchange (HDX) reactiv-
ities of ions comprising different charge states of proteins [6,
21-24]. The observation of different HDX rates and maximum
HDX levels indicated the presence of coexisting gas-phase
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conformations [6]. Early theoretical studies resulted in pro-
posed mechanisms for HDX of protonated peptide ions by a
number of deuterating agents [8, 22].

Concurrent to the development of HDX techniques, exper-
imental efforts were directed at utilizing ion mobility spectrom-
etry (IMS) coupled with MS for the determination of collision
cross-sections for peptide and protein ions [9, 19, 20, 25].
Shortly thereafter, IMS-MS was combined with HDX in order
to determine the reactivities of specific gas-phase conformers
of peptide and protein ions [23, 26, 27]. Initial studies [26]
reported the maximum HDX levels as well as rates of exchange
for a number of cytochrome ¢ ion conformers. These early
studies demonstrated that compact cytochrome ¢ ion con-
formers exhibited decreased levels of HDX compared with
more elongated ions. Additionally, the overall HDX levels
were compared with those reported for the same ion charge
states as measured in a Fourier transform ion cyclotron reso-
nance (FTICR) mass spectrometer [6]. In general, the HDX
levels recorded for the mobility-resolved conformers was
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determined to be smaller than that recorded for ions in the
FTICR. This was explained as possibly arising from the longer
timescale of the latter measurement rendering the observed
exchange process subject to longer timescale structural fluctu-
ations. An alternate explanation was that the two instruments
sampled different ion conformers.

The initial IMS-HDX-MS studies of cytochrome ¢ con-
formers were followed with temperature-dependent experi-
ments [27] in which the exchange levels of elongated and
compact ion conformers were examined across a temperature
range of 300 to >400 K. In general, both conformers exchanged
a greater number of hydrogens at higher temperatures. How-
ever, at low temperatures, compact cytochrome ¢ ion con-
formers were observed to protect a number of hydrogens
compared with more elongated conformers while at higher
temperatures (>400 K), the opposite behavior was observed.
That is, here elongated protein ions were observed to protect a
greater number of hydrogens from exchange. The IMS-HDX-
MS results were combined with molecular dynamics simula-
tions to demonstrate protection of exchange sites for the more
diffuse gas-phase conformations of higher charge [27]. This
work suggested that at higher temperatures, the increased con-
formational fluctuations for the compact ions were more effi-
cient at positioning a greater number of exchange sites in
proximity to charge sites rendering them accessible for ex-
change via the proposed relay mechanism [8, 23].

Although the early IMS-HDX-MS experiments provided
information about the degree of protection afforded by the
protein fold associated with elongated and compact conforma-
tions, no information regarding the residue location of deuteri-
um incorporation was obtainable. The advent of nonergodic
ion dissociation techniques such as electron capture dissocia-
tion (ECD) [28] and electron transfer dissociation (ETD) [29]
brought renewed interest in gas-phase HDX as it became
possible to locate exchange sites based on MS/MS information
[30-32]. One study involved the use of a traveling wave ion
guide (TWIG) ion mobility characterization of protein ions in
which MS/MS experiments utilizing ETD revealed protected
and accessible sites [33]. However, with these types of analy-
ses, a question arises as to the temperature of the ions in the
TWIG device and its effect on deuterium incorporation [34,
35]. Because temperature-dependent IMS-HDX-MS experi-
ments have shown changes in maximum HDX levels and rates
of exchange [27], such analyses should be treated cautiously.
More recently, drift tube IMS-HDX-MS/MS experiments pro-
vided site-specific deuterium incorporation information for
separate peptide ion conformers [36].

Although the gas-phase HDX characteristics of negatively
charged oligonucleotides and small molecules including amino
acids have been studied [37-42], HDX of protein and peptide
anions has received considerably less attention [43]. As a
consequence, no experiments describing systematic HDX char-
acterization of peptide and protein anions exists. Because many
proteins contain a large number of acidic residues, it is useful to
develop a sound understanding of the conformational informa-
tion afforded by gas-phase HDX measurements for select

conformers from negatively-charged protein ions. Moreover,
the degree of HDX scrambling occurring for activated,
negatively-charged peptide ions has recently been reported
[44]. Such information begins to lay the foundation for an
understanding of intramolecular deuterium migration, which
can further clarify the type of structural information that can be
obtained from HDX experiments. Additionally, recent pivotal
experiments have compared the charge states and structures of
proteins and protein complex anions with cationic species
providing evidence for a charge-carrier emission process oc-
curring at late stages of the electrospray process [45]. Similarly,
the combined IMS-HDX-MS studies described here present
novel experiments in which the first conformer-specific analy-
ses of peptide and protein anions have been conducted. That
said, the methods utilized in these studies are similar to those
employed previously for the characterization of conformers of
positively-charged peptide and protein ions [23, 26, 27, 36].
Finally, it should be noted that with the rapid development of
novel ion fragmentation techniques [28, 29, 46-51], the exper-
iments described here are timely; that is, this work leads to
future studies allowing the determination of residue-specific
deuterium uptake for select anion conformers [36].

As a general comparison of the biomolecules examined
here, the small peptides exhibit HDX differences that can be
accounted for when considering charge site location; the larger
peptide ions for which one or more charge sites are located on
interior residues display increased levels of exchange. Addi-
tionally, for the larger peptide, maximum HDX levels are not
observed to increase as charge state increases. In contrast,
maximum HDX levels are observed to increase with higher
charge states for the larger protein ions. This dissimilarity may
be explained by the increased charge density of the former ions,
which may impose increased conformational rigidity thereby
decreasing access to exchange sites as suggested in positive ion
studies [36]. The ion conformers produced by ESI of bovine
insulin are observed to exchange the fewest hydrogens and
exhibit the slowest rates of exchange. Finally, multimeric pep-
tide ions show a level of protection from [2M — 3H]* to [3M —
4H]* ions. These data are discussed while considering a
charge-mediated HDX process and various conformational
constraints on that process.

Experimental
Sample Preparation

Samples were selected to allow comparisons of a variety of
gas-phase ion conformers, including those formed from two
small peptides, a conformationally-restricted protein (disul-
fide bonds), and globular proteins of increasing size. The
peptides were selected to investigate the HDX properties of
ion conformers for which charges were located on the inte-
rior of the peptide compared with a model where the charges
were located at the peptide termini. The peptide angiotensin
1 (DRVYIHPFHL) was purchased (95%; Fisher Scientific,
Fair Lawn, NJ, USA) and used without further purification.
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The synthetic peptide (hereafter referred to as SP)
KKDDDDDIIKIIK was purchased (90%; Genscript Corp.,
Piscataway, NJ, USA) and used without further purification.
The proteins bovine insulin (90%), ubiquitin (95%), and
equine cytochrome ¢ (95%) were purchased (Sigma Aldrich,
St. Louis, MO, USA) and used without further purification.
Ultra-pure (chromatography grade) deionized water, aceto-
nitrile, and ammonium hydroxide (Fisher Scientific, Fair
Lawn, NJ, USA) were used to generate stock and ESI solu-
tions of the peptide and proteins. The stock solutions were
prepared by dissolving 1.0 mg of analyte in 1.0 mL of ultra-
pure water and were capped in glass vials while being
maintained in a refrigerator (4°C); no stock solution was
used a week after preparation. ESI solutions (0.1 mg'mL™")
were prepared fresh by diluting 0.1 mL of stock solution
with the addition of 0.4 mL of ammonium hydroxide and 0.5
mL of acetonitrile. Samples were infused through a pulled-

tip capillary using a flow rate of 300 nL-min .

lon Mobility Measurements

The use of ion mobility spectrometry for the characterization of
biomolecules has an extensive history; the development of IMS
instrumentation [9, 19, 25, 52—67], theory [68—79], and appli-
cations [80-84] have been discussed in detail. The IMS-MS
instrument used in these studies has also been described previ-
ously [36, 85]. A brief description of the instrument and data
collection and analysis is presented here. Figure 1 shows a
schematic of the drift tube, linear ion trap instrument used to
conduct these experiments. Peptide/protein ions are generated
by electrospraying the ESI solution through a pulled-tip capil-
lary. The capillary is biased at approximately —2200 V above
the entrance aperture of the desolvation region (Figure 1). Here
ions are desolvated and focused into an “hour-glass” ion funnel
[86] (F1/IA1/G1 in Figure 1). Ions are trapped near the exit
region of the ion funnel and periodically (typically 50 Hz)
pulsed into the drift tube. The drift tube is filled with He buffer
gas (300 K) and supports a drift field of ~10 V-cm™'. Tons
separate in the drift tube based on differences in their mobilities
through the buffer gas. The second ion gate (G2 in Figure 1) is
employed to select ions of specific mobilities for transmission
into the LTQ Velos linear ion trap (ThermoScientific, San Jose,
CA, USA) for mass analysis.

ESI F1/1A1/G1

Source

\

Drift Tube

Delay times between the high-voltage pulse applied to the
drift tube entrance gate (G1) and the mobility selection gate
(G2) are scanned in order to generate IMS-MS datasets. In the
current instrument, G1 is a single gridded lens and G2 is a
Tyndall gate located directly in front of the second ion funnel.
G1 prevents ions from entering the drift tube using an ~40 V
bias relative to first ion funnel exit. Periodically, a 150 ps-long
voltage pulse is applied to G1 to allow ions to enter the drift
tube. The Tyndall gate, with a bias of ~10 V, neutralizes all ions
with the exception of those selected for transmission by the
time delay of the voltage pulse applied to G2 relative to G1.
The timing of G1 and G2 is synchronized by two four-channel
digital/delay pulse generators (Stanford Research Systems,
Sunnyvale, CA, USA). Drift time (¢5) delays are scanned from
~3 ms to~15 ms (200 ps increments) to encompass the entire ¢,
range of all ions produced by ESI.

Mass Spectrometry Measurements

Total ion mass spectra are generated by setting the drift tube
gates to pass all ions. In this operational mode, all ions pass into
the mass analyzer. The mass analyzer scan parameters include
a m/z range of 80 to 2000 as well as automatic gain control
(AGC) with a threshold of 1x10° ions. For these analyses,
sample injection times of 200 ms (five microscans) have been
utilized. During ¢, distribution generation, the ion gates in the
drift tube are activated as mentioned above to transmit ions of a
specific mobility into the linear trap. Data acquisition is accom-
plished by collecting a mass spectrum (0.5 min) for each zp
selection setting. For IMS data generation, the AGC is disabled
and a sample injection time of 200 ms (five microscans) is also
employed.

Generation of IMS-MS Datasets and XIDTDs

To generate the two-dimensional IMS-MS dataset, each ¢,
selected mass spectrum (.RAW file) is converted to a separate
text file. All x and y data points (mm/z values and intensities) are
then associated with the respective mobility selection time (¢p)
using software developed in-house. This process creates a
three-column array text file containing ¢, m/z, and intensity
values. Intensity filters can be applied to control the size of the
three-column array file. To generate ¢, distributions for ions of

LTQVelos ETD

octopole

Desolvation
Region

b o= =
M1y R

F2/IA2/G2 |duadrupole LIT

Figure 1. Schematic of the instrument used in the IMS-HDX experiments. lon funnels (F), ion gates (G), and ion activation regions
(IA) are shown in the diagram. The LTQ Velos linear ion trap with the ETD ion source is also labeled
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specific m/z values, a separate program developed in-house
integrates all intensities within a user-defined m/z range for
each #p. In accordance with previous studies, this is called an
extracted ion drift time distribution (XIDTD) [87].

HDX Experiments

Gas-phase HDX is accomplished by introducing D,O (>99%;
Sigma Aldrich, St. Louis, MO, USA) into the drift tube buffer
gas system. First, the D,O was purified by several freezing and
melting cycles under vacuum. The partial pressures of D,O and
helium are adjusted with two separate leak valves, (Granville
Philips, Longmont, CO, USA) and monitored using a Baratron
capacitance manometer (MKS, Andover, MA, USA). For these
experiments, the helium partial pressure is set at 2.50+0.01
Torr. The partial pressure of D,O is varied from ~0.005 to
~0.20 Torr. ¢ Distributions are first recorded in pure He to
allow the determination of accurate collision cross-sections. To
ensure no conformational transitions occur, the 75, distributions
are monitored upon adding D,O as demonstrated previously
[26]. Additionally, the D,O uptake for the different ions is
recorded at different D,O partial pressures. The partial pres-
sures of the components of the buffer gas system are stable,
differing by less than +0.005 Torr during the course of the mass
spectral characterization as well and upon removal of the D,O,
and the total pressure quickly re-equilibrates to 2.50 Torr.

HDX Levels and Rate Constants

The number of deuteriums incorporated into specific ion con-
formers is determined by subtracting their average m/z value
after passing through the pure He buffer gas from their average
m/z value after passing through a He/D,O mixture. Average
values are determined using a simple algorithm developed in-
house that weights each m/z point in the isotopic distribution by
its intensity.

HDX rate constants have been determined for a number of
different ion conformers assuming pseudo first order kinetics as
described previously [6, 21, 26, 27]. Briefly, the partial pressure
of D,0 is adjusted in small increments (as little as 0.01 Torr)
from 0 to 0.20 Torr and the z5s and HDX levels of different ion
conformers are determined. A semi-log plot of the number of
remaining exchangeable hydrogens as a function of the product
of the D,O partial pressure and ¢p provides a means for deter-
mining the rate constant; the slopes of best linear fits to the data
on the semi-log plot are used for this determination.

Results and Discussion
Peptide and Protein lon Collision Cross- Sections

Figure 2a shows the two-dimensional #p,m/z distribution ob-
tained for negatively-charged ubiquitin ions. lons produced
from the ubiquitin sample range from the [M — 5H]*" to the
[M —9H]* species. The drift times for these same ions range
from ~7.5 to 13 ms. The data indicate a transition from a more
elongated structural conformation type to a more compact

structural type for the [M — 7H]"™ and [M — 6]°" ions, respec-
tively. This is evidenced by the higher mobility of the dominant
conformer type for the latter ions (shorter 75 in Figure 2a). Ion
elongation resulting from increased Coulomb repulsion has
been described for a number of protonated and deprotonated
protein ions [81, 88-90]. Figure 2b shows the ¢p,m/z distribu-
tion obtained for negatively-charged ubiquitin ions upon addi-
tion of ~0.04 Torr of D,O into the drift tube buffer gas. In
general, the m/z peaks become broader because of the incorpo-
ration of deuteriums at heteroatom exchange sites. On average,
the 75 values of ion conformers increase by ~0.5 ms. At this
D,0 partial pressure, it is expected that the more accessible
exchange sites (exhibiting more rapid exchange) have incorpo-
rated deuteriums (see HDX kinetics discussion below). Al-
though the addition of D,O does not appear to alter the con-
formations of the observed ions as evidenced by the similar 7,
distributions, at higher D,O partial pressures, the overall ion
signal level decreases and maximum HDX levels and rate
constants cannot be determined for some ion conformers of
lower abundance.

Collision cross-sections for the features in the #5 separations
have been determined for all ions of the different samples using
the expression [71]:

(187)"%  ze {1 1]1/211,15760 T 1

— | 2= (1
16 (kgT)*|m;  mg| L P 732N

In Equation (1), ze and k correspond to the charge of the
ion and Boltzmann’s constant, respectively. The variables m;
and mp correspond to the mass of the ion and the mass of the
buffer gas, respectively. £, L, T, and P correspond to the
electric field, length of the drift tube, and the temperature and
pressure of the buffer gas, respectively. N represents the neutral
number density at standard temperature and pressure (STP)
conditions.

The collision cross-sections of ions produced by the smaller
ions (angiotensin 1, SP, and bovine insulin) are shown in
Figure 3a and are listed in Table 1. For illustrative purposes,
the collision cross-sections of ions from these smaller mole-
cules are depicted separately from those formed by the larger
proteins (ubiquitin and cytochrome c). For all monomeric ions
produced by the smaller molecules (Figure 3a), collision cross-
sections range from 275 to 808 A for the [M — 2H]*" ions of
the angiotensin 1 peptide to [M — 5H]*" ions of bovine insulin,
respectively. Figure 3a shows that collision cross-section dis-
tributions indicate that several [M — nH]" ions yield two
conformations (i.e., two features are observed in the 7, distri-
bution). These collision cross-sections are also summarized in
Table 1. For the small molecules, the observed multimeric ions
yield single features in the 75 distributions. SP is observed to
form three detectable multimers having cross-sections of
518, 705, and 881 A? for the [2M — 3H]*", [3M —4H]*,
and [4M—5H]’ ions, respectively, whereas insulin is observed
to produce a single ion, [2M — 7H]"", having a relatively larger
cross-section of 1260 A2,
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Figure 2. (a) Two-dimensional #5,m/z contour plot of electrosprayed ubiquitin ions using 2.5 Torr He buffer gas in the drift tube. (b)
Two-dimensional ¢,,m/z contour plot of electrosprayed ubiquitin ions using a He:D,O (2.5:0.04 Torr) buffer gas mixture in the drift
tube. The intensity is represented with a color scale using linear cutoff thresholds. The maximum intensity cutoff is 50 and 6 ion
counts for panels a and b, respectively. The ions of different charge are labeled on the plot in panel a

It is instructive to consider the relative sizes of the
multimeric species. Notably, the [2M — 3H]*", [3M — 4H]*",
and [4M — SH]>™ ions from the SP peptide exhibit collision
cross-sections that are near the same size as the same charge
states of the monomeric insulin ions. This observation is inter-
esting considering that the bovine insulin molecules contain
approximately four times more amino acid residues. Thus, in
comparison, the dimer ions of SP and the monomer ions of
bovine insulin of the same charge are relatively large and small,
respectively. Even the trimer ions of SP would be considered to
be relatively large compared with the bovine insulin ions of the
same charge. It is suggested that the largest contributing factor
to the relatively smaller size of the insulin ions is the presence
of the four disulfide bonds, which serve to tether the molecule
in more compact conformations even at higher charge states.
This phenomenon has been described previously [90].

The collision cross-sections for the ions formed from the
larger proteins are shown in Figure 3b. For these ions, cross-
sections range in size from 862 to 2713 A2, corresponding to
[M — 5H]°" ubiquitin and [M — 14H]"*" cytochrome c ions,
respectively. Ubiquitin ions show both compact and more
elongated conformations across the observed charge state dis-
tribution. A transition from the dominant species comprised of
more compact ions to more elongated ions is observed from the
[M —6H]° to the [M — 7H]"™ species as evidenced in Figure 2
(see discussion above). The dataset features observed for cyto-
chrome ¢ show only single conformer types across the charge
state range from the [M — 7H]"™ to the [M — 14H]"*" ions. The
overlapping charge states for cytochrome ¢ and ubiquitin
roughly reflect the difference in size of the two proteins. That
is, cytochrome ¢ contains ~37% more amino acid residues than
ubiquitin. Additionally, no compact ions are observed for these
charge states of cytochrome c. The collision cross-sections of
the elongated cytochrome ¢ protein ions have been compared
with values reported in an online database [91] obtained from

separate IMS measurements, and the average percent differ-
ence is determined to be 1.7% +0.3%.

Gas-Phase Deuterium Uptake as a Function of D,O
Pressure

The addition of D,O to the drift tube results in shifts of the m/z
values of the various ions to higher values, indicating the
incorporation of deuterium. Figure 4a shows the increase in
m/z of the more compact conformer of [M — SH]>~ ubiquitin
ions as a function of the product of ion ¢, and partial pressure of
D,0. Initially, small increases in D,O partial pressure are
associated with large increases in HDX levels, whereas at
higher D,O partial pressures the HDX level reaches a near
maximum value corresponding to uptake of ~28 deuteriums.
Using this deuterium uptake data, it is possible to generate a
semilog plot of the remaining hydrogens as a function of the
product of D,0O partial pressure and ion residence time in the
drift tube as shown in Figure 4b. A linear relation for the first
three to four data points is observed; however, beyond this
point, the data deviate from linearity. The observation of a
linear region for the uptake of the first deuteriums has been
observed in studies of positively-charged protein ions and has
been ascribed to fast-exchanging sites near the charge sites [26,
27]. Using a linear fit to the first data points (Figure 4b) allows
the estimation of an HDX rate constant for the fast-exchanging
sites. For the [M — 5H]’ ions, this rate constant is determined
tobe 1.3x107"* cm’-s "“molecule”". The data in Figure 4b also
suggest that some hydrogens exchange at a slower rate. Using
the remaining data points up to those representing complete
exchange, a second linear correlation provides a slower rate
constant of 6.5x107"'* cm’-s™"-molecule ™.

The maximum HDX levels and rate constants for all dom-
inant ion conformations are listed in Table 1. For many con-
formations, both faster- and slower-exchanging hydrogens can
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Figure 3. Collision cross-sections for peptide (a) and protein
(b) ion conformers. The identities of the molecular ions are
shown in the legend. The multimeric ions for SP are the [2M —
3HJ*, [BM — 4H]*", and [4M — 5H]® ions. The multimeric insulin
ion is the [2M — 7H]"~ species. The error associated with the
cross-section measurement (N=3) is shown in Table 1

be determined and, therefore, both rate constants are reported in
Table 1. Comparatively, these rate constants are similar to
those reported previously for positively-charged protein ions
exposed to D,0 in a drift tube [26, 27]. This determination is of
interest, indicating that a similar charge-mediated exchange
process (see below) could account for the observed HDX.

Peptide and Protein lon HDX Levels

Figure 5a shows the maximum HDX levels for the dominant
ion conformations (Table 1) of the smaller molecules (i.e.,

angiotensin 1, SP, and bovine insulin). The data indicate that,
within molecular analyses, the smaller peptide ions of different
charge exhibit similar HDX levels. That is, the HDX level of
the SP and insulin ions does not increase with charge state.
Interestingly, insulin HDX levels are comparable to those of SP
despite having an overall higher charge state distribution and
~4-fold more exchangeable sites.

The maximum HDX levels of the dominant ion conformers
(Table 1) from the globular proteins ubiquitin and cytochrome ¢
are shown in Figure 5b. For ubiquitin, the HDX levels for the
[M—5H]" and [M —6H]®" ions increase only slightly. Notably,
the two ions have similar collision cross-sections (1010 and
1035 A2, respectively). The HDX level of the dominant [M —
7H]”" ions increases by nearly ~40% relative to that of the [M —
6H] " ions. Similarly, the collision cross-section for these ions
is observed to be ~37% larger than that of the more compact,
dominant [M — 6H]°™ ions representing the largest conforma-
tional change between any ions observed in the charge state
distribution for ubiquitin. An increase in HDX level (~20%) is
also observed for the [M — 8H]® ™ ions relative to that of the [M —
7H]”" ions, whereas the change in collision cross-section is
smaller (~12%). The HDX levels of the [M — 8H]® and [M —
9H]®" ions are similar and the latter ions exhibit only a slightly
larger collision cross-section (~6%). In general, the collision
cross-section data show a transition for dominant dataset fea-
tures going from compact conformations for the [M — 6H]®
ions to more elongated conformations for the [M — 8H]*™ ions.
The HDX levels reflect this transition as well; the more elon-
gated species are observed to have greater deuterium
incorporation.

Cytochrome c is the largest biomolecule examined in this
study. Figure 5b shows the HDX levels for the ion conforma-
tions of cytochrome c. Overall, higher charge states are asso-
ciated with increased HDX levels across the distribution and
deuterium exchange proceeds in a nearly linear relationship
with respect to increasing charge state. For example, exchange
levels increase in a uniform manner from the [M — 8H]® ions
to the [M — 12H]"*™ ions and correspond to an overall increase
of ~50% (~57 to ~85). Collision cross-sections increase by a
nearly identical 53% (1599 to 2459 A?) across this charge state
range.

Gas-Phase HDX Levels of Multimeric lons

Figure 4a shows the HDX levels for several multimeric ions.
For data evaluation purposes, it is useful to consider the deute-
rium uptake per monomer (total uptake/number of monomer
subunits). For [2M — 3H]*~ ions of SP and [2M — 7H]”" ions of
insulin, the uptake per monomer unit is similar to the uptake
observed for the monomer ions. However, for SP, multimeric
ions display an increased level of protection with the addition
of another monomer subunit. Here, the dimer and trimer max-
imum HDX levels are ~30 and ~36, respectively. That is,
although the number of exchangeable hydrogens increases by
50% from the dimer to the trimer, the observed HDX level only
increases by ~17%.
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Table 1. Collision Cross-Sections, HDX Levels, and Rate Constants for All Major Dataset Features

Sample Ton Cross-section® HDX level® Rate constants® Correlation coefficient!
Fast Slow Fast Slow
Angiotensin I [M - 2H* 27542 7.2+0.3 1.9x107"2 6.1x107 0.991 0.966
SP [M - 2H* 279+2 15.1+0.2 42x10713 5.3x1071 0.989 0.983
[M—2H} 31542 NA NA NA
[M—3H" 340+2 NA NA NA
[M - 3H]" 36242 16.0+0.3 6.4x10713 49x10714 0.982 0.764
[2M - 3H]>" 518+2 30.240.3 NA NA
[3M — 4H]* 705+3 36.0+0.4 NA NA
[4M — 5H]>~ 881+4 NA NA NA
Insulin [M—3H 528+2 14.8+0.3 8.3x107 14 1.9x107# 0.956 0.993
[M - 3H]" 59542 NA NA NA
[M — 4H]* 6763 NA NA NA
[M — 4H]* 779+3 14.2+0.4 1.0x107"2 1.8x10714 0.952 0.973
[M - 5H]> 8084 14.140.5 13x107"3 3.2x1071 0.971 0.988
[2M — 7TH]" 1260+5 26.8+0.7 NA NA
Ubiquitin [M - 5H] 862+4 NA NA NA
[M - 5H]> 1010+4 27.8+0.5 13x107"2 6.5x1071 0.998 0.964
[M - 6H]* 1035+4 28.3+0.6 1.4x10713 5.4x10714 0.994 0.991
[M—H]" 1212+4 NA NA NA
[M - 7H]"” 1052+5 NA NA NA
M- 7H]" 1414+5 39.4+0.7 1.3x107"3 5.9x107* 0.993 0.986
[M - 8H]* 158746 47.7+0.8 1.1x107"2 3.9x1071 0.992 0.992
[M - 9H]> 1686+7 46.4+0.9 1.2x107" 3.6x10714 0.994 0.955
Cytochrome ¢ [M—7H]" 1598+5 56.8+0.7 2.1x107"3 42x1071 0.981 0.947
[M - 8H]* 1797+6 62.8+0.8 1.9x10713 6.2x1071 0.977 0.969
[M - 9H]> 1990+7 67.1£0.9 2.0x107" 2.9x107 0.996 0.998
[M - 10H]""" 2247+7 7241 2.1x107" 5.2x107 0.998 0.968
[M - 11H]'"™ 233448 80+1 3.2x10713 3.3x1071 0.970 0.969
[M— 12H]'> 2458+9 841 3.9x107" 5.0x107* 0.999 0.820
[M - 13H]"~ 2615+10 NA NA NA
[M — 14H]"" 2713+10 NA NA NA

2 Collision cross-sections reported as A”

® HDX levels reported as averagetstandard deviation for triplicate measurements

K S
© Rate constants reported as cm™s -cm

4 Correlation coefficient for a linear fit to the rate constant data. See Figure 4 and text for details

HDX Kinetics of Deprotonated Peptides
and Proteins

Table 1 lists fast- and slow-exchanging rate constants

for the

various ion conformers. As mentioned above, for many ions,
two rate constants have been determined. On average, the
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larger rate constants are approximately six times larger than
the smaller rate constants ranging from a factor of 13.1 to
2 for the [M — 3H]>" SP ions and the [M — SH]*"
ubiquitin ions, respectively. Of the larger rate constants,
the fastest (k=6.4x10"* cm’-s ''molecule™") and slowest
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Figure 4. (a) Plot of deuterium uptake as a function of the partial pressure of D,O multiplied by #,,. This data was recorded for [M —
5H]>~ ubiquitin ions (larger conformer). (b) Plot of the natural log of the number of remaining exchangeable hydrogens as a function of
the product of D,O partial pressure and #5. Linear fits of fast- and slow-exchanging hydrogens are shown
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Figure 5. Plots of the maximum HDX levels for the dominant
conformers of the peptide (a) and protein (b) ions. The identities
of the molecular ions are shown in the legend. The multimeric
ions for SP are the [2M — 3H]*~ and [3M — 4H]*" ions. The
multimeric insulin ion is the [2M — 7H]"~ species. The error
associated with the HDX measurement (N=3) is shown in
Table 1

(k=8.3x10""* cm’-s ""molecule ') exchanging hydrogens
are observed for [M — 3H]>™ ions from SP and bovine
insulin, respectively. For the smaller rate constants, the
fastest (k=6.5x10"'* cm’'s ''molecule™!) and slowest
(k=1.8x10""* cm®s "'molecule ') exchanging hydrogens are
observed for [M — 5H]° ubiquitin and [M —4H]*" insulin ions,
respectively.

Unlike maximum HDX levels, the larger rate con-
stants for the smaller molecules (SP and insulin) are
observed to increase slightly with charge state. For the
larger molecules, this trend is not observed. The average
values for the larger rate constants are 1.9x107'3, 5.3
£2.2x10713, 1.0£0.2x107'3, 1.240.1x10° '3, and 2.5
+0.8x10° "% cm’-s molecule”! for the angiotensin 1, SP,
insulin, ubiquitin and cytochrome ¢ ions, respectively. The
average values for the smaller rate constants are 6.1x10™ "4,
5.120.4x107'%, 2.320.8x107"%, 5.0£1.0x107"%, 4.5+1.6x10
14 em3s "'molecule ! for the same molecules. Here, the
errors represent one standard deviation about the mean ex-
cept in the case of SP where the difference was utilized.

Structural Implications of the HDX Results

To discuss the IMS and HDX information with regard to ion
structure, it is useful to consider the process of HDX for
negative ions. Although a mechanism for HDX with peptide
anions and D,O has not been presented in the literature, studies
with other anion systems suggest the possibility of a relay
mechanism [37, 39, 43]. For peptides, the exchange would
occur via a long-lived reaction intermediate involving interac-
tion of the D>O molecule at the deprotonated site as well as a
less acidic site (e.g., the neutral carboxylic acid moiety of a
neighboring acidic amino acid residue). Exchange would pro-
ceed with deuterium transfer to the charge site and abstraction
of the proton from the less acidic site. In this regard, the
accessibility of a given hetero-atom site could be described
with regard to its accessibility or proximity to a charge site as
described previously for positively-charged ions [23, 27]. An
additional factor would be the conformational flexibility of the
specific ions [27, 36, 92]; that is, molecular motions that can
position charge sites within an accessible range of exchange
sites should also be considered. Finally, accessibility of ex-
change sites to collision events is also required. Further discus-
sion of structural interpretation of the data is presented with
respect to such processes.

The maximum exchange level of the [M — 2H]*~ angioten-
sin 1 ions constitutes ~40% of all exchangeable hydrogens,
whereas the maximum exchange level for the [M — 2H]*~ SP
ions of similar cross-section accounts for ~60% of all ex-
changeable hydrogens. A difference between the two peptide
ions is the location of charge sites. The amino acid composition
of angiotensin 1 (DRVYIHPFHL) requires that the charge sites
reside on the N-terminal aspartic acid residue and the C-termi-
nus. For the SP (KKDDDDDIIKIIK) ions, although one charge
may reside at the C-terminus, the second charge would be
located on an interior aspartic acid residue. Additionally, the
relatively compact nature of the larger (amino acid length) SP
ions suggests a greater density of exchange sites. These two
factors (more exchange sites flanking the charge site and their
higher density) could account for higher exchange levels of the
SP ions. This exchange-site and charge-site density argument
has been presented recently in site-specific deuterium uptake
studies of positively-charged SP ions [36].
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The similarity in maximum HDX levels of the [M — 2H]*~
and [M — 3HJ>~ SP ions is likely to result from a similar degree
of accessibility to the exchange sites by the charge sites. For
example, for this peptide, the [M — 3H]® ions are ~30% larger
than the [M — 2H]*~ ions. The compact nature of the latter ions
would position the two charge sites within proximity of a
greater number of exchange sites while ion elongation of the
former ions requires an additional charge site to access nearly
the same number of exchange sites. It is noteworthy that the SP
peptide ions exhibit maximum HDX levels for which a greater
proportion of exchangeable hydrogens are observed to ex-
change. For example, SP is the only molecule for which nearly
60% of hetero-atom hydrogens are observed to exchange for
both ion conformers. The small size of the SP ions can explain
the observation of a higher proportion of deuterium uptake.
Essentially all exchange sites would be accessible to D,O even
for the compact [M — 2H]*~ ions.

The insulin ions exhibit the smallest HDX levels and the
slowest exchange rates. The observation of decreased HDX
levels for ions formed from proteins with disulfide bonds has
been reported previously for positively charged ions [92]. As
before, it is proposed that conformational rigidity of insulin
ions results in the decreased exchange. That is, limitations in
molecular motion result in decreased access to exchange sites
by charge sites. For ubiquitin ions, conformational rigidity and
accessibility to D,O can explain the observed HDX levels. For
example, the compact nature of the [M — 5H]°~ and [M — 6H]®"
ions may prevent access of specific exchange sites to D,O;
protection by compact structures for positively charged cyto-
chrome c¢ ions has been presented previously [26]. It is noted
that the compact nature can also provide conformational rigid-
ity as demonstrated in previous temperature-dependent molec-
ular modeling studies [27]. For the more elongated, higher
charge states of ubiquitin, the increased accessibility of ex-
change sites to D,O and increased conformational flexibility
could account for the increased HDX levels. Finally, for the
multiply charged cytochrome c ions, the relatively elongated
nature of the ions would also expose more exchange sites to the
D,0 and the charge sites. The exposure to charge sites would
increase with increasing charge and result in the observed
higher HDX levels of these ions.

The increasing exchange levels with ion charge is not ob-
served for the [M — 2H]*” and [M — 3H]>~ SP ions, which
display similar exchange levels. It is noted that for the peptide
ions, the charge densities (charge per cross-section) are similar
and nearly 2-fold higher than the cytochrome c ions. Interest-
ingly, the increased charge density may impose a degree of
conformational rigidity (as proposed previously [36]), which
would offset hydrogen site accessibility with increased charge
for the small peptide ions.

Exchange Efficiency and the Protein Fold

The discussion above of the maximum HDX levels for domi-
nant ubiquitin ion conformers demonstrates that HDX levels
correlate to a conformational transformation occurring for the

[M — 6H]® and [M — 7H]" ions. However, these maximum
HDX levels do not reveal the degree to which increased ex-
change can be ascribed to protein fold versus an increase in the
number of charge sites. To investigate this issue, HDX levels
were recorded for compact and more elongated species for ions
of both charge states at reduced D,O partial pressures (0.04
Torr). The lower pressure was utilized to ensure sufficient
signal of lower abundance conformers, while at the same time
determining differences in the levels of rapidly exchanging
hydrogens (see Figure 4). Figure 6a shows an expanded region
of a tp,m/z distribution for ubiquitin ions centered on compact
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Figure 6. (a) Expanded region of a #5, m/z contour plot showing
[M — 6H]®~ ubiquitin ions. For this experiment, a He:D20
(2.50:0.04 Torr) buffer gas mixture was utilized in the drift tube.
The compact and partially-folded conformations are labeled.
The maximum intensity cutoff is six ion counts. (b) Plot of
exchange efficiency (cross-section/maximum HDX level) as a
function of charge state. The identities of the molecular ions are
shown in the legend. The multimeric ions for SP are the [2M —
3H]* and [3M — 4H]*" ions. The multimeric insulin ion is the
[2M — 7H]"~ species
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and more elongated states of [M — 6H]°" conformers. On
average, for the rapidly exchanging hydrogens, the more elon-
gated conformer exhibits a m/z value that is ~1 unit higher than
the more compact conformer indicating an increased level of
exchange corresponding to ~6 deuteriums. This same increase
is also observed for more elongated [M — 7H]"" ions compared
with more compact species of the same charge. These obser-
vations suggest that roughly half of the increase in deuterium
incorporation (~11 deuteriums) from the compact [M — 6H]®"
ions to the more elongated [M — 7H]”~ ions may be attributed to
the protein fold whereas the remaining difference may be
accounted for by the addition of a charge site.

A more subtle contribution of exchange site protection
provided by protein fold (i.e., locating exchange sites in interior
regions) may be explained upon examining what is here termed
as exchange efficiency for the different ion conformers. Ex-
change efficiency can be represented as the ratio of ion colli-
sion cross-ection to maximum HDX level. Figure 6b shows
these ratios for all ions for which maximum HDX levels could
be determined. A comparison of values determined for ubiqui-
tin ions with those of cytochrome c¢ ions suggests that the
former ions exhibit slightly increased protection due to protein
fold. That is, lower exchange efficiency is observed for the
ubiquitin ions even though, on average, they exhibit a higher
(~14%) charge site density. This lower exchange efficiency
could result from slightly less accessibility to buried exchange
sites.

For peptide ions, Figure 6 shows that the SP ion conformers
experience the most efficient exchange. As mentioned above,
this could result from near complete accessibility by D,0; the
relatively limited protection would then be primarily dictated
by access to charge sites. Also, as described above, the rela-
tively low exchange efficiencies of angiotensin 1 and insulin
ion conformers are suggested to result from conformational
rigidity. For the angiotensin peptide, this results from the
location of charge sites at the peptide termini such that some
interior exchange sites may become inaccessible to charge
sites. For the insulin ions, conformational rigidity imposed by
the disulfide bonds would account for the lowest exchange
efficiency as previously observed for positively-charged pro-
tein ions with disulfide bonds [92].

The multimeric SP ions (2M — 3H]*™ and [3M — 4H]*)
exhibit the highest exchange efficiencies as depicted in Figure
6. Additionally, the exchange efficiencies are very similar. That
is, nearly the same number of deuteriums is incorporated per
cross-sectional area for both ions. However, as mentioned
above, the [3M — 4H]*" ions exchange a relatively smaller
proportion of total hydrogens compared to the [2M — 3H]>
ions. Additionally, because the charge density is similar for
both ion conformers, it may be assumed that charge location
plays a major role in protection for the trimer ions. For exam-
ple, one monomer unit of the trimer could contain two charge
sites where one or both of these sites are not accessible to
exchange sites on one of the other subunits. Alternatively, the
addition of another monomer unit could decrease conforma-
tional flexibility, resulting in the lower maximum HDX value.

The data for the [2M — 7H] insulin ions yield an exchange
efficiency that is similar to the monomeric insulin ions, sug-
gesting that the conformational rigidity afforded by the disul-
fide bonds also affects the maximum HDX level that can be
achieved by these ions.

Having described the HDX levels and rates with regard to
protein fold and conformational flexibility, it is instructive to
present an alternative explanation for the experimental results.
Over the last two decades, seminal research has indicated a
propensity for gas-phase peptide and protein ions as well as ion
complexes to form salt bridges in the gas phase [14, 93, 94].
Arguably, such salt-bridge structures impose a degree of con-
formational inflexibility [14], which could prevent exchange
even at sites more proximal to charge sites. That said, here the
argument of the necessity of charge site and exchange site
proximity has been advanced based on the explanations pro-
vided for the observed maximum HDX levels and exchange
efficiencies. The uniform increase in exchange levels for ex-
tended conformations of cytochrome ¢ with additional charge
as well as the differences in efficiencies between ubiquitin and
cytochrome ¢ suggest deuterium uptake near charge sites.
Additionally, the comparison of exchange levels for the pep-
tides angiotensin 1 and SP suggest that although both peptides
are relatively small, providing access to D,O molecules, for SP
ions, the positioning of charges on interior residues closer to
exchange sites yields an increased proportion of exchanged
hydrogens. This occurs even though acidic and basic residues
are observed in adjacent positions of the peptide; that is, even
with the increased propensity of forming ion conformers with
salt-bridges (attributable to the large number of neighboring
basic residues [95]), increased exchange and larger exchange
rates are observed. That said, a large impact of salt-bridges on
the HDX process as well as other factors that may be associated
with the fast- and slow-exchanging sites cannot be ruled out.
Indeed, the work presented here lays the foundation for testing
different exchange models as initiated in recent peptide ion
conformer studies [36].

Experimental Limitations and Future Directions

The combination of IMS with HDX-MS demonstrates a pow-
erful approach for characterizing the ion structures of
negatively-charged biomolecular ions. The use of nonergodic
ion fragmentation techniques with MS analysis has proven to
be useful in the localization of HDX sites [31, 32]. More
recently, IMS-HDX experiments have been coupled with
ETD-MS to determine deuterium uptake sites for specific
conformations of positively charged ions for the SP peptide
described here [36]. The addition of a suitable, nonergodic ion
fragmentation technique with IMS-HDX characterization of
specific peptide and protein anions would allow similar deter-
minations for the specific peptide and protein ions presented
here. The development of new ion fragmentation methods
offers promise for these experiments [46, 48, 49, 96, 97].
Previously, molecular dynamics simulations have been used
with IMS-HDX-MS results to help explain the HDX levels
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observed for positively charged peptide and protein ions [23,
27]. The recent experiments combining IMS-HDX and ETD-
MS with molecular dynamics simulations suggest a need for a
refinement of the previous models for deuterium incorporation
(i.e., those considering only the distance between exchange
sites and charge sites) [36]. The observation that many of
exchangeable hydrogens on charge sites do not undergo ex-
change necessitated the consideration of other models to be
explored by molecular dynamics simulations. Indeed a model
that incorporated distances to the charge site as well as to less
basic sites using computer-generated peptide ion structures
provides a better fit to experimentally determined deuterium
uptake by individual amino acid residues [36]. Extending the
experimental capabilities to allow determination of deuterium
uptake at individual residues and the development of models
from molecular dynamics simulations to explain these uptake
levels are under investigation.

Conclusions

The HDX characteristics of negatively charged ion conformers
for peptides and proteins have been studied with IMS-MS
techniques. The observation of HDX levels corresponding to
large percentages of exchangeable hydrogens for the SP pep-
tide ions suggests greater access of charge sites to exchange
sites as well as to the D,O molecules. The estimation of the
largest exchange rates for these ions is consistent with this
explanation. Comparatively, for the angiotensin 1 peptide ions,
the decreased HDX level suggests decreased access to ex-
change sites by charge sites because of the most likely location
of the charge sites on the peptide termini. Electrosprayed
insulin ions exhibit the lowest HDX levels, which can be
attributed to decreased conformational flexibility resulting
from the restraining disulfide bonds. This is further supported
by the observation of the low exchange rates for these ions.
HDX levels of larger proteins are observed to increase with
charge state and ion size consistent with a charge-mediated
exchange process. Of note, the HDX levels for ubiquitin ions
scale with a conformational transition from more compact
species to more clongated species. Based on comparisons to
exchange protection for compact and elongated ion con-
formers, it is proposed that the exchange level transition results
in part from protein fold exchange site protection and decreased
access to charge sites for ubiquitin ions of lower charge. Final-
ly, exchange efficiency comparisons suggest that ubiquitin ion
conformers provide increased protection of interior sites rela-
tive to cytochrome c ions. Together, the results demonstrate the
utility of the combined IMS and HDX conformational probes
for obtaining structural information. Moreover, these studies
lay the groundwork for powerful new approaches where addi-
tional tools, including the incorporation of novel ion fragmen-
tation techniques and the use of molecular dynamics simula-
tions, can be used to refine the structural information afforded
by IMS-HDX measurements.
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