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H/D Exchange Kinetics: Experimental Evidence
for Formation of Different b Fragment Ion
Conformers/Isomers During the Gas-Phase
Peptide Sequencing

Alireza Fattahi,* Behrooz Zekavat, and Touradj Solouki
Department of Chemistry, University of Maine, Orono, Maine, USA

Electrospray ionization (ESI) Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS) combined with H/D exchange reactions was utilized to explore the existence of
different bs™ and b,” fragment ion conformers/isomers of hexapeptide WHWLQL in the gas
phase. Distinct H/D exchange trends for protonated WHWLQL ([M + H]") and its bs" and
b,* fragment ions (with ND5) were observed. Isolated '°C,, isotopomers of both bs* and b, *
fragment ions yielded bimodal distributions of H/D exchanged product ions. The H/D
exchange reaction kinetics also confirmed that bs* and b, " fragment ions exist as combination
of slow-exchanging (“s”) and fast-exchanging (“f”) species. The calculated rate constant for the
first labile hydrogen exchange of [M + H] " (kpy 4+ gy = 3.80 % 0.7 X 107° cm® mol ™ s7') was
~30 and ~5 times greater than those for the “s” and “f” species of b5, respectively. Data from
H/D exchange of isolated “s” species at longer NDj; reaction times confirmed the existence of
different conformers or isomers for b;" fragment ions. The sustained off-resonance irradiation
collision-activated dissociation (SORI-CAD) of WHWLQL combined with the H/D exchange
reactions indicate that “s” and “f” species of bs" and b," fragment ions can be produced in the
ICR cell as well as the ESI source. The significance of these observations for detailed
understanding of protein sequencing and ion fragmentation pathways is discussed. (] Am
Soc Mass Spectrom 2010, 21, 358 -369) © 2010 Published by Elsevier Inc. on behalf of American

Society for Mass Spectrometry

MS) is a powerful tool to monitor various confor-

mations of peptides and proteins [1-12]. The goal
of this study was to utilize gas-phase hydrogen/deute-
rium (H/D) exchange reactions and Fourier transform
ion cyclotron resonance (FT-ICR) mass spectral meth-
ods (e.g., multistage ion isolation and ion dissociation)
to investigate the existence of different gas-phase frag-
ment ion conformers/isomers.

One of the most important advantages of the modern
biological mass spectral techniques is that mass spec-
trometry can be used for rapid sequencing of biopoly-
mers, such as peptides and proteins, in the gas phase.
There are various ion fragmentation techniques that can
be used to acquire protein and peptide sequences. A
common FT-ICR ion fragmentation technique is sus-
tained off-resonance irradiation collision-activated dis-
sociation (SORI-CAD) [13] (commonly known as colli-
sionally induced dissociation or CID). Recently, other
valuable techniques, such as electron capture dissocia-
tion (ECD), have been developed to acquire comple-
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mentary fragment ions for more complete sequencing
of biomolecules [14]. Regardless of the dissociation
techniques employed, successful sequencing of the bi-
ological molecules requires detailed understanding of
the fragmentation mechanisms and pathways.

Most commonly observed species in SORI-CAD
spectra of protonated peptides and proteins include
backbone b and y type fragment ions (b and y fragment
ion assignments are according to the Roepstorff nomen-
clature [15]). During the CID process, the ionized spe-
cies that yield sequence specific amide-bond fragment
ions may undergo rearrangement processes such as
cyclization; hence, potential subsequent cycle open-
ings can result in scrambling of the original sequence
information [16, 17] and loss of internal residues [18].
Therefore, full characterization of the mechanistic
details of ion fragmentation pathways can reduce the
chances of erroneous protein sequence identification
in proteomics.

A large variety of experimental and theoretical stud-
ies have focused on determining the details of fragmen-
tation processes and different mechanisms and path-
ways for the formation of b and/or y fragment ions
have been proposed. The proposed mechanism by Hunt
and coworkers for formation of the five-membered
cyclic b fragment ions [19] was first supported by the
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reported theoretical calculations of Yalcin et al. [20, 21].
The first theoretical evidence for the formation of b ions
having a stable oxazolone structure addressed the en-
ergetics of ion dissociation processes and the formation
of oxazolone ring from an amide nitrogen in protonated
species of a dipeptide [22]. Additional experimental and
theoretical data support the importance of these five-
membered ring species in unimolecular peptide frag-
mentation processes [23, 24].

On the other hand, the involvement of stable
aziridinone-containing structures in the gas-phase frag-
mentation of peptides has also been demonstrated exper-
imentally [25] and theoretically [26]. Wesdemiotis and
coworkers’ reports provide a comprehensive review on
dissociation of the protonated peptide amide bonds that
yield N-terminal b,, and C-terminal y,, sequence ions
[27, 28]. The combined quantum chemical and RRKM
modeling of the b and y fragmentation mechanisms of
protonated model peptides by Paizs and Suhai provides
valuable atomic and energetic details for different reac-
tion pathways that may lead to formation of various
fragment ions [24, 29, 30]. Multiple reaction mecha-
nisms such as diketopiperazine, oxazolone, amide O,
a;-y,, aziridinone pathways [29], and cyclization [18, 31,
32] imply ion fragmentation via multiple pathways. On
the other hand, common reaction pathways have also
been suggested for different fragment ions. For exam-
ple, the ‘b,-y,” pathway proposed by Paizs and Suhai
assumes common intermediates for the formation of b,
and y, ions [24]. A comprehensive review on the
energetic and kinetic characterization of major fragmen-
tation pathways provides details on “pathways in com-
petition (PIC)” and “mobile proton” models [33].

Our preliminary report demonstrated the presence
of different fragment ion isomers and/or conformers in
the gas-phase MS/MS experiments [34]. Subsequent
reports, utilizing ion mobility/mass spectrometry [32,
35] and infrared multiple-photon dissociation (IR-MPD)
[36] confirmed our initial observation and the existence
of different isobaric peptide ion fragment isomers. Both
IR depletion spectrum [36] and cross-section results
from ion mobility/mass spectrometry [32, 35] of Leu-
enkephalin b,” fragment combined with theoretical
approaches have shown a mixture of at least two struc-
turally different b," and a,* fragments in the fragmenta-
tion process of singly-charged Leu-enkephalin ions. In a
recent study, Chen et al. reported similar bimodal
distributions in the H/D exchange reactions for b,
fragments of Leu-enkephalin, bs fragment of (Gly)s, and
by-b, fragments of (Gly)s and suggested oxazolone and
cyclic structures for b-type fragments [31].

In this paper, we present our experimental evidence
that points to the formation of structurally different
isobaric b fragment ions in the gas phase and under
low-energy SORI-CAD conditions. Specifically, the
H/D exchange results for the [M + H]*, bs*, and b,"
fragment ions of WHWLQL are discussed. FT-ICR MS
provides an opportunity to trap and study the peptide
ions for extended periods and it is well suited to
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monitor gas-phase H/D exchange reactions for periods
ranging from millisecond to several minutes [12]. The
H/D exchange trends and kinetics reveal the presence
of two different sets of b fragment ion isomers and/or
conformers in the gas phase. In contrast to [M + H]"
ions, both bs" and b,™ fragment ions of WHWLQL react
with ND; reagent gas to yield bimodal product ion
distributions. Methods to confirm the existence of dif-
ferent gas-phase isobaric fragment ions (i.e., fragment
ions with identical elemental compositions) are pre-
sented. Relevance of the current experimental findings
to mass spectral peptide and protein sequencing is
discussed.

Experimental
Sample Preparation

The linear hexapeptide WHWLQL (Sigma, St. Louis,
MO, USA), deuterium reagent ND; (Aldrich, Milwau-
kee, WI, USA) and all other solvents were purchased
from commercial sources and used without further
purification. A stock solution of WHWLQL was pre-
pared by dissolving 1 mg of the sample in 50:50 methanol:
water solution (1 mg/mL, ~0.5% acetic acid). Prior to
electrospray, the stock solution of the WHWLQL was
diluted to micromolar concentration.

We chose WHWLQL because (1) in our previous
studies, it has shown significant metal-dependent con-
formational changes [37], and the presence of two
tryptophans in its structure makes it suitable for gas-
and solution-phase spectroscopic studies [38], and (2) it
is a relatively small peptide (with six amino acids) and
appropriate for characterization of fragmentation mech-
anisms and future molecular modeling studies [39]. We
have studied the gas-phase H/D exchange trends and
kinetics as well as solution-phase fluorescence charac-
teristics of WHWLQL and its metal complexed species
extensively, and these results will be published in a
separate article.

Instrumentation

The ESI FT-ICR mass spectra were acquired with an
IonSpec FT-ICR mass spectrometer equipped witha 7 T
superconducting magnet (former IonSpec Corp., now a
division of Varian, Inc., Lake Forest, CA, USA). The
instrumental details have been published elsewhere [12,
40]. The UHV pressure was measured from the direct
readouts using Granville-Philips dual ion gauge con-
troller and series 274 Bayard-Alpert type ionization
gauge tubes (Boulder, CO, USA); the normal back-
ground pressure inside the ICR cell was ~5 X 107"
torr. Ions were formed in an external ionization electro-
spray source (Analytica of Branford, Inc., Branford, CT,
USA).

Typically, 2.0 kV was applied to the ESI needle, (with
respect to the counter electrode capillary), and the metal
capillary temperature was set at ~160 = 2°C. The
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electrosprayed ions pass through a 1 mm-diameter
skimmer before their entrance into a 7.5-cm long, rf-
only hexapole ion guide/storage device. A quadrupole
ion guide assembly guides the ions into an open-ended
cylindrical Penning trap (former IonSpec Corp., now a
division of Varian, Inc., Lake Forest, CA, USA). Appro-
priate timing and gated trapping techniques were used
to trap the ions inside the ICR cell. After the ions were
trapped inside the ICR cell a variable delay period (<50
s) was allowed for restoration of base pressure. Once
the ions were trapped inside the ICR cell, a combination
of “CHIRP” frequency sweep [41] and SWIFT dipolar
excitation [42] was used to isolate a specific ion or a set
of ions. Before H/D exchange reactions, trapped ions
were thermalized by nitrogen collisions. Multiple
pulses of nitrogen gas, through a designated vacuum
port, were used to maintain Py, = 1 X 10~ torr for ~50
to 2000 ms during the ion cooling event. The residual
nitrogen gas was pumped away before all SWIFT
isolations and H/D exchange reactions. The H/D ex-
change reaction time was varied to follow the kinetics of
isotope exchange. To ensure prolonged pressure repro-
ducibility inside the ICR cell during the reaction of
precursor ions with NDj;, the neutral H/D exchange
ND; reagent gas was introduced into the vacuum
system through a separate port via a pulsed-leak valve
[43]. The pressure of ND; was measured by direct
reading of Granville-Philips dual ion gauge controller
and series 274 Bayard-Alpert type ionization gauge
tubes and corrected for ionization sensitivity [44]. Un-
der our experimental reaction times and pressures, no
ND; clusters [45] were observed with protonated
hexapeptide and its fragment ions. Since our goal was
to compare the rate constants for parent ions and b-type
fragments under identical conditions, the pressure of
ND; was not corrected for the geometry factor of 0.55
[44]. The trapped product ions were excited by dipolar
frequency sweep excitation [41] and detected in the
direct broadband mode. At the end of each experiment,
all trapped ions were ejected from the ICR cell. Fourier
transformation of the resulting time-domain signals (256 k
data points) with one zero-fill, baseline correction and
Hamming apodization followed by magnitude calcula-
tion, and frequency-to-mass conversion yielded the ESI
FT-ICR mass spectra (Figures 1, 2, and Figures 4-6). All
mass spectra were constructed from a single time-domain
dataset. To perform reproducible gas-phase H/D ex-
change experiments, the ESI conditions (e.g., source tem-
perature, ion current, acceleration voltages, etc.) were
carefully monitored and kept constants for all experi-
ments.

Mass Spectral Data Analysis

The plots of In (Im;/>Im;) as a function of reaction time
were constructed. The equation describing these plots
can be written as:
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In (Im/2Im;)) = =k X [M] X t+ C (1)

where (Im;/3Im;) is the normalized intensity of the
precursor ion, k is the reaction rate constant, [M] is the
concentration of neutral species (ND3), t is the reaction
time, and C is a constant [46]. The normalized ion
intensity value for each species (e.g., [M + H]", b,™,
and bs ") was obtained by dividing the D, peak intensity
of each group (e.g., H/D exchanged [M + H]" series)
by the total peak intensity of that particular group (i.e.,
D, + D; + ...+ D,, n = 1-14 for the [M + H]" series)
at different reaction times. To minimize the pressure
and/or temperature variations, we isolated all of the
precursor species and followed their H/D exchange
reaction kinetics simultaneously. The linear regression
of the slope of equation 1 (i.e.,, -k X [M]) versus [M]
yields R* =~ 0.99 and the slope provides a better estima-
tion of the k. Based on five experiments performed at
five different pressures for each species, rate constants
reported in this paper have an estimated random ex-
perimental error of <25%. The experimental errors are
mainly due to pressure variations for different experi-
ments. To generate the decay curves in Figure 3a-c,
Origin 7.0 (Northampton, MA, USA) software (ver.
7.0220) was used; the reported uncertainties for time
constant (7) and pre-exponential values are from the
nonlinear curve fit outputs. Microsoft excel linear re-
gression was used to determine the values for line
slopes, intercepts, and associated uncertainties (inserts
in Figure 3a—c).

Results and Discussion

To explore the existence of structurally different iso-
baric fragment ions, we followed the gas-phase H/D
exchange reactions of the WHWLQL hexapeptide and
itsbs"and b, fragment ions. This peptide dissociates to
yield high abundance of b series fragment ions.

ND; was used for all H/D exchange reactions; this
reagent gas is less selective than other H/D exchange
reagents such as D,O and CH;OD and allows isotope
exchange of all active hydrogens (e.g., proton in -OH,
SH, and NH functional groups) [12, 47-49]. Table 1
contains the exact molecular weights (to five significant
figures) and calculated rate constants for selected par-
ent and fragment ions (experimental details will be
discussed in the next section).

Hydrogen/Deuterium Exchange Patterns

Figure la shows ESI FT-ICR mass spectrum of
WHWLQL that contains isolated '°C,; isotopomers of
parent molecular ion of the WHWLQL hexapeptide
(IM + HJ") and its by " and bs" fragment ions. For all
experiments reported herein, before starting the H/D
exchange reactions, the single isotopes (*°C,;)) of the
precursor ions were SWIFT isolated [42]. The SWIFT
isolation of a single isotope eliminates peak overlap
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between the *C isotopes of the reactant analyte ion and
deuterated product species.

Figure 1b shows a representative ESI FT-ICR mass
spectrum of WHWLQL peptide after the H/D exchange
reaction. The m/z range containing [M + H] ", bs", and
b," species after reacting with ND; at ~6.5 X 10~ torr
for 580 s is shown. The expanded m/z regions for H/D
exchanged [M + H]", bs", and b, " are shown in Figure
2a—c, respectively. Labeled subscripts (Dy;—Dg) denote
the number of incorporated deuterium isotopes. Com-
parison of Figure 2a—c illustrates the differences in H/D
exchange patterns of the parent molecular ion [M + H]*
(2a), and its bs* and b,* fragment ions (2b and c,
respectively). After the H/D exchange reaction with
ND; at 6.5 X 10~ ? torr for 580 s, bs*, and b," fragment
ions yield bimodal distributions of product ions (Figure
2b and c). We have repeated these experiments at
different pressures and observed similar bimodal dis-
tributions. The observed H/D exchange trends for bs"*
and b, " could be indicative of two different conformers
and/or isomers that exchange their labile hydrogens at
different rates (i.e., slow and fast H/D exchanging
fragment ions).

To verify that the observed bimodal distributions (as
shown in Figure 2b and c) are indicative of the two sets
of conformers or isomers for bs* and b," fragment ions,
the H/D exchange kinetics of [M + H]", b;", and b,*
were studied in detail (see Figure 3 and related discus-
sions). Furthermore, additional double SWIFT isolation
and double H/D exchange reactions (Figures 4 and 5)
were performed to confirm the existence of the two sets
of gas-phase isobaric fragment ion species for the bs*
fragment ions.

The fragment ions of the WHWLQL hexapeptide can
be formed in the ICR cell and/or in the electrospray
ionization (ESI) source by the capillary-skimmer frag-
mentation process. To perform the necessary double
SWIFT ion-isolation and double H/D exchange reaction
experiments (details will follow), all ICR and ESI source
experimental parameters were optimized to maximize
the b fragment ion yield and enhance signal-to-noise
ratio for single scan experiments (data shown in Figures
1, 2, 4, and 5). To confirm the formation of structurally
different fragment ions under the low-energy CID con-
ditions of ICR, supplementary experiments were per-
formed. Using SORI-CAD technique [13], we verified
that the “f” and “s” fragment ions were generated
inside the ICR cell as well as in the ESI region (data for
Figure 6 will be discussed in detail).

Hydrogen/Deuterium Exchange Reaction Kinetics

The plots of normalized intensity versus H/D reaction
times for [M + H]", bs", and b, are shown in Figure 3.
Equations from the exponential curve fittings (viz.,
[M + H]", bs*, and b,*) are included below each ion
abundance decay curve in Figure 3a—c. Figure 3a shows
the disappearance of [M + H]" as a function of time
and curve fitting of the raw data yields a single expo-
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nential decay with a pre-exponential value of 1.1
(£0.04) and time constant of 7 = 21 (£1.9) s.

Figure 3b and c correspond to disappearances of iso-
lated '2C,; species for bs* and b," fragment ions (D,
peaks at m/z 751 and 623 in Figure 2) as a function of time.
Curve fittings of the raw data yielded bi-exponential
decay equations for both bs" and b,” fragment ions
(sum of the pre-exponential values were constrained to
1{A; + A, = 1}). For b;" fragment ions, pre-exponential
values were A; = 0.62 (£0.02) for 7, = 43 (£3.5) s and
A, = 0.38 (+0) for 7, = 395 (*£0) s. These pre-exponential
values represent all of the available reaction channels
that yield D, species and do not necessarily correlate
with ion population fractions for slow (“s”) and fast
(“f”) H/D exchanging species. For example, the two
reaction rate constants of (7.7 + 1.5) X 107! and (1.3 =
0.3) X 10 cm® molecule™ s for “f” and “s” bs*
species, respectively, represent the average rate con-
stants for all of the available exchanging sites. In other
words, separation of the two “s” and “f” populations is
not controlled by the first H/D exchange (i.e., Dy — D)
(although it represents the H/D exchange reaction of
two different b fragment structures).

As shown in the In (normalized abundance) versus
H/D exchange reaction time semilog plots displayed in
the insets of Figure 3b-c, compared with [M + H]*
(Figure 3a), the bs* and b," fragment ions exhibit two
distinct slopes (Figure 3b and c, respectively). The
slope, intercept, and square of correlation coefficient
(R?) for linear regression of the temporal semilog plot
for [M + H]" in Figure 3a (inset) are m = —0.063
(+0.003) s™', b = 0.20 (+0.08), and R* = 0.99. The best fit
single decay curve (using Origin software) for [M +
H]" in temporal plot of Figure 3a corresponds to the
best fit single line (using Microsoft Excel program)
displayed in Figure 3a inset. Conversely, improved R?
for linear regression of the data (using Microsoft Excel
program) presented in Figure 3b and ¢ were obtained
by using the initial data points (seven in Figure 3b and
eight in Figure 3c) as separate lines (for fast reacting
species).

Comparisons between Figure 3a, b, and ¢ confirm the
existence of structurally different conformers and/or
isomers for both bs* and b, " fragment ions: the fast- (bs;
and by) and slow-exchanging (bs, and b,,) fragment
ions. The fast and slow exchanging species (Figure
3b—c, insets) are represented with the filled circle (®)
and empty triangle (A) symbols, respectively. The
slopes, intercepts, and R? values from linear regressions
of the two lines from the temporal semilog plot data of
bs* in Figure 3b (inset) are m,, = —0.0139 (+0.0004) s™*

and mg,, = —0.0024 (+0.0001) s7; by, = 0.0266
(+0.0124) and by, = —0.98 (+0.04); R%,., = 0.9955 and
R%ow = 0.9905. The slopes, intercepts, and R* values

from linear regressions of the two lines from the tem-
poral semilog plot data of b, in Figure 3c (inset) are
mg, = —0.0163 (+0.0005) s and mg,, = —0.0019
(£8 X 107 s7% bg = 0.059 (*0.019) and by, =
—1.641 (+0.025); R%,, = 0.9953 and Ry, = 0.9959.
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The gas-phase H/D exchange rate constants were
extracted from the slopes of semilog plots of normalized
ion abundance for D, ion as a function of the H/D
exchange reaction time (Table 1). The calculated rate
constants for “f” species have contributions from “s”
species. Therefore, one can calculate the rate constants
for “f” species more accurately by subtracting the
contributions of “s” species from “f” species at shorter
H/D exchange reaction times (i.e.,, <130 s) or use
bi-exponential decay equations obtained by fittings
(Figure 3). The best experimental approach to calculate
population fractions of “s” and “f” is to allow for
complete separation of the two populations based on
reaction times (see Table 1 and discussions below).

Although D, of the parent molecular ion [M + H]" is
consumed after ~90 s reaction period (at 9.5 X 10~ torr
ND; pressure), only a single distinct slope is observed
for the entire reaction period (e.g., refer to Figure 2a and
Figure 3a). The semilog plot in Figure 3a {In (normal-
ized abundance) versus the reaction time} suggests the
presence of a single [M + H]" conformer or set of [M +
H]" conformers that can not be distinguished /resolved
using the currently available FT-ICR methodologies.
Conversely, the plots of In (normalized abundance)
versus the reaction time for b-series fragment ions
(Figure 3b and c) exhibit two distinct slopes; hence, the
first H/D exchange of these species occur at two
different reaction rates. Using the Microsoft Excel pro-
gram (Microsoft Office Excel 2000) linear regression
analyses were performed to determine the best linear
fits to the experimental data. For the presented data
here, we assumed two ion populations (i.e., two lines)
and excluded the data points on the curved segment of
the semilog plots (data points in insets of Figure 3b and ¢
denoted with [m] symbol). Experimental data from
other fragment ions (not shown here) indicate that
when more than two ion populations are present, more
rigorous curve-fitting routines (e.g., multiple exponen-
tial function fittings of the temporal plots) are necessary
to extract accurate rate constant values. For the reported
data in Figures 3 b and ¢, linear fit of the semilog plots
provided satisfactory results (R* > 0.99 for all four fits)
and a more rigorous double-exponential curve fitting
by including all data points, yielded similar results. The
normalized mass spectral data on separated “f” and “s”
species at long H/D exchange reaction times (i.e., >130
s) were used to calculate the average fractions of each
species (Table 1). For example, after 580 s H/D ex-
change reaction time for bs* (Figure 2b) the sums of the
normalized peak intensities (or fractions) for “s” species
(viz., Dy-D,) and “f” species (viz., D;-D;) are 0.74 and
0.26, respectively. Using bs* ion population fractions at
seven reaction delay times (viz., 180's,240s,310s,390s,
480 s, 580 s, and 700 s) yielded average values of 0.73
and 0.27 for slow and fast reacting species, respectively;
conversely, factions of slow and fast reacting b,™ spe-
cies were switched (see Table 1). Our preliminary
results indicate that ionization/fragmentation condi-
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b5+
[M + H]*
b4+
(a) r ¥ L A T v T hd T d T v L
b5+
M+ HJ*
bg*

" L L L ‘J|M,A " b

600 650 700 750 800 850 900
(b) m/z

Figure 1. ESI FT-ICR mass spectrum of the SWIFT isolated "*C,,
isotopomers for parent molecular ion of WHWLQL hexapeptide:
[M + HJ", its b-series fragment ions: bs" and b," (a) before the
H/D exchange reactions and (b) after the H/D exchange reaction
with NDj; at 6.5 X 10~? torr for 580 s.

tions influence the formation of slow and fast exchang-
ing populations [50].

The H/D exchange patterns, as shown in Figure 2,
portray comprehensive pictures about all of the avail-
able exchangeable sites on the molecule. However, the
kinetic plots in Figure 3, refer to the fastest H/D
exchanging sites for the respective species. Multiple site
and/or site specific [4, 47, 51] kinetics can provide
valuable structural details. For example, in addition to
different H/D exchange reaction rate constants for
[M + H]" and b fragments in D, — D; reaction (Figure
3), the H/D exchange reaction rate for exchanging the
second, third, and other labile hydrogens in the indi-
vidual species (i.e.,, [M + H]* and b fragments) might
be different.

Calculated rate constants (for the disappearance of
Dy) for [M + HI" (Kpy + 111", the slow (k) and fast (k)
reacting conformers/isomers of b fragments, the rate
constant ratios, and the fraction of each species are
listed in Table 1. Rate constant for the first H/D
exchange of by " fragment ion (fast exchanging species)
is ~six times larger than the rate constant for the bs,";
the rate constant for the first H/D exchange for by " is
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M+ H]*
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m/z
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m/z

(b)

D5

De
wdedido oo
—r— r— — YT | A m e |
620 622 624 626 628 630 632 634
(c) m/z

Figure 2. Expanded m/z regions of H/D exchange spectrum
(from Figure 1b) for (a) [M + H]", (b) bs", and (c) b,™ species.

~eight times larger than that for the b,," species. The
H/D exchange results for the slow exchanging frag-
ment ions (i.e., bs,” and by ") and fast exchanging
species (i.e., bs;" and by ") suggest that the fragmenta-
tion process of [M + H] " produces a mixture of at least

Figure 3. Temporal plots of normalized ion abundance versus
H/D exchange reaction time for disappearance of D, for the (a)
parent molecular ion [M + H]", (b) bs™, and (c) b, fragment ions.
Insets show the semilog plots {In (normalized abundance) versus
H/D exchange reaction time} for (a) [M + H]", (b) bs", and (c)
b,". Segments of the semilog plots in (b) and (c) that correspond
to fast- (bs;" and by ") and slow-exchanging (bs,"and b, ")
conformers and/or isomers are labeled with filled circles (“f”
[filled circle]) and open triangles (“s” [open triangle]), respec-
tively. Linear fit of the semilog plots {excluding the two midway
data points labeled with filled square [m] in insets of (b) and (c)}
yielded satisfactory results with R > 0.99 for all five fits.
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two isobaric fragment ions with different reactivity in
reaction with NDj;. Calculated rate constant for [M + H] "
is ~five and 29 times larger than the calculated rate
constant values for the bs" and bs,*, respectively. Simi-

[M+H]"(*C,yDy) + ND; = Products

0.3 4 time (s)
1.0 021 9 20 30 4 50 e 70
5 07
E -1.2 4
. 08 £
T 064 E 271
3 o
2 € a2
- = ard .
8 0.4 N
©
E
c 0.2+
c
0.0 1
y=1.1 e[” J
T T L] L L) 1
0 10 20 30 40 50 60
(a) time (s)
[bs] " (*CauDy) + ND; = Products
time (s)
1.0 a4 \ 100 200 300 400 500
§ y =-0.0139x + 0.0266
£-0.6 1 R*=0.98
w 0-8_' .g \ 8955
Q = @ Fast
E é ASlow
2 g1
S 0.6 2
g E y= -R!l,.DDZ-lx -0.977
L 5161 =0.9905
] c
a £
=2 0.44
E
1
=]
c
0.24
y =10.62 L’[ 3 J+ 0,386’[};3]
0.0 v T - T T T T 1
0 100 200 300 400
(b) time (s)
12
[ba]*(*C.uDg) + ND; = Products
time (s)
1.0 . . - : .
011 100 200 300 400 500
_ 061 \ y = 0.0163x + 0.0589 ®Fast
g 0.8+ 3 \ R?=0.9953 A Slow
c 5 ]
§ | E 14
é 0.6 E 164
] =0.0019x - 1.6413
E E 21 Y R®=0.9959
= 0.44 c
[ -
E
e
=]
c
0.2
|
0.0 v=0.8]e[“]+0.l9e("“-]+0.0]
! T T T T T 1 L 1
0 100 200 300 400
(c) time (s)



364 FATTAHI ET AL.

Do

(b) L) v L] d L} '. L] v L) v L) v l.‘ L] v -;—“:

Do

Jl_..|°|“‘.//

745 748 750 752 754 756 758 760 762
(c) m/z

Figure 4. The fragment ion b;" was (a) SWIFT isolated and (in
two separate experiments) reacted and with ND; (at ~7.5 X 10~®
torr) for (b) 40 s and (c) 300 s. The slow “s” and fast “f” exchanging
populations are indicated in (b).

larly, calculated rate constant of the parent molecular
ion is ~four and ~32 times larger than those for the
by and by, ", respectively (see Table 1). Presence of
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Figure 5. First, all carbon 12 (**C,,) isotopes of bs* ions were
SWIFT isolated and reacted with ND; (~7.4 X 10~® torr) for 40 s
to produce the slow and fast H/D exchanging distribution of
product ions (not shown). Then, the bs" product ions (Ds-D,
series) were ejected to produce the double SWIFT isolated bs, ™
series (Dy—D, series) shown in (a). In the second and third H/D
exchange experiments, the SWIFT isolated “s” product ions (bs,")
were allowed to react with re-introduced ND; (~7.0 X 10~ ® torr in
the second and ~ 74 X 1078 torr the third H/D exchange
experiment) for additional 90 s (b) and 190 s (c).
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+
[M + H]
Theoretical | Experimental | MMA D
Dl (miz) (m/z) (ppm) 1
D, | 751.3675 751.3602 9.7 D2
D, | 752.3737 7523742 0.7
D;| 7533800 7533818 24
Dy | 754.3868 | Not observed - DO
|D,| 7553926 | 7553927 0.1 D4 Ds
IDs| 756.3994 756.4014 2.6

| 751 752 753 754 755 756 757
miz

Figure 6. Using SORI-CAD, the SWIFT isolated (**C,;) of [M +
H]" were fragmented to produce the b-series ions (bs*, b,™, b;™,
and b,"). ND; was introduced (for 50 s at ~1.7 X 10”7 torr) and
product ions were examined to check for the presence of bs,* and
bs¢ . As shown in the panel, the H/D exchange pattern (and calculated
mass measurement accuracy) for H/D exchange product ions D,
D,, D,, and D; confirm that bs,* and bs; " are produced under the
low-energy CID condition of ICR. Top left panel contains the mass
measurement accuracy (MMA) values for the product ions (*: back-
ground noise; &: [M + H — H,OJ, [M + H — NH,]").

different b fragment ion conformers/isomers [37] has
been confirmed using other analytical techniques, such
as IR-MPD [36], ion mobility/mass spectrometry [32,
35], and H/D exchange [31]. Using IR depletion spec-
trum of b," fragment (generated by SORI-CAD) of
Leu-enkephalin, Polfer et al. detected a mixture of two
structurally different b," ion fragments (i.e., oxazolone
and cyclic structures) [36]. Ion mobility /mass spectrom-
etry of Leu-enkephalin b, fragment showed a broader
drift time distribution for Leu-enkephalin b," fragment
than N-acetylated Leu-enkephalin b," fragment [32]. It
was suggested that the narrow drift time distribution
of N-acetylated Leu-enkephalin b,* fragment is re-
lated to the presence of bulky N-acetyl group at the
N-terminus which prevents the formation of cyclic
structure in comparison with Leu-enkephalin [32].
Additional studies are required before reliable com-
parisons can be made between the observed H/D
exchange patterns for different peptide and protein
fragments.
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In addition to the kinetic studies, we performed
double H/D exchange experiments on SWIFT isolated
bs " fragment ion to confirm the existence of the two sets
of gas-phase fragment ion species. Details of the double
H/D exchange reactions are discussed in the following
sections.

Hydrogen/Deuterium Exchange Reaction Trends

In a series of experiments, we increased the H/D
reaction time from 40 s up to 300 s at ~7.5 X 10® torr
ND; pressure. The b fragment ion was first SWIFT
isolated (Figure 4a) and then reacted with ND; in two
separate experiments. Figure 4b and ¢ show the pat-
terns of the H/D exchange product ions after 40 and
300 s reaction of the isolated bs* with ND, (~7.5 X 1078
torr), respectively. After the 40 s reaction delay, product
ions (Dy-Dy) are separated into two sets, exhibiting two
H/D exchange distributions. These slow (“s”) and fast
(“f”) H/D exchanging sets, in Figure 4b, include the
Dy-D, (“s”) and D5-D, (“f”) product ion series.

As shown in Figure 4b and c, when the reaction time
is increased from 40 s to 300 s, the relative ion abun-
dance of D, and D; are reduced (D, and D, are
consumed), whereas the relative ion abundance of D, is
increased (D, ions are produced). Conversely, D; and
D, relative ion abundance are reduced (D; and D, are
on average consumed faster than they can be formed).
Note that relative ion abundance of D5, Dg, D,, and Dy
ions are increased (these species are formed as D; and
D, are consumed). If the majority of D,, D;, and D,
species had similar structures (hence H/D exchange
characteristics), the increase in relative ion abundance
of D, should be associated with an increase in the
relative ion abundance of D; and D, As shown in
Figure 4b and ¢, increasing the ND; reaction time from
40 s to 300 s results in an increased D, relative ion
abundance but D,, D,;, D;, and D, relative ion abun-
dance are decreased. These observations, in Figure 4,
confirm the existence of two sets of different structures
with distinct H/D exchange characteristics. After 300 s
reaction with ND; (~7.5 X 1078 torr), the slow (“s”) and
fast (“f”) exchanging bs™ species exchange up to two
and eight hydrogens (from the total of 11 available
labile hydrogens in bs "), respectively (Figure 4b and c).
The “s” type species may have more compact/folded
structures (probably cyclic structure) and tighter in-

Table 1. Calculated rate constants* (cm® molecule™ s~ ') and relevant parameters for disappearance of D, for [M + H]", fragment
ions bs* and b,™ {fast (“f”), and slow (“s”) exchanging species}. The exact masses, ion population fractions, rate constants (95% CL),

and rate constant ratios are listed in columns 2-5, respectively

Species x Exact m/z Fraction Rate Constant kv + 1y 7Ky
[M + HI* 882.46208 1.00 (3.8 +0.7) x 107'° 1
Fast bg* 751.36746 0.27 = 0.02 (7.7 +1.5) x 107" 5
Slow bg" 751.36746 0.73 = 0.02 (1.3x0.3) x 10" 29
Fastb,” 623.30888 0.73 = 0.03 (1.0 £ 0.2) x 107'° 4
Slow b, " 623.30888 0.27 = 0.03 (1.2+0.3) x 10" 32

*Experimentally measured rate constant (n = 5 measurements and at the 95% confidence level).
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tramolecular hydrogen bondings than unfolded/floppy
(probably oxazolone or aziridinone structure) “f” type
fragment ions.

It should be noted that differences in the gas-phase
basicities [44] of the “s” and “f” fragments (e.g., proton
affinity (PA) variations as a function of structure) may
also explain the observed disparate H/D exchange
reaction rates [52]. For example, recent theoretical cal-
culations by Bythell et al. at the B3LYP/6-31G(d) level
suggest that oxazolone structures may have higher PA
values than cyclic forms [39]. Our preliminary PA
measurements and H/D exchange results suggest that
different populations of singly charged by fragment
ions (of WHWLQL) may have different PA values [50].

Double H/D Exchange Reactions of Doubly
SWIFT Isolated Ions

We performed three complementary double SWIFT
isolation and double H/D exchange experiments to
confirm the presence of unique “s” and “f” b fragment
ions. For all SWIFT isolation events sufficient time delay
was allowed to remove nitrogen and ND; reagent gases
that were used for ion thermalization and H/D ex-
change reactions. In the first experiment, we SWIFT
isolated the '°C,, isotopomers of bs* and then intro-
duced the ND; reagent gas (~7.4 X 10~ ® torr) for 40 s to
produce the bimodal ion product distribution. Once the
bimodal distribution was formed, we SWIFT isolated
the first “s” (Dy-D,) series (i.e., ejected the second “f”
{Ds-D;} distribution) and acquired a mass spectrum
(Figure 5a).

(a) [M +HT" m/z 882.41

0 Ra H

A A Fle, —
i N ~

R H

i N @
A

Aziridinone-containing structure

(b) M + HT": m/z 882.41

M + HT": m/z 882.41
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For the double H/D exchange experiments, first we
employed a double SWIFT isolation to isolate the “s”
series as described in Figure 5a (i.e., isolate °C_j of bs" —
introduce ND; at the specified pressure and reaction
time to produce “f” and “s” fragment ions — eject the
“f” fragment ions). Once the “s” (Dy-D,) series were
isolated, the ND; reagent gas was reintroduced for an
additional period of 90 s (~7.2 X 10~® torr ND; pres-
sure) to perform a second H/D exchange reaction
(Figure 5b). As shown in Figure 5b, even after reaction
of b, " with ND; (at ~7.2 X 1078 torr) for an additional
90 s, the second H/D exchange distribution (bs;* or “f”
series that had initially appeared after the first 40 s
reaction delay) is not observed. This result also con-
firms that b5 ions exist as two bs,* and bs; " structures.
After the re-introduction of ND; for an additional 90 s
H/D exchange reaction, the relative ion abundance of
D, and D, are reduced, whereas that of D, is increased.
These data suggest the presence of strong intramolecu-
lar hydrogen bondings within bs,™ structure since only
two of the 11 labile hydrogens in bs,* are easily
available/accessible for the H/D exchange reactions.

In the third double SWIFT isolation, we applied the
conditions of the Figure 5a (i.e., isolate '*C,; of bs" —
introduce ND; at the specified pressure and reaction
time to produce “f” and “s” fragment ions — eject the
“t” fragment ions) followed by a second NDj; reaction
delay for 190 s at ~7.2 X 10~® torr NDj, pressure (Figure
5¢). After increasing the NDj reaction time to 190 s for
the second H/D exchange reaction, a peak at m/z 754
(D3) appears; however, the second H/D exchange dis-
tribution is still not observed. Therefore, double SWIFT

bs : m/z 751.32
Oxazolone structure

o] Ra
H
<
+ + N o
R A—LT%O H” ~H
H

bs": m/z 751.32

bs": m/z 751.32

Cyclic structure Leucine: MW 131.09

(€) R,: Tep-His-Trp-CO-NH-CH-, Ry: NH;-CO-CH,-CHa-

Scheme 1
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isolation/double H/D exchange reaction of Figure 5c
also confirms the presence of bs," and bs;" structures.
To the best of our knowledge, this is the first reported
attempt to isolate the slow exchanging b fragment ions
using H/D exchange time as a filter.

Low-Energy Collision Induced Dissociation of
Isolated Parent Ions

The successful implementation of the complex FT-ICR
MS event sequences in previously described double
SWIFT isolation and double H/D exchange reactions
required a large/sufficient number of initial ion popu-
lation. Ergo, to perform these multi-ejection experi-
ments, it was necessary to optimize the ESI and ICR
conditions for the maximal b fragment ion yield; addi-
tional experiments confirmed that majority of the frag-
ment ions were formed in the ESI source. We wanted to
determine whether or not significant amounts of the “s”
and “f” conformers/isomers of bs* and b,* were also
produced under the low-energy SORI-CAD condition
in the ICR cell. In other words, if we exclude the
fragment ions generated in the ESI source, will we still
observe the two bs" and bs," gas-phase fragment ions?
To address this question, we performed SORI-CAD of
the isolated parent molecular ions [M + H]" (m/z 882)
followed by the H/D exchange reactions.

The all carbon 12 isotopes (**C,;) of [M + H]" were
SWIFT isolated and then fragmented under optimized
SORI-CAD experimental conditions (e.g., off resonance
at ~1 kHz < [M + H]" ICR frequency or Aw, = 1 kHz
with rf excitation {20 V,_,} applied for ~50 ms at N,
pressure of ~1 X 107° torr). The mass spectrum ob-
tained from SORI-CAD experiment for the SWIFT iso-
lated [M + H]" is shown in Figure 6. Although the
signal-to-noise (S/N) ratio is low (for example, com-
pared with the results in Figure 4), after 40 s of H/D
exchange reaction with ND, (P ~ 7.4 X 10 ® torr), the
two bs" and bs,” type fragment ions can be observed
(see inset mass spectrum in Figure 6).

The inset in Figure 6 shows the m/z region (751-757)
for H/D exchange reaction product ions of the bs" (the
H/D exchange pattern for the other fragment ions are
not shown). The H/D exchange pattern of bs" exhibits
two H/D exchange distributions implying the existence
of bs" and bs," under the low-energy SORI-CAD
conditions of the ICR. Poor signal-to-noise (S/N) ratio
in Figure 6 inset signifies that monitoring the H/D
exchange of b fragment ions after SWIFT isolation and
SORI-CAD of [M + H]", requires a large initial ion
population. Fortunately, unsurpassed mass measure-
ment accuracy (MMA) of FT-ICR allows product ion
identification, even when S/N ratio of the single scan
mass spectrum is very poor (S/N ~ 2.5 for D, D,, and
D; in Figure 6 inset). To assign the product ion identi-
ties, we used the exact masses of observed fragment
ions (D; ions from b, ¥, b;*, and b,*) and D, from H/D
exchange product of bs" as internal calibrants. Utilizing
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experimental mass measurement accuracy of below 10
ppm, Dy and H/D exchange product ions (D,, D,, and
Ds) of bs™ can be readily distinguished from the back-
ground noise. The theoretical and experimental m/z
values of the D,, D,, D,, D,, and D5 are shown in the
top-left panel of Figure 6. The observed mass measure-
ment accuracies for D, D,, D,, D, and D5, were 9.7, 0.7,
24, 0.1, and 2.6 ppm, respectively (top-left panel of
Figure 6). The background noise and [M + H -
H,O/NHj;]" peaks in Figures 6 are labeled with * and 8
symbols, respectively.

A significant amount of literature has focused on
various aspects of b fragment ion structures [19-21,
23-28]. The present results suggest that there could be
more than one reaction pathways leading to b fragment
ion formation. Such multiple reaction pathways may be
involved in other types of ion fragmentations, and
future research will address these questions. Prelimi-
nary H/D exchange results from our laboratory suggest
that other b fragment ions (e.g., doubly charged b,
fragment ions of substance P and singly charged bs
fragment ions of a-melanocyte) show similar bimodal
H/D exchange distributions. Polfer’s group also re-
ported a bimodal H/D exchange distribution for b frag-
ment ions of (Gly),, [31]. These results confirm our original
observation on b fragment ion H/D exchange bimodal
distributions for delta sleep inducing hormone DSIP and
WHWLQL hexapeptide [37]. Moreover, we have been
able to observe these bimodal H/D exchange distribu-
tion on larger fragment ions (e.g., doubly charged
fragment ions of substance P) [50]. Hence, fundamental
understanding of b fragment ion formations is impor-
tant and might have a global impact on the peptide
and protein sequencing. In the following section, we
discuss various possible mechanisms for b fragment
ion formation.

Possible Mechanisms for Formation of Different b
Fragment Ions

Some of the plausible mechanisms for formation of bs*
fragment ions from [M + H]" (the protonated form of
the WHWLQL hexapeptide) are shown in Scheme 1.
Scheme 1a shows the formation of a five-membered
cyclic intermediate that can lead to b fragment ion
formation having oxazolone type structure [19-21, 53].
Scheme 1b shows the production of b-series fragment
ions via a stable aziridinone (three-membered cyclic
amide) structure. Involvement of stable aziridinone-
containing structures in the gas-phase fragmentation of
peptides has been demonstrated experimentally [25]
and theoretically [26]. Additional theoretical calcula-
tions and experimental evidence are needed to address
the plausibility of various pathways. For example, the-
oretical calculations suggest that dissociation of proton-
ated dipeptides go thorough the ‘a;-y,” pathway, which
is much faster and energetically more favored than the
‘aziridinone” pathway [30]. A majority of the previous
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theoretical work suggests that it is unlikely for the b
ions to have the aziridinone structure, although the
WHWLQL hexapeptide contains both histidine and
glutamine and the nucleophile side chains of these
residues may be responsible for the b, isomers. Another
possible structure for b5 ™" is a cyclic structure that can be
formed through the mechanism shown in Scheme 1c.
The cyclic structure for b-type fragments has been
proposed recently by different research groups [18, 31,
32]. It has been suggested that subsequent fragmenta-
tion of cyclic b-type fragments can result in the se-
quence scrambling of protein/peptide and, therefore,
loss of original protein/peptide sequence information
[17]. Therefore, the understanding of different ion frag-
mentation pathways can improve/accelerate the pro-
tein/peptide sequencing in proteomics.

Although in Scheme 1 we only include three pathways
for formation of isobaric b fragment ions, other options are
also possible [24, 29]. Recent theoretical studies suggest
that a majority of the sequence-informative fragment ions
of protonated tripeptides may be formed on the ‘b,-y,’
pathway [24]. Additional experimental and theoretical
studies are required to assign the structures of the
observed isobaric fragment ions and determine accurate
fragmentation pathways. The H/D exchange results
clearly demonstrate that isobaric fragment ions of pep-
tides may exist as different conformer/isomers; these
findings are crucial for understanding the molecular
details of peptide and protein sequencing.

Conclusion

Drastically different H/D exchange trends were ob-
served for WHWLQL and its bs" and b," fragment
ions; these variations point to the existence of different
gas-phase conformers/isomers of b;" and b,". Both bs*
and b, " fragment ions of WHWLQL yielded bimodal
distributions of H/D exchanged product ions after 580 s
reaction delay with ND; (P = 6.5 X 10~” torr). The plots
of In (normalized abundance) versus reaction time for
bs" and b," exhibited two distinctly different slopes.
The kinetic data confirmed the presence of two different
isomers/conformers for bs" and b,” fragment ions of
WHWLQL. Under identical experimental conditions,
plot of In (normalized abundance) versus H/D ex-
change reaction time for parent molecular ion showed
only one slope. A single slope suggests the presence of
parent molecular ions as a single gas-phase conformer
or set of conformers that can not be resolved under the
present FT-ICR H/D experimental conditions.

The results from this study illustrate that parent
molecular ions of biomolecules can dissociate to pro-
duce isobaric fragment ions as different conformers
and/or isomers. Other experimental approaches, such
as ion mobility and cross section measurements [7,
54-57], should provide complementary structural de-
tails and additional information on relative differences
between the different “f” and “s” isomers/conformers.

Successful biomolecular sequencing requires de-
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tailed understanding of ion fragmentation mechanisms,
and H/D exchange reactions offer a practical approach
to study ion fragmentation processes. Future experi-
mental and theoretical studies of carefully designed
model compounds should provide the necessary data
for deciphering the details of various ion fragmentation
mechanisms.
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