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Abstract: Cation radicals formed via gas-phase electron transfer to multiply protonated polypeptides have
been found to react with molecular oxygen. Such cation radicals are of interest within the context of electron
transfer dissociation, a phenomenon with high utility for the characterization of peptide and protein primary
structures. Most of the cation radicals show the attachment of O, under room temperature storage conditions
in an electrodynamic ion trap. At higher temperatures and under conditions of collisional activation, the
oxygen adduct species lose O, HO®, or HO*, depending upon the identity of the side chain at the radical
site. The fragments containing the C-terminus, the so-called z-ions, which are predominantly radical species,
engage in reactions with molecular oxygen. This allows for the facile distinction between z-ions and their
complementary even-electron c-ion counterparts. Such a capability has utility in protein identification and
characterization via mass spectrometry. Intact electron transfer products also show oxygen attachment.
Subsequent activation of such adducts show dissociation behavior very similar to that noted for z-ion adducts.
These observations indicate that ion/radical reactions can be used to probe the locations of radical sites
in the undissociated electron transfer products as well as distinguish between c- and z-type ions.

Introduction observed as an even-electron species and is denoted &ma c
The complementary z-type fragments, denoted*aare odd-
electron species with the radical site generally indicated to be
located on the alpha-carbon of the cleaved bond. The charges
of the ions associated with these products arise from one or
Mmore excess protons, and the presence of excess protons is
usually implied in the labeling of a fragment as, for example,
", wherex denotes the location of the peptide cleavage and
n denotes the magnitude of the charge as well as the number of
excess protons whem> 1.

The formation of an odd-electron species from an even-
electron polypeptide gives rise to radical chemistry that can play
a role in the subsequent unimolecular behavior of the ion. For

dissociation channels give rise to complementary c- and z-type example. multioly protonated cvalic peptides have been shown
ions that are formed via cleavage ofi€a bonds of the amide e Ply pr yclic pep .
to undergo extensive secondary side-chain and backbone

backbone. Capture or transfer of an electron to an even-electronfra mentation following electron captdrthat has been inter
polypeptide cation creates an odd-electron species. Upon g . 9¢ . pruTE N
preted as being free-radical driven. Radical migration in long-

fragmentation, in the most common case, the c-product ion is . .
g P lived electron capture products has also been demonstrated in
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Within the past decade, significant attention has been placed
on electron capture by gaseous multiply protonated proteins and
peptides due to the structurally informative fragmentation that
often results. The overall process has been termed electro
capture dissociation (ECB)nd it provides a means for deriving
structural information that complements, and often exceeds, that
obtained via conventional ion activation techniques. It has
recently been demonstrated that ion/ion electron transfer gives
rise to dissociation behavior very similar to that noted from
electron capturé.In the case of electron transfer dissociation
(ETD), as well as in ECD, the major structurally informative
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relatively small gaseous alkyl radicals are known to give rise products were analyzed by the reflectron TOF mass analyzer5@0

to alkyl peroxy radicals of relevance to atmospheric oxidation ms), which offered a mass resolution of 66(D00 and mass accuracy
and hydrocarbon combustiéiReptide radical reactivity is well- ~ 0f ~50 ppm for external calibration. The TOF mass spectra shown
established in the condensed ph&iaad protein ions have been  here were typically the averages of-5200 individual scans.

shown to undergo gas-phase oxidation in a corona discﬁarge. Heated electron transfer ion/ion reaction experiments were performed
In the latter case, however, attack by hydroxyl radicals produced on a.'_."taCh' (.S an Jose, CA) M-8000 3-DQ fon trap mass spectrometer
in the discharge was implicated as initiating the ion-radical modified for ion/ion reaction¥ Peptide cations were formed using

. . . nano-ESI and entered the ion trap through an end cap electrode.
reactions, which differs from the electron transfer or electron Nitrobenzene radial anions were formed using an atmospheric sampling

capture initiation steps relevant to ETD and ECD, respectively. glow discharge ionization (ASGDI) souféeand were injected into
The reactivity observed here has relevance to the possibility of the ion trap through a hole in the ring electrode. The order of events
using ion/molecule chemistry as a probe for radical site location used in electron transfer ion/ion reaction experiments was very similar
in electron transfer and electron capture products, as well asto those described above. The instrument's end cap heaters were

for rapid distinction between N-terminal and C-terminal frag-
ments formed from ETD and ECD. The latter application would
be of particular utility in the role of gas-phase ion chemistry in
modern high-throughput proteomics.

Experimental Section

Materials. Peptide samples were synthesized by SynPep (Dublin,
CA). Acetic acid and methanol were obtained from Mallinckrodt

controlled by a home-built external temperature controller. The heaters
were set at a nominal temperature of 18D, resulting in a helium
bath gas temperature of 16Q65 °C calibrated based on the thermal
dissociation rate of-3 bradykinin ions'*

Results and Discussion

Much of the phenomenology noted from analysis of the
charged products formed via electron transfer to a multiply

(Phillipsburg, NJ). Nitrobenzene, azobenzene, and 1,3-dinitrobenzeneprotonated peptide and stored in an electrodynamic ion trap is

were purchased from Sigma-Aldrich (St. Louis, MO). All peptide

reflected in the data displayed in Figure 1, which compares

samples were used without further purification. Solutions of peptides spectra collected for the reaction of triply protonated KGAILK-

were dissolved to &M in a 50/50/1 (v/v/v) methanol/water/acetic acid
solution.

Procedures.Most experiments were performed on a QqTOF tandem
mass spectrometer (QSTAR XL, Applied Biosystems/MDS SCIEX,
Concord, ON, Canada) modified to allow for ion/ion reaction studlies.

The instrument consisted of three quadrupoles (ion guide QO, mass

filter Q1, collision cell Q2) and a reflectron time-of-flight (TOF)
analyzer with an orthogonal injection of iohg\ home-built pulsed

GAILR with azobenzene radical anions. Figure 1a shows data
collected with nitrogen admitted to the LIT at a pressure of 5

mTorr, and Figure 1b shows the data collected when oxygen is
admitted to the LIT at the same pressure and storage times.
Note that oxygen is also present in the LIT for the experiment

reflected in Figure la from the vacuum/atmosphere interface
and from possible air contamination of the nitrogen. The peaks

nano-electrospray (ESI)/atmospheric pressure chemical ionization labeled z* correspond to (2 + Oy)*, and for the z—z5 and

(APCI) dual sourc® was coupled directly to the nanospray interface

of the QSTAR instrument. This dual source was comprised of a nano-

ESI emitter for the formation of positive peptides ions (MnH)"")

27— 29 fragments, the @2/z,° ratios clearly increase markedly
when Q is used as the background gas in the LIT. There is
also evidence in the LOexperiment for the formation ofg%

and an APCI needle for the formation of radical anions from the electron and zg* ions, although their abundances are quite small.

transfer reagents. Electron transfer ion/ion reactions were implemented

in the Q2 linear ion trap (LIT) via superposing auxiliary radio frequency
(rf) signals (80 kHz, 150 V) on the end lenses of the Q2 LIT to enable
mutual storage of ions of opposite polarity. The pressure in Q2 LIT
was adjustable in the range-22 mTorr with nitrogen as a bath gas.

However, the main species associated with these fragments
change largely from*zn the data acquired at low (pressure
(Figure 1a) to (z— H*) ions at the higher ©pressure (Figure
1b). It is noteworthy that (z— H*) ions are very rarely observed

Oxygen was also employed in some cases as a bath gas to evaluate thi§) €ither ETD or ECDX® The most commonly observed even-
ion—molecule reactivity of the products generated from electron transfer electron z-ion, denoted as, zorresponds formally to a ‘(z-
ion/ion reactions. The experimental sequence of electron transfer ion/ H*) species. Evidence given below suggests that the observation

ion reactions typically consisted of the following steps: anion injection
to Q2 LIT (200 ms), positive ion injection to Q2 LIT (50 ms), and

of (z — H°) ions in this instance is related to the dissociation
of an intermediate z* species by loss of MQJse of variable

mutual cation/anion storage (100 ms). In some cases, subsequent i0feaction times, various {pressures, different electron-transfer

isolation and collision-induced dissociation (CID) steps were applied

to the electron transfer reaction products of interest. lon isolation steps
were achieved by the rf isolation ramps tuned to eject ions from selected

ranges of mass-to-charge ratioCID was performed by resonantly
exciting ions of interest4200 ms) using a dipolar rf signal applied

reagents (observation oh@dducts was independent of reagent
anion), and accurate mass measurements (measuredzz*
mass difference= 31.9901 Da; @ mass= 31.9898 Da)
implicated oxygen as being responsible for the formation of z*

across one set of opposing rods of the Q2 quadrupole array. The finalSPecies. Evidence for Oattachment to dozens of* zons
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subjected to storage conditions of room temperature and high
O; pressure (up to 10 mtorr) has been noted. The observation
of z* species has also been made with a three-dimensional
quadrupole ion trap and with a hybrid triple quadrupole/linear
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Figure 1. Mass spectra acquired after the reaction of{M8H)3" KGAILKGAILR with azobenzene radical anions for 100 ms in a linear ion trap charged
with 5 mTorr nitrogen with a trace of oxygen (a) and charged with 5 mTorr ofo

ion trap instrument, indicating the general nature of the
phenomenon. No clear evidence for attachment ofoC-type

case of the # ion, loss of G to yield the z* ion and loss of
HO;y to yield the (z° — H*) ion are major dissociation channels.

radical ions has thus far been noted, although this may be dueOther fragments in common with those of the ibn are also

to the minimal formation of tionslc

The generality of zion/oxygen reactivity has been tested with
the ETD fragments generated from various peptides. Under
conditions in which room temperature oxygen was added to
the bath gas, evidence for formation of the z* ion, usually via
direct observation or sometimes via the observation of{z*
HO) or (z — H°) ions, was apparent for every singkespecies
regardless the nature of their amino acid compositions. Such
an example can be found in Figure 2, where melittin, a 26-

present in the data for thg*zion, and these may well result
from sequential fragmentation.

A third major loss channel noted from z* ions is illustrated
in the data of Figure 4, which shows CID data from thg z
(Figure 4a) and # (Figure 4b) ions derived from ETD of triply
protonated KGAILKGAILR. In the case of theszprecursor
ion, fragmentation is dominated by loss of the hydroxyl radical
(the mass measurement accuracy of the reflectron TOF allows
for the ready distinction between loss of HQ7.0027 Da) and

residue polypeptide, has been subjected to electron transfeross of NH; (17.0265 Da)). In this case, very little loss of @

reactions for 100 ms with oxygen (5 mtorr) as the bath gas.
The formation of z* adduct ions is clearly seen for almost all
z ions formed from ETD, while all z ions show evidence for at
least one of the oxygen-related reaction products (viz., z*, (z*
— HOr), and/or (2 — H*) ions, as summarized in Figure 2d).
No oxygen adducts were found for any of the ¢ species.

MS2 experiments involving z* ions have been performed to
shed further light on the reaction of,@ith z* ions. Figure 3,
for example, compares the collision-induced dissociation of the
z;* (Figure 3a) and # (Figure 3b) ions of KGAILKGAILR.
The major dissociation products of thg ion are cations that
contain a portion of the arginine side chain. A product of lesser
abundance is also observed that corresponds to a losgHaf C
(the only plausible combination of atoms from this precursor
ion that falls within the mass tolerance of the measurement),
which clearly must occur via a rearrangement process. In the

11794 J. AM. CHEM. SOC. = VOL. 128, NO. 36, 2006

HO,* is observed. Relatively small signals are also observed
that apparently arise from fragmentation reactions that involve
rearrangements leading to side-chain loss. One such product is
consistent with the label 2 — CsH70-*), although the label is
not intended to imply that the mechanism first involves forma-
tion of the z°* ion followed by loss of GH7*. For example, the
same nominal product can also arise from loss ggO from

the (z* — HO") ion. In the case of the CID of the’zion, the

loss of the hydroxyl radical is observed, although to a lesser
degree than the loss of;Qwhich is the most abundant process,
and the loss of H®. A variety of lower mass products are also
observed that can arise either from sequential fragmentation
reactions or directly from the precursor. The labels associated
with the products are provided to indicate the nominal identities,
but the labels themselves are not intended to imply that MS
experiments have been conducted to establish genealogy.
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Figure 2. (a) Mass spectrum acquired after the reaction of{MH)>" melittin with azobenzene radical anions for 100 ms in a linear ion trap charged with
5 mTorr oxygen. The zoomem/'z regions of (a) are shown in (b) and (c). (M nH + O)™1** jons are denoted as'M~D*. (d) The resulting backbone
cleavages of melittin from ETD with the arrow sign indicating an observation of z* formation at the indicated residue.

The data of Figures 3 and 4 are shown here primarily to when the trap is heated. The abundance of the M* ion ¢M
illustrate the three major first generation dissociation channels nH + O,)"~1+) which is the oxygen adduct of the undisso-
noted for z* ions; viz., @loss, HO loss, and H@ loss. Scheme ciated electron transfer product, is also greatly decreased at
1 is provided to show mechanisms that can contribute to eachthe higher temperature, while an increase in relative abundance
of the major losses from z* ions. is noted for the (M*— HOr) ion. Note that while zions are

The major variables that determine the relative contributions labeled in Figure 5, the corresponding ¢z H*) ions might
of these competitive dissociation channels have not beenalso be formed. Due to the limited resolving power of the ion
delineated thus far. Clearly, the identity of the side chain trap instrument, a distinction between these two products could
attached to the carbon formally indicated as the radical site in not readily be made. Based on the tendency for many z* ions
the z ion can be expected to play an important role. However, to lose Q upon CID, the diminished abundances of z* ions
contributions from nearest neighbor and conformational effects at higher bath gas pressures likely reflect a lower survival
cannot be precluded at this point. The possibility for hydrogen rate of z* ions at the higher temperatures. Since the-(#")
migration in long-lived electron transfer products, as recently ions, which are interpreted to arise from loss of #®om
indicated in long-lived electron capture produtisay also play z* ions, are noted at room temperature, the abundances of
arole in the MS experiments as the ions subjected to CID have the (z — H*) ions are not adversely affected by elevating the
lifetimes on the order of at least tens of milliseconds. bath gas temperature. In general, the (z*HO") ions are

It has been noted that signals arising from z* adduct ions are often observed to be more prominent at the higher bath gas
greatly reduced when the gas in the ion trap is elevated abovetemperatures.
room temperature by roughly 100 K or more. Figure 5 shows  Preliminary rate measurements were conducted for the
a comparison between ETD experiments of (M 3H)3" formation of z* ions derived from ETD of triply protonated
neurotensin collected on a three-dimensional-quadruple ion trapKGAILKGAILR over reaction times of 36-:200 ms at room
with trace oxygen present in the bath gas when the bath gastemperature and an,@ressure of 5 mTorr. The reaction rates
was not actively heated-25 °C, Figure 5a) and when it was  were determined from the slopes of plots-ah[z,]/([z+]: +
heated {160 °C, Figure 5b). [z+*]) versus time, which fell within the range 0% s,

The obvious difference of Figure 5a and b is that while depending on the identity of the n. Given the reversible
z* adduct ions are clearly apparent under the lower temper- nature of these reactions and the observed temperature depen-
ature condition, they are almost absent in the data collecteddence of z* ion formation, further studies are warranted to

J. AM. CHEM. SOC. = VOL. 128, NO. 36, 2006 11795
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Figure 3. CID spectra of the (a);zand (b) z* ions derived from ETD of (M+ 3H)*"™ KGAILKGAILR.
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Figure 4. CID spectra of the (a)s2 and (b) z* ions derived from ETD of (M+ 3H)3* KGAILKGAILR.

determine the efficiencies of these reactions. If it is assumed however, given the possibility for adduct decomposition even
that the reactions are irreversible under these experimentalat room temperature. The observation of sonte«(21*) ions
conditions, rate constants of{40) x 10~1> cm® molecule’® at room temperature suggests that decomposition of z* ions can
s ! are obtained. These values must be regarded as lower limits,be significant even at relatively low bath gas temperatures.
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Figure 5. Mass spectra acquired after the reaction of {fMBH)*" neurotensin with nitrobenzene radical anions in a quadrupole ion trap under (a) room
temperature and (b) heated conditionsl60 °C). The (M+ 2H + Oy)** and (M + 3H + O)2™ ions are denoted as Mind M2+, respectively.

Scheme 1. Mechanisms Involving Amino Acid Side Chains that Can Give Rise to the Major Losses Noted in the CID of z* lons
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Electron capture by or electron transfer to protonated covalent bonds remain intact and that the subsequent activation
polypeptides also often leads to the formation of radical-cation is necessary to cleave peptide backbone bonds. In either case,
products of the form (M+ nH)®™ Ut that do not produce  the ion is an odd-electron species, and at least some of them
dissociation products directly. Subsequent gentle activation of react with Q, as reflected in Figure 6a, which shows the results
such products generally gives rise to either complementary of a 100 ms ion/ion reaction in 10 mTorr,Metween triply

c/z or c/z fragments. The latter complementary pair has been protonated neurotensin and the azobenzene radical anion. Both
noted to be much more prevalent from long-lived (#

nH)(™D** jons than from those that fragment directly following

(16) Swaney, D. L.; McAlister, G. C.; Schwartz, J. C.; Suka, J. E. P.; Coon, J.

electron capture or transféfit can be argued that a covalent J. Proceedings of the 54th ASMS Conference on Mass Spectrometry,
(n—+einn i Seattle, WA, May 28 June 1, 2006.

bond of the (M+ nH) ion is cleaved but that noncovalent oy 2818 Y on K. B+ Hom, D. M Cerda, B. A.: McLafferty, F. \&.

interactions prevent the separation of the prodicsthat all Am. Chem. SoQ002 124, 6407-6420.
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Figure 6. (@) Mass spectrum acquired after the reaction of{MH)3" neurotensin with azobenzene radical anions for 100 ms in a linear ion trap charged
with 10 mTorr @ and (b) the CID spectrum of the (M 2H + Oy)** ion, denoted in the figure as M*.

doubly and singly charged pseudo-molecular product ions showpredominantly formed as radical species permits the facile

significant degrees of £attachment, as do the z-type ions. distinction between c-type and z-type ions. Such a capability
Figure 6b shows the product ion spectrum derived from ion could be useful in improving the confidence of identification
trap collisional activation of the (M- 2H + O,)** ions (M* in of protein ions on the basis of matching product ion data with

the figure). Losses of H® and HO are each observed. Loss in silico predicted data. For a given ion/ion reaction time, the
of O, is not particularly prominent, but such a loss presumably presence of oxygen in the ion/ion reaction volume at an
gives rise to a reactive species that can reattach oxygen. Severappropriate level can yield both*zand z* ions. Doublets that

c- and z-related ions are also noted. Particularly prominent arediffer in mass by 32 Da can be used to identify the z-type
Zs, Z9, and 3 related ions (i.e., z*,°z (z — H*), and (z* — fragments. The dissociation behavior of z-ions with oxygen
HOr)) with the abundances and types varying wighlaterest- adducts can also apparently provide information about the
ingly, the z-type ions most prominent in Figure 6b are of only environment of the radical site, although the factors that play
minor abundance in Figure 6a. An interpretation consistent with the primary roles in determining the partitioning among loss of
this observation is that the population of ions that fragment in O, loss of HQ®, and loss of HOrequire further study. lon-

the experiment of Figure 6a differs in terms of the distribution radical/molecule reactions can also be used to probe the ions
of radical site locations from the ions sampled in the experiment that do not yield obvious dissociation products. Dissociation of
of Figure 6b. It has already been noted that the collisional the oxygen adducts likely reflects the location of the radical
activation of electron transfer “survivor” peptide ions often gives sites in the formally intact polypeptide cation radicals. Advan-
rise to product ion spectra with quite different distributions of tage can be taken of such reactivity both for practical applica-
c- and z-product It may be significant that the dissociation tions (e.g., proteomics) and to improve understanding of the
behavior of the collisionally activated (M 2H + O,)** ion is nature of the products formed via electron transfer or capture.
very similar to that of the M&results of z* ions. Such behavior

Is consistent with thg hypOtheSi.S tha't amide bqnds are alreadyGeosciences and Biosciences Division, Office of Basic Energy
broken thereby creating the radical sites associated witng Sciences, Office of Sciences, U.S. Department of Energy, under
o ege * 7 y i) . . )
that can attach © However, the possibility that z* fons are  »y g o, DE-FG02-00ER15105 and the National Institutes
formed in conjunction with the collisional activation of an (M of Health under Grant GM 45372. Y.X. acknowledges support
+ 2H + Oy)" fon with initially intact amide bonds cannot be from a Merck Research Laboratories Fellowship. MDS Sciex
precluded. is acknowledged for its key role in adapting the instrument for
Conclusions ion/ion reaction studies. Dr. Richard A. J. O’Hair is acknowl-
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