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a b s t r a c t

The dissociation reactions of various charge states of insulin cations obtained directly from nano-
electrospray were investigated as a result of ion/ion electron transfer from azobenzene anions. Data were
collected with and without simultaneous ion trap collisional excitation of the first generation charge-
reduced product during the ion/ion reaction period. Neither separation of the two constituent chains nor
cleavages within the loop defined by the disulfide bridges were observed under normal electron transfer
dissociation (ETD) conditions for any of the charge states studied. However, substantial sequence cover-
age (exocyclic region: 82.6%; entire protein: 38.8%) outside the ring structure was obtained for insulin +6,
while only limited coverage (exocyclic: 43.5%; entire protein: 20.4%) was observed for insulin +5 and no
dissociation, aside from low abundance side-chain losses, was noted for insulin +4 and +3 in the normal
ETD spectra. When the first generation charge-reduced precursor ions were subjected to collisional acti-
vation during the ion/ion reaction period, higher sequence coverages were obtained for both insulin +5
(entire protein: 34.7%) and +4 (entire protein: 20.4%) with backbone cleavages occurring within the loop
defined by the disulfide bonds. Dissociation of insulin +3 was not significantly improved by the additional

activation. Separation of the two constituent chains resulting from cleavages of both of the two disulfide
bridges that link the chains was observed for insulin +6, +5, and +4 when the charge-reduced species were
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. Introduction

Tandem mass spectrometry (MS/MS) plays a major role in pro-
ein identification and characterization [1,2]. In a typical MS/MS
xperiment, a precursor ion of interest derived from a pro-
ein/peptide is isolated and subsequently dissociated to produce
ideally) a range of product ions characteristic of the primary struc-
ure of the protein/peptide. The information that can be derived
rom a tandem MS experiment of a peptide or protein is a function
f many factors, such as the dissociation approaches employed, the
harge state and the nature of the precursor ion (e.g., protonated vs.
etal cationized, open-shell vs. closed-shell, etc.), the modification

tate of the polypeptide, and so on. As for the dissociation method,
ollision-induced dissociation (CID) [3,4], in one form or another, is
y far the most common approach and generally produces b- and
-type sequence ions from backbone amide bond cleavages. Elec-

ron capture dissociation (ECD) [5,6] is an alternative dissociation
echnique whereby an open-shell species is produced by the cap-
ure of a low-energy electron by a multiply charged polypeptide
ation, which typically yields c- and z-type fragment ions through
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isulfide linkages in this study suggests that as the charge state decreases,
ate over N–C� bond cleavages in the electron transfer dissociation process.

© 2008 Elsevier B.V. All rights reserved.

ackbone N–C� bond cleavages. ECD has proved to be particu-
arly valuable in providing protein post-translational modification
nformation and usually doing so with a wider range of backbone
leavages relative to CID. However, ECD is normally implemented in
ourier transform ion resonance cyclotron (FTICR) mass spectrom-
ters, which operate under high vacuum conditions. With electron
ransfer being an ion/ion reaction analogue to electron capture,
imilar dissociation chemistry has been noted from the two phe-
omena. As a result, electron transfer dissociation (ETD) [7–9]
hares many characteristics with ECD and has found increasing
pplication in protein identification and characterization because
f its compatibility with the widely used electrodynamic ion trap
nstruments.

The charge state of a protein or peptide cation has been shown to
lay an important role in the dissociation of both unmodified [10,11]
nd modified polypeptides, e.g., disulfide-linked peptides [12,13].
n the ETD reaction, for example, the peptide charge state has been
ound to affect significantly the competition between the various
eaction channels [14]. As a result, the extent of dissociation and the

ariety of product ions differ substantially when the same polypep-
ide of different charge states is subjected to an ETD experiment
8]. A general observation has been made that as the polypeptide
harge state decreases, the extent of dissociation and the variety of
ragments produced in ETD decrease accordingly [14]. It has been

http://www.sciencedirect.com/science/journal/13873806
mailto:mcluckey@purdue.edu
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emonstrated that when limited product ions were produced from
n ETD reaction of polypeptide ions of low charge states, e.g., some
riply and doubly charged tryptic peptides [15–17], activation of
he charge-reduced precursor ions can be used to produce more
equence ions, as the charge-reduced precursor ions have been pro-
osed to be consisting of c- and z-fragments remaining bound via
on-covalent interactions [18] or comprising of an intact protein

on with a covalent bond significantly weakened by the electron
ttachment [19].

The modification state of a peptide or protein, such as the pres-
nce of disulfide linkages, can also play a major role in directing
avored dissociation channels. Competition between the cleavages
f disulfide linkages and backbone amide bonds has been observed
n low-energy CID experiments. Multiply protonated species tend
o show fragmentation of backbone bonds [20], whereas for singly
harged species and negatively charged species, cleavages of the
isulfide bond are the dominant channels [21]. Because of the lack
f disulfide bond cleavage in many multiply protonated species,
hich can limit the primary sequence information from regions of

he system that are protected by disulfide bonds, reduction of disul-
de bridges prior to mass spectrometry is often performed [22]. On
he other hand, both disulfide and backbone cleavages have been
bserved in ECD [23] and ETD [13,24] experiments, with preferred
issociation at the disulfide linkage. However, few systematic ECD
r ETD studies have been focused on polypeptides of relatively large
ize with multiple disulfide linkages forming a ring structure in the
olecule.
Many polypeptide species, such as insulin, have multiple disul-

de linkages to stabilize the three-dimensional structure for proper
iological function [25–27]. Due to the biological importance
f insulin, the dissociation reactions of its gas-phase ions have
een studied extensively [20,21]. With its three disulfide linkages,

ncluding two inter-chain disulfide linkages, insulin is an interest-
ng system to explore the dissociation behavior of a whole protein
ossessing multiple chains linked by disulfide bridges. For this
urpose, the charge-dependent dissociation behavior of insulin fol-

owing an electron transfer event was investigated in this study
nder normal ETD conditions and by applying an external reso-
ance excitation voltage to the first charge-reduced species during
he course of ion/ion electron transfer reaction. The results pro-
ided here are likely to have important implications for the electron
ransfer dissociation of multiply disulfide-linked whole proteins in
eneral.

. Experimental

Bovine insulin and azobenzene were purchased from
igma–Aldrich (St. Louis, MO) and used without further
urification. Insulin was dissolved to 10 �M in 50/50/1
v/v/v) methanol/water/acetic acid solutions for positive
ano-electrospray ionization (nano-ESI) [28].

All experiments were performed on a commercial
uadrupole/time-of-flight tandem mass spectrometer (Q-STAR XL,
pplied Biosystems/MDS SCIEX, Concord, ON, Canada) modified

o allow for ion/ion reactions [29]. A home-built pulsed dual
ource [30] was coupled directly to the interface of the Q-STAR
nstrument for the generation of ions of both polarities, which
onsists of a nano-ESI emitter for the generation of insulin cations
nd a corona discharge needle for atmospheric pressure chemical

onization (APCI) to generate azobenzene radical anions as the
lectron transfer reagents. Ion/ion electron transfer reactions were
mplemented in the Q2 quadrupole linear ion trap (LIT) in mutual
torage mode, in which ions of opposite polarity were stored
imultaneously by superposing an auxiliary radio frequency (rf)
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s
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f
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ignal (250 kHz, 500 Vpp) on the end lenses (IQ2 and IQ3) to store
ons in the axial direction, while normal operation of the oscillating
uadrupole field of the Q2 quadrupole array stored ions of both
olarities in the radial plane.

A typical scan function for the mutual storage mode electron
ransfer ion/ion reaction consists of the following steps: cation
njection into Q2 LIT (50 ms), anion injection into Q2 LIT (300 ms),

utual storage of cations and anions in Q2 LIT (200 ms), and release
f the ion/ion reaction products into the reflectron time-of-flight
TOF) for mass analysis (50 ms). For an ion/ion electron transfer
eaction experiment, a positive high voltage (∼1400 V) applied to
he nano-ESI emitter was first pulsed on to generate the insulin
ations, which were sampled and transmitted into the mass spec-
rometer by properly adjusting the potentials on the ion optics via
aetalsyt 3.14, a version of research software developed by MDS
CIEX. The charge state of interest was isolated during its transmis-
ion through the Q1 quadrupole array, which was operated in the
ass resolving mode. The analyte ions were cooled in the Q2 LIT for

0 ms with nitrogen as the buffer gas at a pressure of ∼5 mTorr, dur-
ng which time the positive high voltage on the emitter was turned
ff. After this cooling step, a negative high voltage (∼2 kV) applied to
he APCI wire was triggered on to generate the reagent anions, i.e.,
zobenzene radical anions in this study, which were subsequently
ransmitted into the Q2 LIT with a relatively low kinetic energy
∼5 eV) while Q1 was operated in the mass resolving mode. During
his period, the dc potentials on the Q2 containment lenses were
djusted to a common value and set ∼0.5 V more positive relative to
he Q2 rods while an auxiliary rf voltage was applied to the IQ3 lens.
uring the subsequent mutual storage step, the negative high volt-
ge was turned off and a common dc potential was set for both the
2 rods and the Q2 containment lenses. An auxiliary rf voltage was
lso applied to both of the Q2 containment lenses to enable the
xial trapping of both polarities. After a specified mutual storage
ime, a positive dc potential was applied to the containment lenses
o remove the residual reagent anions while the auxiliary rf volt-
ge was terminated. In the final step, the positive ions consisting
f the ion/ion reaction products and the unreacted precursor ions
ere released from Q2 LIT to the orthogonal reflectron TOF for mass

nalysis. To study the ion/ion electron transfer reaction with simul-
aneous activation of the first-generation charge-reduced precursor
ons, an auxiliary dipolar ac frequency corresponding to the secu-
ar frequency of the charge-reduced ion was applied to one pair of
he Q2 quadrupole rods during both the anion injection and subse-
uent mutual storage period while keeping other settings the same
s in the mutual storage mode ETD experiments.

When an ion trap CID experiment was desired for a product
on derived from an ETD experiment, normal ion trap CID proto-
ols were used after the product ion of interest generated in Q2
IT was isolated in Q1 using a recently reported approach [31]
hrough the bi-directional transfer of ions between Q2 and Q1
uadrupole arrays. Specifically, the entire positive ion population
fter the mutual storage period and the subsequent cooling step as
iscussed above were first transferred from the Q2 LIT to the Q1
uadrupole array, which is also operated as a LIT, by the employ-
ent of a combination of a negative LINAC [32,33] potential and a

c potential gradient decreasing from Q2 to Q1 along the ion optics.
he product ion of interest can thus be isolated from the rest of ion
opulation by operating Q1 in rf/DC mode after all the ions were
ccumulated in Q1. After the isolation, the dc potential of the Q1
uadrupole array was subsequently lifted along with the adjust-

ent of dc potentials on the other ion optics between Q1 and Q2

o that an appropriate dc potential gradient along the ion optics
an be generated to facilitate the transmission of the isolated ions
rom Q1 to Q2 LIT in a manner similar to that in the normal cation
njection scenario. After the isolated product ion was accumulated
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Fig. 1. Spectrum derived from normal ETD of insulin +6 charge state reacting with azobenzene radical anion. (zn
+* denotes to oxygen adduct to zn

+. [M+Azo]m+ refers to the
azobenzene adduct to the charge-reduced precursor ions. –NH3, −28, −45 and −59 denote to the neutral losses. +15 and +32 are related to the oxygen adduct species from
the corresponding charge-reduced precursor ions.).



J. Liu et al. / International Journal of Mass Spectrometry 276 (2008) 160–170 163

Scheme 1. Dissociation channels observed in (a) normal ETD of insulin +6 with azobenzene anions; (b) CID of [M+5H]5+/[M+6H]5+• derived from ETD of insulin +6 with
azobenzene anions; (c) normal ETD of insulin +5 with azobenzene anions; (d) ETD of insulin +5 with azobenzene anions with a tickle on [M+4H]4+/[M+5H]4+• ions; (e) ETD
of insulin +4 with azobenzene anions with a tickle on [M+3H]3+/[M+3H]3+• ions.
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nd cooled in Q2 LIT, ion trap CID can be performed by applying an
ppropriate auxiliary dipolar ac on one pair of the Q2 rods.

. Results and discussion

.1. Charge state-dependent fragmentation of insulin cations in
ormal ETD

Nano-ESI of bovine insulin under denaturing solution condi-
ions gives rise to a distribution of charge states from +6 to +2.
ramatic differences in the fragmentation behaviors have been
oted under normal ETD conditions, whereby protein cations react
ith reagent anions in a buffer gas without any additional ion acti-

ation. To relate the peptide backbone cleavages in this study, a
otation of ABmn is used to indicate a full A-chain attached to
he B-chain which is cleaved so as to generate the mn sequence
ons. Alternately, BAmn denotes to the cleavage of the A-chain to
enerate the mn ions with the intact B-chain linked to it. For the
equence ions mn produced from the cleavage of the A-chain with-
ut the attachment of the B-chain, a notation of Amn is used, while
he notation of Bmn refers to the sequence ion mn produced from
he B-chain without attachment to the A-chain. Fig. 1 shows the
TD results for the insulin +6 charge state following reaction with
he azobenzene radical anion, which is characterized by a wide
ange of c- and z-type fragments along with abundant charge-
educed precursor ions. In the m/z region lower than the precursor
on (m/z < 950), fragment ions of the highest relative abundance

ere produced, most of which were singly charged c- and z-ions
ormed from parts of the A-chain and B-chain that fall outside
he ring defined by the two disulfide linkages and the portions of
he chains they encompass. These small fragment ions (Ac3

+–Ac5
+,

c2
+–Bc6

+, Bz4
+–Bz8

+, Bz9
2+ and Bz10

2+) together with the Bc1
+

nd Bz2
+ ions (the latter of which are not shown in Fig. 1 but

ere observable when a lower Q2 low mass cut-off was used
n the ion/ion reaction experiment) covers 73.9% of the exocyclic
equence (17 cleavages/23 bonds) and 34.7% of the whole pro-
ein (Scheme 1(a)). There exists a complete set of c- and z-ions
ABz24–ABz29, ABc20–ABc26 and ABc28) in the high m/z region of
he spectrum that are complementary to all the small c- and z-ions
Bc1–Bc6, Bz2 and Bz4–Bz10) observed in the low mass region from
he B-chain. A total of fourteen c/z-ion complementary pairs are
epresented in this ETD experiment for the insulin +6. Most of the

arge c-fragment ions from the B-chain appear over the range of
harge states from +4 to +1 in the high m/z region of the spectrum
m/z > 1000). On the other hand, the majority of large z-fragments
rom the B-chain, with much lower abundance relative to the c-
ragments, were mostly quadruply and triply charged, which is

t
a
e
w
f

ig. 2. Spectrum derived from normal ETD of insulin +5 charge state reacting with azob
efers to azobenzene adduct to the charge-reduced precursor ions. The same notations ar
Spectrometry 276 (2008) 160–170

ikely due to relatively lower detection efficiencies for the high m/z
ons.

In addition to the characteristic c- and z-product ions, a- and
-type ions are also common ETD products. Such ions were also
oted in this study, as reflected by the appearance of a series of
ultiply charged a-ions (ABa22–ABa26 and ABa28) as well as a set

f contiguous y-ions (By2
+–By8

+) of low relative abundance from
he B-chain C-terminal region. Another common set of reactions
n ETD result in the loss of small neutral fragments from amino
cid side chains, which are denoted in the spectra as “–NH3”, or
−28”, “−45”, and “−59”, the latter numerical values representing
he masses of the lost neutrals which correspond to losses of CO,
ide chain of asparagine, and side chain of arginine, respectively.
hese neutral losses were apparent in the ETD results of all insulin
harge states. The attachment of oxygen present in the vacuum
ystem to radical ions formed via ion/ion electron transfer noted
reviously [34] was also observed here. For example, all the charge-
educed precursor ions, as well as the z4

+–z8
+ ions, formed adducts

ith the background oxygen in the ion trap, with the former also
iving another adduct of [M+O–H+mH]m+, which arises via OH• loss
rom the oxygen adduct. Another major adduct formed in this study
s the complex between the charge-reduced precursor ion and the
zobenzene anion, denoted as [M+Azo]m+ in Fig. 1. The attachment
f the reagent anion to a cation is not common in ETD for small pep-
ides. The appearance of this azobenzene adduct is presumably due
o the large relative size of the insulin protein cations under investi-
ation, which significantly increases the cross-section for complex
ormation [35]. The data of Fig. 1 reveal that dissociation of the
nsulin backbone is preferred near the C-terminus of the B-chain,
s suggested by the existence of a variety of relatively abundant
-, y-, c-, and z-ions. As shown in Scheme 1(a), no backbone cleav-
ges are apparent from within the loop structure defined by the
wo inter-chain disulfide bonds, which would require the cleav-
ge of at least two bonds. No evidence for separation of the A-
nd B-chains is apparent either, which would also require cleav-
ge of at least two bonds. However, the c- and z-ions derived from
his ETD reaction gives almost complete sequencing of the struc-
ure outside the loop (19 out of 22 possible cleavages). As a result,
he total sequence coverages obtained from ETD of insulin +6 are
2.6 and 38.8% for the exocyclic portion and for the whole protein,
espectively.

Fig. 2 shows the normal ETD results derived from ion/ion reac-

ion between the insulin +5 charge state with azobenzene radical
nions. Similar to the results for the +6 charge state, there is no
vidence for the separation of the two chains and cleavages from
ithin the cyclic structure. Also, the most abundant c- and z-

ragment ions are the singly charged low mass ions derived largely

enzene anions. (‘#’ denotes neutral losses. ‘*’ refers to oxygen adducts. [M+Azo]m+

e used in the spectra below.).
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Fig. 3. Spectrum derived from normal ETD of insulin +4 charge

rom the C-terminus of the B-chain. However, the variety and the
elative abundances of the product ions derived from the +5 charge
tate are much lower than those derived from the +6 charge state,
ith only 2 c-ions from the A-chain, and 5 c-ions, 7 z-ions and 4

-ions from the B-chain being observed. As a result, backbone cleav-
ges cover only 43.5% of the sequence outside the cyclic structure
nd 20.4% of the whole protein (Scheme 1(c)). Furthermore, only 4
/z-ion pairs were generated for the protein and these were exclu-
ively from the C-terminus of the B-chain. The ETD results obtained
ere differ from previous data [23] collected via ECD on the +5
harge state of insulin. Two major differences were noted between
he two experiments, i.e., (i) the dominant separation of the two
onstituent A- and B-chains in ECD, which required cleavage of both
f the two inter-strand disulfide linkages, and (ii) the production of
Bz15 ion from ECD within the ring, which required the cleavage of
n N–C� bond and the disulfide bond between A-chain Cys-20 and
-chain Cys-19.

Neither of the two-bond cleavage products is noted in the
TD results. Furthermore, slightly higher sequence coverage was
btained in the ECD of insulin +5 charge state than in ETD of the
ame charge state. The difference observed between these two
echniques perhaps can be accounted for by the fact that ECD is

ore exothermic than ETD. The exothermicity associated with ECD
s the negative of the recombination energy of the protein cation,
nd is higher than that associated with the ETD by a value equal to
he electron affinity of the neutral species used to form the reagent
nion. Furthermore, all of the reaction exothermicity is expected
o appear as internal energy of the electron capture product ion
n the case of ECD, whereas some of the reaction exothermicity in
TD can be partitioned into translational and internal modes of the
eutralized reagent.

The dramatic effect of precursor ion charge state on the disso-
iation of insulin cations under normal ETD conditions is clearly
pparent when the results from +6 charge state (Fig. 1) are com-
ared with those from insulin +4 charge state (Fig. 3). In contrast to
he production of a variety of fragment ions in +6 charge state case,
o abundant dissociation products, other than small neutral losses,
ere observed in the normal ETD of +4 charge state. The major ETD
roducts are the charge-reduced precursor ions along with their
omplex ions with azobenzene. Similar to +4 charge state, normal
TD of the insulin +3 charge state did not give any dissociation prod-

cts except some neutral loss products of very low abundance (data
ot shown). This observation is consistent with results from stud-

es of non-disulfide-containing peptides [14], in which increased
elative contributions from neutral losses are observed with the
ecrease of the charge state of the same peptide.

a
m
g
a
t

reacting with azobenzene anions. (‘$’: species from isolation).

The increase in both the number of dissociation channels and the
otal abundance of dissociation products with insulin charge state
s consistent with previous observations of the ETD of unmodified
olypeptide ions [14] and linear disulfide-linked peptide cations
13]. Several factors can contribute to this general tendency. For
xample, reaction exothermicity increases with cation charge state
ia an increase in recombination energy. For polypeptide cations,
n average increase of 1.1 eV/charge in ionization energy has been
eported [36], which would also be reflected in the ion recombina-
ion energy for polypeptide cations. A second factor is the lower
inetic stabilities associated with more highly charged product
ons. The first generation charge-reduced species from more highly
harged precursor ions have greater degrees of internal electro-
tatic repulsion, which can facilitate dissociation. Furthermore, the
lectrostatic repulsion within the precursor ion may also play a
ole in determining which sites in the ion can capture an electron,
hich is discussed further below. There is also likely to be an impor-

ant role for precursor ion charge state in determining the extent to
hich proton transfer competes with electron transfer as an ion/ion

eaction mechanism.

.2. CID on the charge-reduced precursor ion of
M+5H]5+/[M+6H]5+•

Abundant intact charge-reduced products are common to the
TD spectra for all of the insulin charge states examined here
i.e., +6 to +3), which can be comprised of mixtures of products
rom proton transfer and electron transfer. Charge-reduced pro-
ein species formed from electron capture have been proposed to
onsist of c/z-fragments remaining bound via non-covalent interac-
ions [18] or, alternatively, as an intact protein ion with a covalent
ond significantly weakened by the electron attachment [19]. In
ither case, subsequent activation of the charge-reduced product
an lead to more ECD- or ETD-like products. The electron trans-
er product component in the charge-reduced precursor ions (ET,
o D) of non-disulfide-linked peptide ions and a linear disulfide-

inked peptide ion have been activated to provide additional ETD
roducts [15–17], which, in some cases, provided sequence infor-
ation complementary to that obtained in normal ETD. To probe

he nature of the charge-reduced precursor ion produced from

protein ion with an intramolecular cyclic structure formed by
ultiple inter-chain disulfide linkages, the charge-reduced species

enerated in ETD reaction of insulin +6 with azobenzene radical
nions, [M+5H]5+/[M+6H]5+•, were isolated and subjected to ion
rap CID in Q2.
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ig. 4. Spectrum derived from CID (frequency: 64.3 kHz, amplitude: 300 mVpp) of t
ith azobenzene anions.

The CID results, which are provided in Fig. 4, show a combination
f c/z-, and b/y-type product ions, with the latter being the major
roducts under the CID conditions used. The majority of fragments
ome from the C-terminal region of the B-chain, such as a con-
iguous series of y-type ions, By2–By14, that reflect the sequence
VCGERGFFYTP (Scheme 1(b)). In spite of their low abundance,
hree of the y-type ions from this sequence, By12

2+–By14
2+, can be

eadily identified by the corresponding isotope envelopes and are
learly distinguishable from the background noise. These fragments
rise from cleavages within the ring comprised of the inter-chain
isulfide bridges and the portion of the two chains within the disul-
de linkages. Thus, the presence of these ions indicates the cleavage
f a peptide bond and the disulfide bond linking the A-chain Cys-20
nd B-chain Cys-19. The complements of ten of thirteen of these y-
ons (By2–By14) are apparent (viz., ABb17–ABb19, ABb21–ABb27) all
f which contain the intact A-chain. Two of these ions, ABb17 and
Bb18, are products of cleavages from within the ring structure with
ach requiring cleavages of an amide bond and the disulfide linkage
etween A-chain Cys-20 and B-chain Cys-19. Previous collisional
ctivation studies of the insulin [M+5H]5+ ion do not show prod-
cts from cleavages within the ring structure [20]. This strongly
uggests that the fragment products arising from dissociation from
ithin the ring structure come from the ET, no D component in the

harge-reduced precursor ions. It is also apparent that there are

t least five cleavages from within the ring structure that give rise
o Bb-type ions (Bb14–Bb18), which correspond to cleavages of the
YLV residues in the B-chain. Of these 5 ions, four have ABy-type
omplementary ions (ABy12–ABy15) indicating the cleavage of the
nter-chain S–S bond between A-chain Cys-7 and B-chain Cys-7. In

o
t
h
d
l

rge-reduced precursor ion, [M+5H]5+/[M+6H]5+• , produced from ETD of insulin +6

ddition to the two exocyclic cleavages giving the BAy19 and BAb20
ragments, backbone cleavages of the A-chain were also observed
ithin the ring structure, which yielded three contiguous product

on pairs (Ab17/BAy4, Ab18/BAy3, and Ab19/BAy2). These fragments,
s well as those from cleavages in the B-chain between the residues
YLVC, suggest that electron transfer to the [M+6H]6+ ion cleaved
ne or the other of the inter-chain disulfide bonds and that sub-
equent collisional activation cleaved amide bonds. This is a more
ikely scenario than ETD of the backbone followed by CID of the
isulfide bond because such a process would likely yield c/z-type

ons.
Collisional activation of the charge-reduced ions also leads

o separation of the A- and B-chains. Separated chains are not
bserved in the direct ETD of the +6 precursor and ion trap
ollision-induced dissociation of the [M+5H]5+ ion shows no
vidence for chain separation. This strongly suggests that the
M+6H]5+• species is the origin of the separated chains. Nom-
nally two sets of complementary products are observed; viz.,
B-chain)4+/(A-chain)+ and (B-chain)3+/(A-chain)2+. However,
areful examination of the isotopic compositions of the various
hain-related ions reveals that there is a mixture of products for
ach charge state partitioning. Scheme 2 summarizes schemat-
cally four of the eight possible complementary pairs for the
B-chain)4+/(A-chain)+ charge partitioning. Previous examination

f two peptide chains linked by a single disulfide bond showed
hat CID of the protonated species results in the transfer of a
ydrogen atom from one chain to the other upon cleavage of the
isulfide bond where as ETD of the doubly protonated species

ead to a radical site on one chain and the thiol on the other
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Scheme 2. Schematic depiction of the various complementary A-chain an

hain [13]. Scheme 2 shows the two possible hydrogen transfer
ossibilities for the left-most disulfide linkage and the two radical
ite possibilities for the right-most disulfide linkage. Four other
ossibilities exist for the reverse cases (i.e., ETD of the left-most
isulfide linkage and CID of the right-most disulfide linkage). The
B-chain)4+/(A-chain)+ charge combination, for example, includes
he [HSBSH+4H]4+/[S(A–H)S•+H]+, [HSBS•+4H]4+/[SAS+H]+,
SBS+4H]4+/[HSAS•+H]+, and [S(B–H)S•+4H]4+/[HSASH+H]+ com-
lementary pairs (as well as the corresponding complementary
airs with the radical site located on the left-most disulfide). These
ombinations are consistent with initial ETD of one of the disulfide
onds giving rise to a charge-reduced [M+6H]5+• ion with one
emaining intact inter-strand disulfide bond that subsequently is
ragmented via CID.

Interestingly, the Bb-type ions from the cleavage within the
yclic structure (viz., Bb14–Bb18) are mostly odd-electron species
i.e., the radical site likely originating on the B-chain Cys-7, Bb(S•)).

minor contribution from even-electron species Bb(SH) may also
e present. The radical ions are likely to be formed from initial ETD
f the A-chain Cys-7/B-chain Cys-7 inter-strand linkage with radical
ite retention on the B-chain followed by CID to yield the radical Bb-
ype ions (see Scheme 3). There are a few c- and z-type ions in the
ID data of the charge-reduced species, which primarily arise from
he C-terminus of the B-chain. In all cases, these ions arise from
leavages outside the loop defined by the two inter-strand disul-
de linkages. For these products, the initial electron transfer event
erves to cleave or weaken N–C� bonds of the peptide, rather than

leave one of the disulfide linkages. The direct ETD of the [M+6H]6+

on (see Fig. 1 and Scheme 1(a)) and these products clearly show
hat electron transfer to the peptide backbone and to the disulfide
inkages are competitive processes for the +6 ion.

fi
c

d

cheme 3. Schematic depiction of a two-step process involving ETD and CID to generatio
y CID of [M+6H]5+• .
ain fragments from collisional activation of the [M+6H]5+• ion of insulin.

.3. Charge-dependent ETD of insulin cations with simultaneous
xcitation on the first charge-reduced precursor ions

To improve the low production of ETD products in the ion/ion
lectron transfer to insulin cations of the lower charge states, i.e.,
5, +4, and +3, simultaneous activation of the first charge-reduced
recursor ions can be performed during the course of an ETD reac-
ion by the application of an external resonant excitation. The ETD
pectrum obtained by this approach is shown in Fig. 5 for the insulin
5 charge state, which gives higher sequence coverage (28.6%) via
TD (through production of a greater variety of c- and z-ions) than
hat (20.4%) under normal ETD conditions. The number (24) of
/z-ions (Scheme 1(d)) produced with collisional activation of the
nitially formed charge-reduced species during the ion/ion reaction
eriod almost doubled that (14) (Scheme 1(c)) in the normal ETD
xperiment, yielding more complementary c/z-ion pairs (9 pairs) as
omparing to that (4 pairs) produced in normal ETD, including one
air (Bc9

+/ABz21
3+) from the cleavage within the ring structure. The

ajor production of c/z-ions occurs from both C- and N-termini of
he B-chain, in contrast to arising mostly from the C-terminal end
f the B-chain in the case of the normal ETD experiment. In addi-
ion, six b/y-complementary ion pairs were also produced from the
leavage of B-chain amide bonds as a result of the supplementary
ibrational activation. Separation of the two chains is also a major
rocess in the supplementary activation experiment, whereas it

s not observed from the direct ETD experiment. Relatively small
ignals that show cleavages of the carbon–sulfur bonds of the disul-

de linkages is also apparent, which has been noted before in the
ollisional activation of disulfide-linked species [20].

The benefits from activating the charge-reduced precursor ions
uring an ETD process are clearly reflected in the case of the insulin

n odd-electron Bb14–Bb18 ions from electron transfer to insulin [M+6H]6+ followed
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ig. 5. Spectrum derived from ETD of insulin +5 with azobenzene anion with sim
on/ion reactions.

4 charge state, for which no c- and z-fragments or ions from
he individual chains were observed under normal ETD conditions
Fig. 3). The activation of the ET, no D component, [M+4H]3+•, from
his reaction yielded one c-ion (Ac4

+) from the A-chain, 5 c-ions
Bc5

+, Bc6
+, Bc8

+, Bc9
+ and Bc11

+) and 4 z-ions (Bz5
+–Bz7

+ and Bz9
+)

rom the B-chain, and, as a result, a sequence coverage of 20.4%.

mong the 5 Bc-type ions produced in the N-terminal region of

he B-chain, three ions (Bc8
+, Bc9

+ and Bc11
+) were from disso-

iation from within the ring structure. Also, there is a series of
mall By-type ions (By2–By11) generated as CID products, reflecting
he sequence GERGFFYTP. As with the other collisionally activated

m
c
c
n
b

ig. 6. Spectrum derived from ETD of insulin +4 with azobenzene anions with simultan
on/ion reactions.
eous excitation (560 mV, 52.31 kHz) on [M+4H]4+/[M+5H]4+• during the course of

harge-reduced ions, the [M+4H]3+• species showed a strong ten-
ency for chain separation. In fact, based on the relative signal
trengths of the separated chains versus the total c- and z-ion sig-
als, most of the electron transfer to the [M+4H]4+ ion cleaved
isulfide bonds rather than N–C� bonds (see below).

When insulin +3 was subjected to ETD, significant improve-

ent in the production of neither c/z-product ions nor separated

hain ions was observed with the simultaneous excitation of the
harge-reduced precursor ions in the ion/ion reaction period (data
ot shown). Essentially no ions from the separated chains, c/z-, or
/y-type fragment ions were observed in the experiment. Rather,

eous excitation (320 mV, 38.6 kHz) on [M+3H]3+/[M+4H]3+• during the course of
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mall neutral losses, such as ammonia loss, were observed. This may
e due to proton transfer dominating over electron transfer in the

on/ion reaction of this low charge state, thereby yielding primarily
he [M+2H]2+ ion. The insulin [M+2H]2+ species is known to give
ise small neutral losses under ion trap CID conditions [20]. How-
ver, it is also possible that electron transfer to the low charge state
nsulin ion localizes the electron at the protonation sites, which
hen fragment via small neutral losses from the side-chain.

It is noteworthy that collisional activation of the charge-reduced
ons [M+5H]4+• and [M+4H]3+• show chain separation as the dom-
nant class of fragmentation pathways, as indicated by the B3+,
2+, B+ and A+ ions in Fig. 5 and B2+ and A+ ions in Fig. 6,
espectively. Close examination of the isotope peaks associated
ith these ions reveals that they are a mixture of complemen-

ary products, in analogy with the situation discussed for the
M+6H]5+• ion (see Scheme 2). The fractional contribution of chain
eparation relative to backbone cleavages increases in the order
M+4H]3+• > [M+5H]4+• > [M+6H]5+•. A similar tendency has been
oted in the direct ETD of model disulfide-linked peptides in which
he more highly charged ions showed higher relative contributions
rom N–C� bond cleavage [24]. This observation can be rational-
zed if one of the variations of the “Coulomb assisted” dissociation

odels put forward by Turecek et al. and Simons et al. [37–39] hold.
ccording to a direct attachment version of the proposed mecha-
ism, the electron can attach directly to the OCN amide �* orbital,

eading to N–C� bond cleavage, or a S–S �* orbital, to effect disul-
de bond cleavage. A variation of this picture is initial electron
ttachment to a Rydberg orbital of a protonation site with electron
ransfer to one of the anti-bonding orbitals. However, vertical elec-
ron attachment or electron transfer to the OCN amide �* or S–S
* orbitals without Coulomb stabilization is approximately 2.5 and
eV endothermic [39], respectively. Less Coulomb stabilization is

equired to render exothermic electron attachment/transfer to the
–S �* orbital than to the OCN amide �* orbital. Hence, the tenden-
ies for N–C� bond cleavage and for S–S bond cleavage via ETD can
e expected to show different charge state dependencies in that the

ikelihood for N–C� bond cleavage can be expected to show a faster
rop-off with precursor ion charge. Whatever the underlying rea-
on may be, recognizing that there is a different precursor charge
ependence for N–C� bond cleavage than for S–S bond cleavage is

mportant in the selection of precursor ion charge states for the ETD
f disulfide-linked peptides and proteins. If N–C� bond cleavage is
esirable, for example, it is important to select high charge states
o maximize Coulomb stabilization. However, if it is desirable to

aximize selectivity for disulfide bond cleavage, the selection of
omewhat lower precursor ion charge states may be warranted to
inimize contributions from N–C� bond cleavages while retaining

he ability to cleave the disulfide bond.

. Conclusions

Significant differences have been observed in the dissociation
ehaviors of various charge states of insulin cations from +6 to
3 charge states produced directly from nano-ESI, when subjected
o electron transfer reactions with the azobenzene radical anion.
o evidence for separation of the constituent A- and B-chains and
leavages within the ring structure defined by the two inter-chain
isulfide linkages and the portions of the chains enclosed by them
as been observed in the normal ETD of any of the charge states
nvestigated. However, almost complete sequence coverage (82.6%)
f the exocyclic portion of the protein (38.8% coverage for the whole
rotein) has been obtained in the normal ETD of insulin +6, in which
TD was performed without additional excitation to the products
ons during the course of reaction. Only limited sequence cover-
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ge (20.4% of the whole protein) was obtained for normal ETD of
nsulin +5 and no dissociation was observed for insulin +4 and +3
nder normal ETD conditions. When the charge-reduced species,
M+5H]5+/[M+6H]5+•, derived from ETD of insulin +6 with azoben-
ene anions were subjected to ion trap CID, extensive c- and z-ions
ere observed along with some b/y-type complementary ion pairs

orresponding to the cleavages within the ring structure, in addi-
ion to the fragment ions related to the separation of the A- and
-chains. When the charge-reduced precursor ions were simul-
aneously activated during the course of ion/ion electron transfer
eactions, cleavages of both inter-chain disulfide linkages and disso-
iations within the ring structure were observed for insulin +5 and
4 ions. Furthermore, higher sequence coverages were obtained for
nsulin +5 (34.7%) and +4 (20.4%) than the sequence coverage from
he same charge state obtained under normal ETD conditions. The
esults described here also show that the charge state dependen-
ies of N–C� bond cleavage and S–S bond cleavage upon electron
ransfer ion/ion reaction do not closely mirror one another. That is,
he tendency for N–C� bond cleavage falls off more quickly with
nsulin charge state than does S–S bond cleavage. This tendency is
onsistent with the Coulomb assisted electron attachment/transfer
echanisms proposed by the Simons et al. and Turecek et al.
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