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The effect that charge state has on the collision-induced dissociation (ClD) of peptide ions is
examined in detail for several representative pep tides under high-energy collision condi
tions. The CID spectra of singly and doubly charged precursor ions (generated by fast-atom
bombardment and electrospray ionization, respectively) are compared for several peptides
with similar primary structure. It is shown that for peptides that contain highly basic amino
acids, the dissociation of doubly charged ions is strongly influenced by ihe position of these
residues within the peptide and the general observations reported concerning ihe dissocia
tion of singly charged ions can be extended to precursors with higher charge states. Based on
the dissociation behavior of the doubly charged ions of these peptides, it is demonstrated
that two charges can reside in close proximity in the precursor ions, overcoming possible
repulsion effects, when favored by a high concentration of basic sites. In addition, this work
illustrates that in the case of doubly charged ions, the charge state of some fragment ions can
be determined directly from the mass-to-charge ratio assignments of the ClD spectrum.
(] Am SocMass Spec/rom 1994, 5, 966-975)

T
he use of mass spectrometry to determine the
primary structure of peptides has, to date, typ
ically involved collision-induced dissociation

(CID) of their protonated singly charged ions [M + H]+
generated by fast-atom (or ion) bombardment (FAB)
ionization [1, 2]. This approach, however, is restricted
to peptides of molecular weight below 3000, because
this mass is the limit at which singly charged ions can
be efficiently dissociated during the collisional activa
tion process. It has been reported that when singly
charged peptide ions with energies of 8 keY are col
lided wiih a helium target gas, the energy available for
dissociation of the ion increases with its mass to a
maximum at approximately 1400 u and then decreases
[3].

The recent development of electrospray ionization
(ESI) [4] has allowed much larger molecules to be
ionized than was previously possible [5]. More impor
tantly, the technique achieves this through the forma
tion of multiply charged ions, where molecules are
detected over a limited mass-to-charge range at inte
gral fractions of their mass [6]. Multiply charged ions,
by definition, have higher kinetic energies than their
singly charged counterparts when accelerated with the
same potential. Consequently, more energy is available
for electronic and vibrational excitation of these ions
during the collision process, which together with the
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ion's predicted instability due to coulombic repulsion
forces facilitates the dissociation of much larger
molecules [7]. We refer to CID in this context as the
process used to dissociate ions in a field-free region of
the spectrometer by their collision with an inert target
gas. The same terminology also has been used to
describe a different process; namely, the dissociation of
ions accelerated across a potential difference in the
high pressure region of the ion source [8].

With few exceptions, most studies of the CID of
multiply charged peptide ions to date have been per
formed under low-energy conditions on triple quadru
pole instruments [7, 9-121, although some progress has
been made by employing an ion cyclotron resonance
mass spectrometer [13]. Multisector mass spectrome
ters offer several features that extend the range of
experiments possible with triple quadrupole instru
ments: (1) a larger mass-to-charge ratio range, (2)
higher resolution, and (3) the ability to dissociate ions
at high (kiloelectronvolt) collision energies. It is note
worthy that although a precursor ion of a large
molecule is detected at a mass-to-charge ratio ihat is a
fraction of its molecular weight, it is necessary during
a tandem CID experiment to scan the second mass
spectrometer (M5-2) to include the [M + H]" ion to
collect all of the possible product ions. In addition,
although it is generally considered desirable to trans
mit all isotopes of the multiply charged precursor ion
by operating the first spectrometer (MS-I) at low reso
lution, the isotope peaks of the product ions should be
resolved, at least partially, so that their charge states
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can be assigned. This requires that the MS-2 of the
tandem instrument achieve a resolution close to that of
the analyte's molecular weight. These factors restrict
the use of triple quadrupole instruments to studies of
the dissociation of multiply charged ions of analytes
with molecular weights less than 2000. Magnetic sector
tandem instruments, by comparison, can in principle
be used to study the collision-induced dissociation of
multiply charged ions of analytes to approximately
10,000 u.

The earliest studies of the high-energy CID of multi
ply charged ions of peptides performed on sector in
struments were those generated by field desorption
and FAB ionization under favorable experimental con
ditions [14, 15]. We [16] and others [17-19], however,
have been investigating the cm of multiply charged
ions of peptides produced by electrospray ionization
on tandem-sector mass spectrometers. To date, we
have directed our efforts to the dissociation of multi
ply charged ions of small peptides « 1500 u) for
several reasons. First, the electrospray ionization pra
cess is concentration dependent; that is, the total ion
current measured for all the multiply charged ions
detected increases proportionally with the concentra
tion of the analyte in solution to a maximum, which
has been found to be on the order of 250 fLM [20].
However, the ion current associated with anyone
charge state of a large molecule is less than that for a
multiply charged ion of a small molecule where gener
ally only one charge state predominates. Achieving the
desired ion current to perform a CID experiment is
therefore more difficult for a multiply charged ion of a
large molecule over that of a small molecule. Second,
this constraint is compounded by the need for higher
resolution (achieved at the expense of ion transmis
sion) to resolve the isotopes of product ions formed
from a large molecule over those from a small molecule
where few charge states are possible. Finally, because
little is known of the fragmentation behavior of multi
ply charged ions of small peptides under high-energy
conditions, it seems prudent to restrict our investiga
tions at this stage to the smaller molecules.

It is generally accepted that the singly charged ions
[M + H]+ of peptides generated by FAB represent the
neutral peptide molecule with one proton attached.
This form is favored over ions that contain several
charges (positive and negative), chiefly on the amino
acid side chains, where the net charge is +1 because
peptides invariably give rise solely to a single posi
tively charged species regardless of their size or pri
mary sequence. When collisionally activated, the prod
uct ions produced from these species are dependent in
part on the structure of the peptide, particularly on the
location of basic amino acid residues [21]. Indeed that
report suggested that the proton is reasonably local
ized in a [M + H]+ precursor ion of a peptide that
contains a basic residuefs), and that the product ions
produced by high-energy GO are formed through
"charge-remote" processes. This is not to say that all of

the [M + H]+ ions produced by FAB represent a sin
gle discrete structure. Instead, for a peptide with one
or more basic groups, a high proportion of precursor
ions have the charge more localized at those groups
whereas the charge is more widely distributed in the
case of a peptide without a basic site. Under high-en
ergy conditions, a relationship between the location of
the charge in the singly charged peptide precursor ion
and the nature of the fragment ions observed has been
reported [21]. The fragmentation behavior of peptides
that contain several charges, however, has not been
studied under high-energy conditions in any detail.

This study examines the effect that the charge state
of the peptide precursor ion has on its dissociation by
systematically comparing the fragmentation behavior
of FAB-generated [M + H]+ and electrospray-gener
ated [M + 2Hj2+ ions for several basic peptides of
similar primary structure. The results are discussed
with respect to the localization of charge in each of the
precursor ions and, where appropriate, are compared
with those reported under low-energy collision condi
tions.

Experimental

The cm mass spectra of the doubly charged peptide
ions were acquired on a JEOL (Akishima, Japan)
HXllO/ HX110 tandem four-sector mass spectrometer
of E1B1E2B2 geometry fitted with a commercial Ana
lytica of Branford (Branford, CT) electrospray ion
source (model 101490) represented schematically in
Figure 1. The peptides were dissolved at a concentra
tion of 250 JLM in a solution of methanol:water:acetic
acid (49:49:2 by volume). The solutions were infused
through the electrospray needle at a rate of 0.5 fLL/min
with a Harvard Apparatus (Natick, MA) syringe pump
(model 551111). A stream of nitrogen gas heated ini
tially to 180°C was passed counter to the spray to
desolvate the droplets, which were then focused onto
the glass capillary. The potentials applied to the spray

VN• needle [4900V] C. capillary (back) [6580Vj
V,. cyl. electrode [2150V] 51' skimmer I [6290"1
V2.back electrode [280llVj 52. skimmer 2 [6050VI
V3•capillary (front) [80llV] L l• conical lens [5900V]

[Typical source potentials in parentheses]

Figure 1. Schematic representation of the electrospray ion source
(not drawn to scale).
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region of the source were provided by an Analytica of
Branford power supply (model 100581). The remaining
source potentials were provided by a power supply
built in this laboratory. No modifications were made to
the ion source with the exception that a capillary of
reduced inner diameter (300 /Lm) was fitted to de
crease the pressure throughout the ion source to mini
mize scattering of the ion beam. Typically, a pressure
of 1 X 10-3 Pa was maintained in the ion source of the
mass spectrometer. The doubly charged ions were ac
celerated at a potential dictated by that of the first
skimmer (- 6 kV). The slits of the MS-1 were set to
approximate a resolution of between 1:200 and 1:500 to
at least partially transmit the l3C component of the
isotopic envelope. The collision cell was floated at 2 kV
above ground to satisfy the derived scan law [22, 23]
and improve transmission of the low mass fragments.
Helium gas was introduced into the collision cell in
the third field-free region at a pressure sufficient to
reduce the primary beam by - 70%. The slits of the
MS-2 were set to approximate a resolution of 1:1000.
The doubly charged ion spectra represent the sum of
five to twelve 30-s scans that correspond to the con
sumption of 300-800 pmol of peptide. All mass-to
charge ratio assignments for the fragment ions repre
sent monoisotopic (12C-only) values unless otherwise
stated. The CIO spectra of the singly charged ions were
recorded by using conditions that have been reported
in detail elsewhere [24]. The CID spectra of the doubly
charged precursor ions have a lower signal-to-noise
ratio than the spectra of the singly charged precursors
primarily because of the lower amounts of sample
introduced in the ESI source at any time, which results
in correspondingly lower precursor ion currents for the
[M + 2HF+ species.

The trimethylammoniumacetyl (TMAA) derivatives
of des-R''-bradykinin and bradykinin were prepared
through modification of a reported procedure [25].
Briefly, the peptides were dissolved in excess chloroac
etyl chloride and incubated at 37°C for 2 h. The
solvent was removed in vacuo and trimethylamine
(25% in water) was added. The solution was heated
again at 37°C for 2 h and the solvent was removed in
vacuo. The crude products were analyzed directly.

Results and Discussion

Bradykinin

The CID spectrum of the electrospray-generated [M +
2HF+ ion of bradykinin is shown in Figure 2 together
with that for the [M + H]+ ion produced by FAB.
Despite the difference in the charge state of the precur
sors, the fragment ions observed are quite similar.
Although an ions are more abundant in the spectrum
of the [M + H]+ ion and z; + 1 ions are more preva
lent in the spectrum of the doubly charged precursor,
both spectra exhibit a series of an(a l + 1, a3 , as, a6 , a7J

and ag), d; (d 6, dg, and d9), W" (w3, W4' W 7, and ws),

mlz

Figure 2. eID spectra of (a) the 1M + H]" and (b) the 1M +
2H]2+ ions of bradykinin.

x.( Xs and x6 ), and Yn(Y3' Ys - 2, Y7' Y7 - 2, and yg)
ions. Because the CID spectrum of the doubly charged
precursor ion exhibits mainly singly charged product
ions and the product ions of each spectrum are of the
N- and Csterminal type, these similarities likely reflect
that a high proportion of [M + H]+ precursor ions
have either of two forms in which the proton resides
near or at the N- or C-terminus (and the CIO spectrum
represents a composite of fragment ions from each
form), whereas the [M + 2HF + precursor ions have
predominantly a single structure in which one proton
resides toward the N-terminus and the other toward
the C-terminus.

In view of the structure of bradykinin, these results
are not unexpected. Bradykinin contains nine amino
acids with two basic arginine residues, one at each
terminus. Thus, the most stable form of the [M + 2Hj2+
ion that minimizes coulombic repulsion between like
charges is one in which the first proton is bound
toward the N-terminus (on the N-terminal amino group
or on the side chain of arginine at position 1) and the
second proton is localized on the side chain of the
arginine residue at the C-terminus.

The major differences between the two spectra oc
cur in the region of the precursor ions of each spec
trum and in the presence of a single predominant bt
ion (m/z 642) in the cm spectrum of the [M + 2Hj2+
precursor, which is absent from that of the singly
charged ion. The significance of this ion and a mecha
nism for its formation are discussed later in light of the
results for the remaining peptides.

It is of interest at this point to compare the CID
spectrum of the doubly charged ion of bradykinin
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mi.
Figure 3. em spectra of (a) the [M + HJ+ and (b) the 1M +
2Hj2+ ions of des-R'-bradykinin.

des-R 9-Bradykinin

In contrast to the sets of spectra compared to this
point, the high-energy cm spectra of the [M + H]+
and [M + 2H]2+ ions of des-R9-bradykinin are quite
different (Figure 4). The spectrum of the singly charged
precursor ion is dominated by a series of an and dn
product ions consistent with a highly localized charge
toward the N-terminus [21]. The CID spectrum of
the [M + 2HF \ ion, however, is dominated by singly
charged fragment ions of the bn type and a yt ion at
mrz 263. Clearly, in this case, if the argument for
charge localization holds, the two charges do not re
side at the most basic sites of the peptide (i.e., the
N-terminaJ amino group and the side chain of argi
nine) in a large fraction of the doubly charged precur
sor ions. Instead, the occurrence of fragment ions of
the bn and Yn type suggests that a high proportion of
precursor ions have one proton bound toward the
N-terminus, while the second is delocalized along the
peptide backbone. The predominance of the y;J frag
ment and its complementary bit ion would suggest
that some precursor ions have one proton localized
near the N terminus and the second bound to the
nitrogen of the proline residue at position 7. Indeed,
the cleavage of the amide bond that precedes proline
at position 7 appears to be sufficiently facile that it
occurs at the expense of additional sequence informa
tion. The y:{ and b6

t ions also dominate the CID

with a higher proportion of precursor ions that contain
the proton bound to the side chain of the arginine over
the N-terminal amino group. Differences in the spectra
occur in the region of the precursor ions and in the
presence of a b; ion in the spectrum of the doubly
charged precursor, in analogy with the b.[ ion ob
served for bradykinin.

Once again, the similarity of these spectra can be
rationalized in terms of a high proportion of [M + H]+
ions that have two forms, with the proton either local
ized on the N-terminal amino group or on the side
chain of the C-terminal arginine residue. The domi
nance of the C-terminal fragment ions in this spectrum
(Figure 3a) would suggest that most precursors have
the latter structure. The CID spectrum of the [M + H]4
ions, however, still represents a composite of frag
ments produced from either form. The [M + 2Hj2+
ions have mainly one form, where the charges reside
on either end of the molecule at these basic sites. This
localization of charge is again less apparent in precur
sor ions dissociated at low collision energies. The CID
spectrum of the [M + 2HF+ ion of des-Rl-bradyklrun
dissociated under low-energy conditions [11] differs
markedly from that reported here at high energies
(Figure 3b). The low-energy spectrum is dominated by
Yn-type fragment ions rationalized by the initial loss of
a proton from the precursor ion to yield a singly
charged ion, which subsequently dissociates through
charge-directed fragmentation processes [11).

(M+Hr
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des-R i-Bradykinin

The cm spectra of the [M + 2HF' and [M + H]4
ions of des-Ri-bradykinin (Figure 3) also are quite
similar; both exhibit fragment ions of the an (a 2 , a4 , a6 ,

and a7 ) , v n (v2 and vs), wM (w 3' w4 , and w7 ) , X M (xs
and xu), Yn (Y3 - 2, Y7 - 2, and Y7)' 2 M (2 2 + 1,
2 5 + 1, 2 6 + 1, and Z7 + 1) type. The C-terminal frag
ment ions are prevalent in both spectra, though more
so for the singly charged precursor, which is consistent

recorded at a high collision energy (Figure 2b) with
that reported at low energy [12]. These two spectra
differ substantially. The low-energy spectrum [12] is
dominated by a series of complementary b"- and Y"
type ions, which implies that one proton is bound
toward the N-terminus while the second proton is
delocalized along the peptide backbone affecting
cleavage. This spectrum also exhibits both N- and
C-terminal fragment ions formed from cleavage of the
peptide backbone with the loss of a molecule of ammo
nia.

The high-energy spectrum (Figure 2b) on the other
hand, exhibits fragments of many ion types that (as
rationalized above) are produced by charge-remote
fragmentation processes. These fragment ions include
those formed from cleavage of the amino acid side
chains, which are only observed at these collision ener
gies [21]. Both spectra, however, contain sufficient ions
to elucidate the structure of the precursor with the
possible exception of the proline residue at position 7
(note the absence of fragment ions formed through
cleavage at the C-terminal side of this residue).
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Figure 4. em spectra of (a) the 1M + H]+ and (b) the [M +
2Hj2+ ions of dcs-R'-bradykinin.
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spectrum of the [M + 2Hj2+ ion recorded under low
energy conditions [12] and, in this case, the spectra
produced in the high- and low-energy regime are simi
lar in appearance. This supports the hypothesis that
the second proton of the [M + 2Hj2+ ion is somewhat
delocalized along the peptide backbone.

The presence of weak ion signals that correspond to
the doubly charged fragments a~+, bl+, and a~+ in the
high-energy spectrum (Figure 4b) may indicate that, at
least in some of the precursor ions, the two protons are
located toward the N-terminus or that the bond cleav
ages that lead to these ion types are produced in part
through heterolytic bond scission such that the frag
ments bear a charge at their C-termini.

TMAA Derivatives

In an attempt to generate a doubly charged precursor
ion in which both charges are localized in dose prox
imity at the N-terminus, we prepared the N terminal
TMAA derivative of des-Rf-bradykinin. The TMAA
group is incorporated exclusively at the N-terminus of
a peptide that does not contain a lysine residue [25].
The ESI mass spectrum of this compound in a solution
containing 2% acetic acid (pH 4) is shown in Figure Sa.
The spectrum is dominated by the singly charged
cation M+ (mlz 1003.2) in addition to cleavage prod
ucts at ni/z 672.2 and 856.4, most likely formed from
the hydrolysis of the modified peptide in solution.
Importantly, no [M + Hj2+ ion (i.e., protonated M+) at
mlz 502.3 (calculated) is observed, and the spectrum
remains unchanged as the pH of the solution is low-

ered (to pH 2). More surprisingly, the [M + Hj2+ ion
also is absent from the spectrum for the TMAA deriva
tive of bradykinin itself, where again the M+ ion
predominates (Figure 5b). These results might suggest
that the TMAA group prevents further protonation of
these peptides. However, because [M + Hj2+ ions have
been observed for precharged peptide derivatives at
low ionization energies by ESI [26] and at high ioniza
tion energies in a low pressure FAB source [27], it
appears that any high energy [M + Hj2+ ions formed
in these experiments are charge-stripped in the high
pressure region of our ESI source prior to detection.

RO,HyP 3,F7-Bradykinin

To determine whether a higher proportion of basic
sites toward the N-terminus of an underivatized pep
tide could result in the localization of both charges in
this region, sufficient to overcome possible repulsion
effects, the CID spectra of the peptide
RRP(HyP)GFSFFRwere recorded (Figure 6). This pep
tide contains three highly basic groups at its N
terminus; namely, the N-terminal amino group and the
side chains of the arginine residues at positions 1 and
2. The CID spectrum of the [M + H)+ ion of
RRP(HyP)GFSFFR (Figure 6a) exhibits a prominent
series of N-terminal fragment ions; notably, partial an
(a 2 + 1, a4 , a6 , a7 , ag, and a9 ) and dn (d 2 , d6 , d7 , dB'
d y , and d10 ) series of ions. These ions are commensu
rate with a highly localized charge toward the N
terminus in a high proportion of the precursor ions
[21].
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mlz

Figure 6. 00 spectra of (a) the [M + H]" and (b) the [M +
2Hf' ions of peptide RRP(HyP)GFSFFR.
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Figure 7. Structure of the (an + 1)'+ fragment ions observed in
the CIO spectrum of the doubly charged precursor ion of peptide
RRP(HyP)GFSFFR.
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The CIO spectrum of the doubly charged precursor
ion (Figure 6b) generated by ESI also is dominated by
N-terminal fragment ions favored for precursor ions
with a high concentration of basic groups at their
N-terminus. Interestingly, the (an + 1)2+ ions at
residues 6, 8, and 9 can arise only from precursors in
which both protons are retained in the fragment ion. In
addition, cleavage of the C-C(O) bonds must proceed
homolytically with no transfer of hydrogen to the
C-terminal portion for the mass (and charge) of these
ions to match that predicted. These species are then
restricted to one of the structures shown in Figure 7.

One might argue that if the two charges do remain
localized in the [M + 2H]2+ precursor ions of peptide
RRP(HyP)GFSFFR that lead to these fragments, they
may still be separated by at least six residues because
the smallest such fragment that bears two charges is
the (a6 + 1)2+ ion. It is important to note, however,
that ions of this type were not observed in the ClO
spectrum of the doubly charged precursor of bradykin
in. Because these peptides differ in structure at the first
six residues by the presence of an additional arginine
at the N-terminus in the case of peptide RRP(HyP)
GFSFFR, then it appears that in a proportion of the
[M + 2Hj2+ precursor ions of this peptide the two
charges reside in close proximity near the N terminus.
Specifically, the protons are either bound to the adja
cent arginine residues at positions 1 and 2, or one
proton is bound to the N-terminal amino group and
the second proton is bound to arginine at position 2
(Figure 7). This is despite the fact that another remote
basic site, namely, the side chain of arginine at position
10, is present. Whether these two charges reside to
ward the N~terminus in the peptide in solution or

whether some charge migration occurs just prior to
fragmentation in the gas phase remains an open ques
tion. Nonetheless, it is clear that two charges can
reside in dose proximity, overcoming possible coulom
bic repulsion effects, when favored by a high concen
tration of basic sites. Thus, based on the fragmentation
pattern of the doubly charged ions of this study, it
appears that the location of charge in the precursor
ions is strongly dependent on the primary structure of
the peptide and the general observations made for the
dissociation of singly charged ions by high-energy CID
can be used to rationalize the dissociation of ions with
several charges.

An additional feature of the CID spectrum of the
[M + 2Hj2+ ion of peptide RRP(HyP)GFSFFRis a pre
dominant fragment peak at mlz 814.7. A peak at mlz
814.7 also is observed in the em spectrum of the
singly charged precursor ion. These peaks could corre
spond to either a bi or wi ion, both of which have
the same mass-to-charge ratio. However, because the
other bradykinin-related peptides discussed do not
exhibit a corresponding b: fragment ion in their [M +
H]+ spectra, one must conclude that the ion at mjz
814.7 in Figure 6a is a wi ion.

P-Bradykinin

To confirm that the product of the (M + H)+ precursor
of the peptide RRP(Hyp)GFSFFR is not a bn ion, the
CIO spectra of the singly and doubly charged ions for
Phe/-bradykinin were recorded. Regions of these spec
tra are shown in Figure 8. An abundant peak at rnjz
642.7 that corresponds to a bit ion (from cleavage
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Figure 8. Regions of the eID spectrum of (a) the[M + H]+ and
(b) the [M + 2H]2+ ions of Phe7-bradykinin.

between serine and phenylalanine) is present in the
spectrum of the doubly charged precursor (Figure Bb),
but absent from the cm spectrum of the [M + H]"
ion (Figure Sa),

Therefore, it appears that it is the presence of the
serine residue, and not the residue following serine,
that promotes the formation of this b; fragment from
the dissociation of the doubly charged peptide ions
discussed in the preceding text.

Origin of the bn+ Product Ions in theem Spectra
of the [M + 2HP+ Precursors

Although it has been demonstrated above that the
serine residue plays an important role in the formation
of the b: product ion from the [M + mj2+ precursors
for all the peptides studied, several questions concern
ing this ion remain. What is the role of the serine
residue in the formation of the b: ions and are these
products formed through charge-remote or charge-di
rected fragmentation processes? In addition, why are
the b,~ product ions not also observed in the spectra of
the singly charged precursors?

In view of the conventional acylium structure pro
posed for a bn ion, the singly charged b: product ion
seen in the cm spectra of all the [M + 2H]2+ precur
sors should be fanned only when the N-terminally
bound proton migrates to the C-terminal portion.
However, if the b: ions are produced through ho
molytic cleavage of the C-N bond with transfer of a
hydrogen atom to the C-terminal portion, then the C
terminus of a b: product ion bears no charge. The

charge on this fragment is instead a consequence of a
remotely bound proton toward the N terminus.

This is not to say that this remotely bound proton
promotes the formation of the b;i ion through a
charge-remote process. Instead, while the first proton
of the [M + 2HF + ion directs the fragmentation to
produce N-terminal product ions, the second proton
can be invoked to promote fragmentation of the back
bone in the vicinity of the serine residue through a
charge-directed process (Scheme I), Hydrogen migra
tion from oxygen of the side chain of serine accounts
for the preferential formation of the b: ion at this
residue.

This charge-directed mechanism appears to explain
best why b;i product ions were not observed in the
cm spectra of the singly charged precursors. Product
ions of this type are reported to be more prevalent in
the spectra of peptides that contain no basic groups
[21], unlike those of this study. The mechanism also
accounts for the observation that the doubly charged
precursor ions exhibit, on occasion, the complementary
singly charged Yn product ions [28, 29], but not y~+

product ions in their cm spectra.
Because all of the peptides in this study contain

basic groups, at least one proton in all of the precur
sors (singly and doubly charged) is highly localized at
a basic site. This localization of charge in the [M + H]+
precursors for all peptides disfavors the formation of
bn product ions [21]. The products of these ions are
formed primarily though charge-remote processes and
their CIn spectra afford no b; fragments. In the doubly
charged precursors, however, some charge-directed
fragmentation may occur, particularly when the most
basic groups of the peptide are in close proximity and
both charges are not localized at these sites. This is
especially evident for des-Rt-bradykinin, which ex
hibits several b;; and y;; product ions. Particularly
dominant in this spectrum are the complementary bt
and yi ions, which correspond to deavage of the
backbone at the C-terrnfnal side of serine.

When the two basic sites are more separated in the
peptide (as is the case for the remainder of the brady
kinin-related pep tides) these charge-directed fragmen-
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tations should be less pronounced. The CID spectra of
[M + 2HF' ions for the remainder of the peptides
exhibit product ions rationalized through charge-re
mote fragmentations, although cleavage of the amide
bond at serine appears sufficiently facile that this
charge-directed pathway is still a dominant process.

Charge State Determination ofFragment Ions
Produced from Doubly Charged Precursors

In our studies of the dissociation of doubly charged
ions on a four-sector mass spectrometer, we have made
another notable observation. As can be seen from the
measured monoisotopic masses for the (an + 1)2+ ions
of RRP(HyP)GFSFFR (Figure 7), doubly charged ions
on occasion have fractional monoisotopic masses that
exceed those predicted for an ion of their size that
consists only of C, H, N, and 0 atoms.

Figure 9. cm spectrum of the [M + ZHIlt ion of
angiotensin III (RVYIHPF).

As will be illustrated for the cm spectrum of the
[M + 2H]H ion of angiotensin II1 (Figure 9), it is
possible to assign charge states for some fragment ions
based solely on the fractional component of their
monoisotopic masses. That is, at least for the dissocia
tion of a doubly charged species, sufficient mass accu
racy is obtainable so that the charge states of some
fragments can be assigned even when the 12C-only
component of the precursor ion is transmitted through
the collision region.

The measured and predicted monoisotopic masses
for fragments of the [M + 2HF+ ion of angiotensin IH
are shown in Table 1. All of the fragment ions ob
served at mass-to-charge ratios above that of the pre
cursor ion (m/z 466.41) must be singly charged and
are labeled as such in the lower half of Table 1.
However, ions with mass-to-charge ratios below that
of the precursor ion may be singly or doubly charged.

Table 1. Measured and calculated mass-to-eharge ratios values for ClD fragments of the 12 C-only
component of the [M + 2H)lt ion of angiotensin 1lI(sec Figure 9)

Measured Predicted Calculated Difference
mlz charge state mtz /1mlz Assignment

70.12. 1 +/L+ 70.07 -0.05 P
110.11 1 +12.+ 110.07 -0.04 H

22.8.2.7 1 +/2+ 22.8.18 -0.09 82

321.30 1 +12.+ 321.20 -0.10 a~+

369.74 2+ 369.72 -0.02 82+
6

391.40 1 +/2+ 391.25 -0.15 aa
412.30 1 +/2+ 412.24 -0.06 r- y)2+

443.77 2.+ 443.73 -0.04 t- V)2+

458.29 1 +/2+ 458.25 -0.04 {Z7 + 1}2+

504.55 1 + 504.33 -0.22 a.
532.32 1 + 532.32 0.00 b.
641.78 1 + 641.39 -0.39 85

669.75 1+ 669.38 -0.37 bs
731.68 1 + 731.35 -0.33 V6

759.66 1 + 759.39 -0.27 Z6 + 1
831.85 1 + 831.43 -0.42 -R
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Two ions observed in this region (at mjz 369.74 and
443.77) must be doubly charged because both exhibit
high (> 0.5) fractional monoisotopic masses. This is a
consequence of their singly charged ion counterparts
having an even integer monoisotopic mass. The addi
tional proton bound in the case of the doubly charged
ion increases the mass of the fragment to an odd
integer value, such that its division by two results in a
high fractional mass. This is the case for the fragment
ions a~+ (mjz 369.74)and (- v)2+ (mjz 443.77).

However, a low fractional monoisotopic mass for a
fragment ion is not an indication that it is singly
charged. All singly charged ions detected below that of
the doubly charged precursor will have a low frac
tional monoisotopic mass, but so too will doubly
charged ions whose singly charged counterparts have
odd integer masses. As in the case of the a;+ ion, its
singly charged analog at has a monoisopic value of
m/z 641.39with an odd integer mass. Thus, the addi
tion of a proton to this fragment results in an ion of
m/z 642.39/2 (i.e., 321.20; see Table I). Whereas these
observations may prove useful to assign fragments
of doubly charged ions of relatively small peptides
« 1500 u), it is unquestionable that the most reliable
method to assign the charge state to fragments of a
product ion spectrum is to resolve their isotope cluster
(or at least the 13CO/13Cl pair) transmitted as the
precursor ion beam.

Conclusions

To the best of our knowledge, this work represents the
first detailed study to investigate the effect that the
charge state of the precursor ion has on the dissocia
tion of a peptide under high-energy collision condi
tions. A systematic comparison of the high-energy cm
spectra of the singly and doubly charged ions for
several basic peptides of similar primary structure has
demonstrated that the dissociation behavior of doubly
charged ions is strongly influenced by the location of
the basic residues within the peptide and that the
general observations concerning the fragmentation of
singly charged ions at these energies [21] can be ex
tended to precursors with several charges. As borne
out by the results presented in this paper, multiply
charged peptide ions can provide structurally informa
tive fragment ions when they are collisionally acti
vated under high-energy conditions. It has been shown
that the type of fragment ions produced may differ
from those formed from the dissociation of the corre
sponding singly charged precursor ion (see for exam
ple Figure 4), although this is not always the case
(Figures 2 and 3). Indeed, for peptides bradykinin and
des-Rl-bradykinin it is demonstrated that the cm
spectra of the doubly charged ions are useful for se
quencing in view of the fact that they largely mirror
the CrD spectra of their singly charged counterparts
from which their structures can be derived.

We also have shown, based on the dissociation

behavior of the doubly charged ions of these peptides,
that two charges can reside in close proximity in the
precursor ions when they are favored by a high con
centration of basic sites, even when more remote basic
groups are also present in the molecule. This result
challenges the notion that like charges must be well
separated in a multiply charged ion to minimize cou
lombic repulsion effects, particularly when remote sites
exist to support the charges. Thus, it appears that the
primary structure of a molecule is as important as its
size and conformation in determining the number and
the location of charges it supports. Indeed, our obser
vation that two charges can reside in close proximity
in a proportion of the [M + 2Hj2+ precursor ions for
the peptide RRP(HyP)GFSFFR is not explained by a
recent model for ion formation during the Esr process
[20]. It is important to add, however, that we cannot
rule out the possibility that some charge migration
occurs prior to the fragmentation of this peptide, even
though in this case it would appear to be an energeti
cally unfavorable process.
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