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Oxidation of cysteine residues to cysteic acids in C-terminal arginine-containing peptides
(such as those derived by tryptic digestion of proteins) strongly promotes the formation of
multiple members of the Y” series of fragment ions following low energy collision-activated
decomposition {CAD) of the protonated peptides. Removal of the arginine residue abol-
ishes the effect, which is also attenuated by conversion of the arginine to dimethylpyrim-
idylornithine. The data indicate the importance of an intraionic interaction between the
cysteic acid and arginine side-chains. Low energy CAD of peptides which include cysteic
acid and histidine residues, also provides evidence for intraionic interactions. It is proposed
that these findings are consistent with the general hypothesis that an increased heterogene-
ity (with respect to location of charge) of the protonated peptide precursor ion population is
beneficial to the generation of a high yield of product ions via several charge-directed, low
energy fragmentation pathways. Furthermore, these data emphasize the significance of
gas-phase conformations of protonated peptides in determining fragmentation pathways. (J

Am Soc Mass Spectrom 1992, 3, 337-344)

and tandem mass spectrometry (MS/MS) is in-

creasingly widely accepted as an important
technique for the structural analysis of polypeptides
[1-5]. The approach is particularly valuable when
structural modifications (including N-terminal block-
ing) render inapplicable classical sequencing tech-
niques based on Edman chemistry. Furthermore, the
application of increasingly sophisticated algorithms
has established the potential of automated methods of
interpretation for rapid mass spectrometry-based se-
quencing of peptides (see, e.g., refs 6-8). Much of the
most prominent work on the use of MS/MS for the
elucidation of the structures of peptides of biological
(rather than synthetic) origin has involved four-sector
instruments. In such analyses decomposition of pro-
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tonated peptides is promoted by high energy (several
kiloelectronvolts in the laboratory frame of reference)
collisional activation. The principal fragmentation
types are now well understood and include cleavages
of the peptide backbone with charge retention on the
N-terminal fragment (mainly A and B series ions, in
the Roepstorff nomenclature {9], or a and b using the
Biemann modification [1]) or the C-terminal fragment
(mainly the Y” or y series, according to the nomencla-
ture). In addition, concomitant side-chain cleavage
yields both N-terminal (d series [10]) and C-terminal
(v [10] and w [11] series) product ions. Many, if not
all, of the observed fragmentations may be classified
as "‘charge-site remote’’ with preferential charge re-
tention on a particular fragment determined by the
presence of a basic residue [10]. Thus, for example, an
arginine residue at or close to the C-terminus leads to
a predominance of Y” ions.

Collision-activated decomposition (CAD) experi-
ments performed on triple quadrupole or hybrid sec-
tor /quadrupole instruments typically involve low col-
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lision energies (10-50 eV), multiple collisions with
target gas, and extended residence times (tens of
microseconds) in the decompaosition region. The pio-
neering work of Hunt and co-workers [2], together
with more recent direct comparisons of hybrid and
four-sector instruments [12-14] has indicated that the
decompositions of protonated peptides can be sub-
stantially more complex in the low energy CAD regime
compared with the high energy experiment. Thus, for
example, “‘internal”’ fragments, designated (B,Y,)
and (A Y,) in the Roepstorff nomenclature [9], are of
generally greater relative abundance in low energy
CAD spectra.

Recent work from this laboratory has provided
additional evidence for the potential complexity of
fragmentations arising via low energy processes.
['®0,]-Labeling of the C-terminal carboxyl group re-
vealed a rearrangement process [15] that resulted in
the loss of the C-terminal amino acid residue but
retention of a C-terminal oxygen, Further study of the
same rearrangement provided evidence for additional
®0-incorporation into the charge-retaining fragment
[16]. These data have suggested, inter alia, the effect
of the gas-phase conformation of peptides in deter-
mining fragmentation pathways.

The fragmentation of protonated peptides follow-
ing low energy CAD remains, however, incompletely
understood. Attempts at improved understanding of
peptide decompositions under the low energy regime
are justified not only by the extensive potential of the
relatively widely available triple quadrupole instru-
ments, but also by the increasing interest in MS/MS
using ion trapping techniques [17].

A common strategy for protein sequencing using
MS/MS includes initial trypsin hydrolysis and partial
separation of the resulting peptides. The study of
cysteine-containing peptides reported here originated
in our study of peptides derived from apoprotein
B-100 (apo B-100) following trypsin hydrolysis. Apo
B-100 is the major protein component of low density
lipoprotein, which is the principal carrier of choles-
terol in the blood. Oxidative modification of apoc B-100
is known to influence cholesterol accumulation in the
cells [18, 19]. The structural changes accompanying
lipoprotein oxidation are no doubt complex but may
include oxidation of cysteine to cysteic acid residues.

During the course of our study on apo B-100 tryptic
fragments, low energy CAD product ion spectra of
native cysteine-containing peptides and their oxidized
forms were recorded. An apparent promotion of the
Y”-series of ions (corresponding to the cleavage of the
peptide bonds with charge retention on the C-termi-
nal fragments) was observed in the spectra of the
oxidized forms. Cysteine residues were converted to
their cysteic acid analogues with performic acid. Oxi-
dation of proteins using performic acid was first used
by Sanger [20] for the scission of disulfide bonds.
More recently, the oxidation of protein digests has
been used in conjunction with FAB/MS to indicate
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the presence of disulfide moieties [21]. For these stud-
ies, however, no M5/MS data have been reported.

The aim of the work reported here was to study
further the effect of oxidation of cysteine residues on
the product ion spectra of protonated tryptic pep-
tides. The data are interpreted in terms of hypotheses
that are of general significance to the understanding
of the low energy CAD of peptides.

Experimental

Materials

Synthetic peptides (prepared by using standard pro-
cedures) were kindly provided by Drs. J. T. Sparrow
and R. Cook. Hydrogen peroxide 30% (Fisher Scien-
tific Co., Fair Lawn, NJ) and formic acid (J. T. Baker
Chemical Co., Phillipsburg, NJ) were used without
further purification. Acetylacetone and triethylamine
(Fisher) were redistilled under nitrogen pricr to use,
Carboxypeptidase P and trypsin were purchased from
Sigma Chemical Co. (St. Louis, MO) and were used
as received.

Oxidation to cysteic acid forms of cysteinyl peptides. Per-
formic acid was prepared by allowing 0.1 mL of 30%
H,O, to react with 1 mL of formic acid for 1 h at
25 °C. A one hundredfold molar excess of performic
acid was then added to the lyophilized peptides (20 to
200 nmol) and allowed to react for 30 min at 0 °C. The
reaction was terminated by immersion in liquid nitro-
gen followed by lyophilization.

Dimethylpyrimidylornithyl derivatives of arginyl peptides.
The arginine-containing peptide, Gly-Phe-Leu-Cys-
Gly-His-Tyr-Arg, was converted to the dimeth-
ylpyrimidylornithine (DMPQO) analogue by using the
procedure described by Thorne et al. [15]. To 200
nmol of lyophilized peptide were added 50 uL of
water, 100 yL of ethanol, and 50 uL of triethylamine.
The sample was capped under nitrogen and vortexed.
Acetylacetone (100 pL) was added to the sample un-
der a stream of nitrogen, and the sample was capped
under nitrogen, vortexed, and heated at 100 °C for 1
h. After evaporation under nitrogen, water (250 uL)
and glacial acetic acid (25 pL) were added to the oily
sample and the mixture was again heated at 100 °C
for 12 min. The cool sample was extracted three times
with 500 pL of diethyl ether, and the aqueous sample
was evaporated under a stream of nitrogen. The
residual oily material was dissolved in a 50/50 (v/v)
mixture of methanol/water prior to FAB/MS/MS
analysis.

Carboxypeptidase P digestion of peptides. Glu-Glu-Leu-
Cys-Thr-Met-Phe-Ile-Arg and Gly-FPhe-Leu-Cys-Gly-
His-Tyr-Arg (50 and 200 nmol) were dissclved in 100
uL of 5 x 1072 M ammonium acetate buffer (pH 5.05)
and to this was added carboxypeptidase P (CPP) (0.1
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and 1 U, where 1 U corresponds to the amount of
CPP required to hydrolyze 1 umol of N-CBZ-L-
glutamyl-L-tyrosine to N-CBZ-glutamate and L-tyro-
sine per minute at pH 3.7 at 30 °C). The digestion was
carried out at 23 °C. The course of the reaction was
followed by withdrawing 2 pL aliquots of the reaction
mixture and analyzing them by FAB/MS. The reac-
tion was stopped by acidification with an equal vol-
ume of glacial acetic acid.

Trypsin digestion of peptides. Gly-His-Asn-Phe-Met-
Val-Arg-Asn-Phe-Arg-Cys-Gly-Gln-Pro-Leu- GIn-Asn-
Lys (50 nmol) was digested with bovine pancreatic
trypsin, type III, in an enzyme-to-substrate ratio of
1:100 (w/w). The reaction was carried out in 100 uL of
5 x 102 M ammonium acetate buffer (pH 6.8) at 23
°C and was stopped after 2 h by acidifying with an
equal volume of glacial acetic acid.

Mass Spectrometry

All analyses were performed by using a VG ZAB SEQ
hybrid mass spectrometer (VG Analytical Ltd.,
Manchester, UK) with the configuration BEqQ (B =
magnetic sector, E = electric sector, q = radio-
frequency-only quadrupole, Q = quadrupole mass
filter). Ionization by FAB used xenon atoms with
energies of 8 keV as the primary beam. The liquid
matrix used was glycerol or a 1/1 mixture of thioglyc-
erol/2,2-dithiodiethanol saturated with oxalic acid.
Low energy CAD used argon as collision gas at a
pressure of 1.6 to 2.7 x 10~ * mbar in the quadrupole
collision cell (as estimated from the recorded manifold
pressure and the conductance of the system). These
conditions represent an attenuation of the transmitted
beam of 50% to 60%. The collision energy was 11-13
eV in the laboratory frame of reference. Precursor ion
resolution was at least unit. The quadrupole mass
analyzer was operated at 1-3-u resolution. High en-
ergy CAD mass-analyzed ion kinetic energy spec-
trometry (MIKES) analyses used argon as collision gas
in the second field-free region to a sufficient pressure
to decrease the precursor ion beam intensity by 50%.
Product ion spectra were acquired via the VG 11-250
data system in ‘’multichannel analyzer’” mode. Scans
were of 10-s duration, and 15-20 scans were accumu-
lated. For comparison of data between native and
oxidized forms of the same peptide, product ion spec-
tra were acquired with a similar intensity of the pre-
cursor ion beam.

Results

As an initial stage in the development of an analytical
strategy to assess the structural changes associated
with oxidation of apoprotein B-100 (apo B-100)
[22], two synthetic nonapeptides were studied. The
structures, Gly-Thr-Tyr-Gly-Leu-Ser-Cys-GIn-Arg
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(GTYGLSCQR) and Glu-Glu-Leu-Cys-Thr-Met-Phe-
lle-Arg (EELCTMFIR), corresponded to apo B-100
tryptic fragments representing residues 1472 to 1480,
and 4187 to 4195, respectively. Figure la shows the
product ion spectrum of protonated EELCTMFIR, ob-
tained following low energy collisional activation (CA)
in the quadrupole collision cell of the hybrid instru-
ment. A series of Y” ions and several Y"-17 ions as
well as a series of B ions and several B-18 ions are
present but the signal/background ratio is generally
low. The Y7 is abundant, reflecting the favored charge
retention on the C-terminal arginine residue. Overall,
the quality of the spectrum is poor, with regard to
both signal/background ratio and clarity of sequence
information.

Oxidation of the native nonapeptide with per-
formic acid converted the cysteine residue (R-SH) to
the cysteic acid form (R-50;H), and the methionine
residue (R-S-CH3) to the methionine sulfone (R-SO,-
CH,), as illustrated in Scheme I. The product ion
spectrum of the oxidized form of EELCTMFIR is pre-
sented in Figure 1b. To permit a valid comparison of
the product ion spectra before and after oxidation, the
two spectra were recorded with similar precursor ion
abundances. For the oxidized form (Figure 1b) the
complete series of Y” ions {except Yg) is present with
a dramatically improved signal/background ratio. Y{
no longer predominates. The high fragmentation yield
suggested by the appearance of the spectrum of the
oxidized form of the peptide was explicitly deter-
mined. An approximately fourfold improvement in
the fragmentation yield of the oxidized peptide versus
native peptide was found. Cajculations were based on
the integration of product ion currents and compari-
son of products/precursor abundance ratios for the
native and oxidized peptides. Two different ap-
proaches using peak heights and peak areas gave
similar results.

Equivalent data were obtained for the peptide
GTYGLSCQR before and after oxidation of the cys-
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Figure 1. Low energy CAD product ion spectra of the [M +

H]* ions of (a) native EELCTMFIR at m/z 1141, and (b) the
oxidized form of EELCTMFIR at m/z 1221. Y"-17 and B-18 ions
present in the spectrum were not labeled for the clarity of the
figure.
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teine residue to cysteic acid (Figure 2). An equally
striking improvement in spectral quality was ob-
served; again, the product ion spectrum of the proto-
nated oxidized peptide was dominated by the Y”
series of ions.

Thus, a comparison of the product ion spectra
obtained for the native and oxidized forms of the two
nonapeptides studied shows an enhanced decomposi-
tion efficiency after oxidation, with favored formation
of the Y”-series ions.

Truncated peptides derived by C-terminal digestion of
EELCTMFIR. The nonapeptide EELCTMFIR was di-
gested with carboxypeptidase P to yield the truncated
sequence, EELCTMFI. The latter was then oxidized
with performic acid to generate the corresponding
cysteic acid form. Product ion spectra of the native
EELCTMFI and its oxidized analogue are shown in
Figure 3a and b, respectively. The major product ions
observed for the native peptide (Figure 3a) corre-
spond to the By and B, fragments; loss of water from
these ions is also observed. Other ions present in
lower abundance include Bj and the series Y5 through
Y/ . For the oxidized analogue (Figure 3b), the major
product ions are B, Bg, and B;. Minor peaks corre-
spond to the B3, By, Y5, Y7, and Y§ ions. Thus, for
this truncated peptide, which lacks a C-terminal argi-
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Figure 2. Low energy CAD product ion spectra of the M +

H]™ ions of (a) native GTYGLSCQR at m/z 984, and (b) the
oxidized form of GTYGLSCQR at m/z 1032. Asterisks indicate
17 u losses (NH,) from Y” ions.
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Figure 3. Low energy CAD product ion spectra of the [M +

H]* ions of (a) native EELCTMFI at m/z 985, and (b) the
oxidized form of EELCTMFI at m/z 1065.

nine residue, the single pronounced difference be-
tween the product ion spectra of the native and the
oxidized forms is the more prominent Bs ion. This
fragment represents cleavage between the threonine
and the methionine sulfone residues with retention of
the charge on the N-terminal fragment.

Further digestion of EELCTMFI with carboxypepti-
dase P yielded two additional peptides, EELCTMF
and EELCTM, shortened by one and two amino acid
residues, réspectively. Their cysteic acid/methionine
sulfone forms were prepared. The product ion spectra
obtained for the native peptides (not shown) included
the B, ion of EELCTMF and the B, ion of EELCTM as
major fragmentations. The product ion spectra of the
corresponding oxidized forms displayed the B, and Bj
ions of EELCTMF, and the By ion of EELCTM. In both
cases the promotion of the B; ion was observed. Thus
for this series of truncated peptides, which lack a
C-terminal arginine residue, the effect of oxidation
was only to promote one fragmentation correspond-
ing to cleavage of the peptide bond adjacent to the
oxidized methionine residue. Moreover, the decom-
position efficiencies apparent from these spectra were
very similar for the native peptides and their oxidized
analogues.

Thus, a comparison of the product ion spectra
obtained for the protonated nonapeptides (EELCTM-
FIR and GTYGLSCQR) and their oxidized analogues,
together with data for the C-terminal truncated pep-
tides, suggests that the promotion of the Y” series of
ions is associated with the combined presence of the
C-terminal arginine residue and the sulfonic acid moi-
ety. This is consistent with a specific intraionic inter-
action between the sulfonic acid and the basic side-
chain of the arginine residue, as discussed further,
below.

GFLCGHYR and C-terminal truncated analogues. A sec-
ond series of structural analogues was analyzed to
examine further the influence of an arginine residue
on the fragmentation of protonated cysteic acid-con-
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taining peptides. The product ion spectrum of the
synthetic peptide, Gly-Phe-Leu-Cys-Gly-His-Tyr-Arg
{(GFLCGHYR), is shown in Figure 4a. The Y] ion is
the most abundant product ion, with Y; through Y
ions also detected. A few N-terminal ions are also
observed: B;, A, By, and A,. The product ion spec-
trum of the oxidized form of GFLCGHYR is presented
in Figure 4b. The Y” series of ions (except Y7) and
only one N-terminal ion (B;) are detected. The overall
quality of the product ion spectrum is again improved
upon oxidation of the native peptide.

High energy CAD (MIKES) analyses (data not
shown) were also performed on the native and oxi-
dized forms of GFLCGHYR. The Y"-series ions were
again promoted following oxidation of the peptide to
the cysteic acid-containing form. In addition, w ions
{(ws, W, W) were observed in both spectra, corre-
sponding to concomitant fragmentation of peptide
bonds and amino acid side-chains with charge reten-
tion on the C-terminal fragment [11]. w ions are
frequently cbserved in high energy, but not low en-
ergy, CAD spectra of protonated peptides [13, 14].
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Figure 4. Low energy CAD product ion spectra of the [M +
H]* ijons of (a) native GFLCGHYR at m /z 952, (b) the oxidized
form of GFLCGHYR at m/z 1000, (c) native GFLCGHY at m [z
796, (d) the oxidized form of GFLCGHY at m/z 844, (e) native
GFLCGH at m /z 633, and (f) the oxidized form of GFLCGH at
m/z 681.
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When the oxidized form of GFLCGHYR was analyzed
by MIKES without gas in the collision cell, the Y"-
series ions, but no w ions, were observed.

The octapeptide, GFLCGHYR, was then digested
with carboxypeptidase P to yield the truncated pep-
tides GFLCGHY and GFLCGH. The low energy prod-
uct ion spectrum of GFLCGHY is shown in Figure 4c.
It includes prominent B, and Y3 ions, corresponding
to the peptide bond cleavages adjacent to the basic
histidine residue with retention of the charge on the
histidine-containing fragment. Other Y” ions (Y3, YJ,
and Y{) and the A, ion are detected in lower abun-
dance. The product ion spectrum of the oxidized form
of GFLCGHY is shown in Figure 4d. The Y~ series of
ions (except Y{) and the By ion are displayed. By
comparison with the spectrum of the native peptide
(Figure 4c) the relative abundances of the Y; and By
ions are decreased and the abundances of the Y3, Y7,
Y{ and Y¢ ions are increased. The reduction follow-
ing oxidation in the relative abundances of the two
ions resulting from the cleavage of the peptide bond
on each side of the histidine residue suggests that the
cysteic acid residue influences the properties of the
histidine residue with respect to promotion of frag-
mentation or retention of charge.

The product ion spectrum of protonated GFLCGH
is shown in Figure 4e. Y”-series ions are prominent,
with Y] being particularly abundant, as expected from
the presence of the histidine residue at the C-terminus.
The equivalent spectrum for oxidized GFLCGH (Fig-
ure 4f) is also dominated by Y” ions, but Y{ is of
markedly reduced relative abundance. Again, the data
suggest a modification of the properties of the histi-
dine residue by the presence of the cysteic acid.

Dimethylpyrimidylornithyl analogue of GFLCGHYR.
The arginine residue of GFLCGHYR was converted to
the dimethylpyrimidylornithyl analogue (the “DMPO
derivative’’) by reaction with acetylacetone, as shown
in Scheme II. This derivative blocks the guanidino
function of the arginine side chain by forming a
pyrimidyl ring, with an expected reduction of the
basicity of the residue. The product ion spectrum (not
shown) of protonated GFLCGHYR as the DMPO
derivative included both C- and N-terminal fragment
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ions: Y¢, Y5, Y7, Y5, Y3, By, By, A, Ag. The B; ion
was particularly prominent. The equivalent spectrum
of the oxidized peptide as the DMPQO derivative in-
cluded the same fragment ions at similar relative
abundances. Thus, conversion of the arginine residue
to the DMPO analogue apparently blocks interaction
with the cysteic residue.

Peptide incorporating a C-terminal lysine. Tryptic diges-
tion of proteins yields fragments characterized by a
C-terminal arginine or lysine residue, resulting from
the specificity of tryptic cleavage. It was therefore of
interest to assess evidence for lysine/cysteic acid in-
traionic interaction in the gas phase to parallel the
apparent arginine/cysteic acid interaction. The prod-
uct ion spectrum of the synthetic peptide, Cys-Gly-
GIn-Pro-Leu-GIn-Asn-Lys (CGQPLQNK), is shown in
Figure 5a. The most abundant ion, of m /z 599, can be
attributed to the Y{ or Ay fragments, which are iso-
baric. Methylation of the peptide resulted in a product
ion spectrum (not shown) where the peak at m /z 599
was totally shifted to m/z 613, suggesting that m/z
599 is due to the Y{ ion. Other C-terminal, N-termi-
nal, and “internal”’ (B_Y,) fragment ions are also
observed (see Figure 5a).

The product ion spectrum of the oxidized form of
CGQPLONK is shown in Figure 5b. The major frag-
ment ion is the Y, representing cleavage adjacent to
the proline residue. It has previously been noted that
a proline residue favors the fragmentation of the pep-
tide bond involving the proline amino group to yield
the corresponding Y” ion [2]. Other product ions,
principally of the Y” series, are present at substan-
tially lower abundance. Thus, for the example of this
C-terminal lysine-containing peptide, oxidation of the
cysteine residue results in promotion of Y” ions over
other fragment types, with a particular enhancement
of Y{. These observations are consistent with a ly-
sine /cysteic acid interaction which parallels the argi-
nine/cysteic acid interaction which has been studied
in greater detail in the present work.
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Figure 5. Low energy CAD product ion spectra of the (M +
H]* ions of (a) native CGQPLQNK at m/z 887, and (b) the
oxidized form of CGQPLQNK at m /z 935.
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Methionine-containing peptides. As noted in the study
of the synthetic nonapeptide, Glu-Glu-Leu-Cys-Thr-
Met-Phe-lle-Arg (EELCTMFIR), oxidation of peptides
with performic acid converts methicnine residues to
the methicnine sulfone forms, in addition to the con-
version of cysteine residues to their cysteic acid ana-
logues. To assess the separate influence of methionine
oxidation on the fragmentation of protonated C-termi-
nal arginine-containing peptides, the synthetic pep-
tide, Gly-His-Asn-Phe-Met-Val-Arg (GHNFMVR),
was analyzed before and after oxidation. The product
ion spectra (not shown) revealed no significant change
in relative abundances of equivalent ions.

Discussion

This study represents a systematic examination of
cysteic acid-containing peptides following initial ob-
servation of dramatic differences in the low energy
CAD of protonated peptides following oxidation of
cysteine residues to cysteic acids. Thus, oxidation
results in the strong promotion of Y”-series ions; both
absolute and relative abundances of this fragment
type are increased. This effect appears to be depen-
dent on the presence of a C-terminal arginine (or
possibly lysine) residue, as typically observed in tryp-
tic fragments of proteins. Conversion of the arginine
residue to dimethylpyrimidylornithine attenuates the
effect. The data are consistent with a change in frag-
mentation properties resulting from a specific interac-
tion between the cysteic acid and basic arginine side-
chains.

Arginine residues are expected to have a significant
influence on the CAD of protonated peptides. Thus,
extensive studies of the high energy CAD of proto-
nated peptides [10, 14, 23] have illustrated that the
presence of basic amino acid residues determines the
charge-retaining fragment following peptide cleavage.
Tryptic peptides containing a C-terminal arginine
residue, for example, show a predominance of Y” ions
over N-terminal fragment ions. Biemann and co-
workers [10] have further proposed that fragmenta-
tions of peptides containing a strongly basic amino
acid residue, such as arginine, should be considered
to occur in a ““charge-remote’’ [24] fashion.

Poulter and Taylor [12] have suggested that the
presence of a terminal arginine residue is detrimental
to the observation of sequence ions following low
energy CAD of protonated peptides. This is presum-
ably attributable to the strongly favored association of
the proton with the basic arginine side-chain. Re-
moval or modification of the arginine residue may
have a marked effect by reducing this propensity for a
single site of protonation.

It is postulated that the data described in the pre-
sent study can be accommodated by a general hy-
pothesis of the beneficial effect of a precursor ion
population heterogeneous in charge location. The poor
product ion spectra, and the preponderance of Y{
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over other Y*-series ions, observed for cysteine-con-
taining C-terminal arginine peptides are attributed to
strongly favored localization of protonation on the
arginine side-chain. Oxidation of the cysteine residue
generates an acidic site available for interaction with
the arginine side-chain, reducing the predominance of
protonation on the arginine. The resulting population
of [M + H]* precursor ions then incorporates multi-
ple sites of protonation, favoring charge-directed pep-
tide bond cleavage via low energy pathways at several
sites. Y"-type ions are evidently favored over comple-
mentary B ions by virtue of the generally lower en-
ergy requirement [2, 25].

The general hypothesis proposed here is in keep-
ing with the suggestions of Hunt et al. [2] concerning
the charge-directed fragmentation of protonated pep-
tides following low energy CA. These authors postu-
lated that peptide chain folding (’‘internal solvation’”)
in the gas phase results in the stabilization of multiple
sites of charge location, facilitating amide bond deav-
age. The present work provides more direct evidence
for intraionic interactions.

For the single example (GFLCGHYR) studied here
by MIKES incorporating high energy CAD, Y”-series
ions were again promoted by oxidation of cysteine to
cysteic acid. The Y"-series ions were also observed,
however, in the MIKES analysis conducted in the
absence of collision gas, indicating their origin as
metastable decomposition products. Thus, these low
energy processes are also favored on the abbreviated
time scale of the MIKES experiment. The CAD/MIKE
spectrum may be viewed as a superimposition of
unimolecular decomposition products and fragments
(such as w ions) arising from high energy CA. The
principal focus of the present work, however, has
been the influence of cysteine/cysteic acid oxidation
on the low energy CAD spectra of peptide [M + H]*
ions; more extensive study is required to elucidate
fully the implications for high energy CAD analysis.

Analyses in the present study of peptides incorpo-
rating cysteine or cysteic acid and basic histidine
residues allow further evaluation of the general hy-
pothesis proposed above. Thus, for example, analyses
of protonated GFLCGHY, before and after oxidation,
indicated that conversion of the cysteine to cysteic
acid resulted in reduced prominence of the B- and
Y’-type fragments adjacent to the histidine residue
(Figure 4). This result is consistent with a lesser ten-
dency for the accommodation of the proton at the
histidine residue following interaction of the cysteic
acid and histidine side-chains.

In summary, the data reported here indicate spe-
cific intraionic interactions between the side-chains of
cysteic acid and basic amino acid residues. More gen-
erally, the results are consistent with the notion of the
beneficial effect on low energy decomposition spectra
of protonated peptides of a population of precursor
ions heterogeneous with respect to charge localiza-
tion. Furthermore, the data provide additional evi-
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dence for the significance of the gas-phase conforma-
tion of ions in determining fragmentation pathways,
supplementing evidence obtained from studies of
gas-phase rearrangements [15] and isotope exchange
[16]. These hypotheses have important implications
for the design of appropriate strategies for the analy-
ses of peptides using low energy CAD (such as the
utility, or otherwise, of ‘‘pre-charged’’ derivatives
[26-28]) and are the subject of continuing study in
this laboratory.
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