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The collision induced dissociation of doubly-protonated (Ala),His (x = 5, 6, 7, 8§, 10)
peptides have been studied. The major fragmentation reactions observed are symmetrical
amide bond cleavages to give the complementary b, and yy._,, ions, where N is the total
number of residues in the peptide. Minor asymmetric cleavage to give doubly-protonated
y ions also is observed, involving cleavage near the N-terminus. The shorter peptides (x =
5, 6, 7) show major cleavage of the second amide bond to yield b, and yy_, ions, while
(Ala),oHis shows major symmetrical cleavage at the fourth and fifth amide bonds. (Ala)gHis
appears to be a transitional peptide in showing substantial symmetrical cleavage at the
second, fourth, and fifth amide bonds. The results are in general agreement with the
bifurcating nature of charge separation noted by Zubarev (J. Am. Soc. Mass Spectrom. 2008,
19, 1755-1763) from a statistical analysis of a large body of doubly-protonated tryptic
peptide CID mass spectra. It is shown that the b, ion derived from doubly-protonated

(Ala)sHis has a protonated oxazolone structure.
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used method for deriving sequence information

for peptides and proteins [1-3]. Protein identifi-
cation in the field of proteomics most often involves
protein digestion by trypsin, with identification and se-
quencing of the peptides produced by collision-induced
dissociation of the singly- or multiply-protonated pep-
tides resulting from soft ionization methods such as
electrospray ionization [4]. Trypsin usually cleaves pro-
teins C-terminal to arginine or lysine with the result
that the peptides produced have a highly basic residue
at the C-terminus. Such basic residues will localize a
proton on the basic side chain [5], which often leads to
fragmentation associated with the basic site rather than
cleavage along the peptide backbone that is necessary
for peptide sequencing. As a consequence fragmenta-
tion of doubly- or multiply-charged peptides in which
there is a mobile proton [5] has been found to provide
more complete sequence information.

There have been many detailed studies of the disso-
ciation chemistry of singly-protonated nontryptic pep-
tides; these studies have been summarized in a recent
review [6]. On the other hand, despite the importance
of the fragmentation chemistry of doubly-protonated
tryptic peptides in proteomics, much less is known in
detail concerning the fragmentation reactions of such
species. A common fragmentation reaction of doubly-

Tandem mass spectrometry has become a widely

Address reprint requests to Dr. A. G. Harrison, Department of Chemistry,
University of Toronto, 80 St. George Street, Toronto, ON M5S 3H6, Canada,
E-mail: aharriso@chem.utoronto.ca

© 2009 American Society for Mass Spectrometry. Published by Elsevier Inc.

1044-0305/09/$32.00
doi:10.1016/j.jasms.2009.06.013

protonated peptides is charge separation in which
amide bond cleavage leads to complementary singly-
charged b and y ions [7-10]. Recently, Zubarev and
coworkers [11] have carried out a statistical analysis of
a large database of CID spectra of doubly-protonated
tryptic peptides. They found that the charge separation
spectra fell into two well separated statistical classes.
Class 1 CID spectra were dominated by the y.., ion
signal (and, presumably, the corresponding b, ion)
where N is the number of amino acid residues in the
peptide. By contrast, Class II CID spectra showed other
y ions as the most abundant charge-separation prod-
ucts. There is some evidence from their analysis that
cleavage of the second amide bond to form yy., is
particularly important for smaller peptides and de-
creases in relative importance with increasing size of the
peptide. It appeared of interest to study a series of
peptides where the only variable is the number of
residues in the peptide so that the effect of chain length
can be separated from other variables. Accordingly, we
have studied the fragmentation reactions of a series of
doubly-protonated peptides containing a variable num-
ber of alanine residues, in each case terminating with a
histidine residue at the C-terminus. Although these are
not tryptic peptides, one can reasonably expect that one
proton will be localized on the basic histidine side chain
with the second proton being mobile along the alanine
chain. It has been shown [3] that doubly-protonated
peptides with His at the C-terminus fragment in the
manner typical of doubly-protonated tryptic peptides.
The calculations of Bleiholder et al. [12] show that
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histidine is the third most basic amino acid and that the
imidazole side chain has a proton affinity almost the
same as the amino group of the acid.

Experimental

All experimental work was carried out using electros-
pray/quadrupole/time-of-flight (QqTOF) mass spec-
trometers (Ultima III; Waters/Micromass, Manchester,
UK; QStar XL; MDS SCIEX, Concord, Canada). MS?
experiments were carried out in the usual fashion by
mass selecting the MH;? ions with the quadrupole
mass analyzer Q with CID in the quadrupole collision
cell q and mass analysis of the ionic products with
time-of-flight analyzer. By varying the collision voltage
in the quadrupole cell breakdown graphs, expressing,
in a qualitative way, the energy dependences of the
fragmentation reactions were obtained under multiple
collision conditions. In the quasi-MS® experiments, CID
in the interface region produced fragment ions with
those of interest being mass-selected by the quadrupole
mass analyzer Q for fragmentation and analysis in the
usual way.

Ionization was by electrospray on both instruments
with the peptide sample, at micromolar concentration,
dissolved in 1:1 CH;OH:1% aqueous formic acid, and
introduced into the ion source at a flow rate of 10 uL
min~'. The electrospray capillary was held at about 3
kV. In the Ultima III nitrogen was used as nebulizing
and drying gas whereas argon was used as collision gas
in the quadrupole cell. For the QStar nitrogen was used
as nebulizing and drying gas as well as for collision gas
in the quadrupole cell. There is no provision for mea-
suring the collision gas pressure on either instrument;
with the collision gas flowing the pressure gauge for the
quadrupole region read ~5 X 10~° mbar. Very compa-
rable results were obtained on the two instruments.

Typically, fifty 1s scans were accumulated by the
data system. The peak centering program allows one to
obtain ion signals in terms of relative peak heights or
relative peak areas. In terms of relative peak heights the
signals for the complementary b and y ions formed by
charge separation were approximately the same. How-
ever, in terms of relative peak areas the signal for the
y ion was more intense than that for the complemen-
tary b ion, reflecting broader peaks for the high mass
y ions than the lower mass b ions. (In CID of singly-
protonated species, peak areas and peak heights gave
very comparable results.) The results presented in the
following represent relative peak areas.

The (Ala),His peptides were obtained from Celtek
Peptides (Nashville, TN, USA) while trialanine and
cyclo(-Ala-Ala) were received from Bachem Biosciences
(King of Prussia, PA, USA). No impurities were de-
tected in the mass spectra of the peptides and they were
used as received.
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Results and Discussion

Peptides of the sequence (Ala),His were found to form
abundant doubly-protonated species in electrospray ion-
ization; these doubly-protonated species were found to
fragment primarily by amide bond cleavage and charge
separation. Paizs and coworkers [13] have recently carried
out a detailed computational and experimental study of
the fragmentation of doubly-protonated (Gly)sArg. They
concluded that the fragmenting species passing the
amide bond cleavage transition-state formed initially a
symmetric doubly-protonated dimer (DPD) where each
fragment is protonated (s-DPD). Within this dimer
proton transfer can occur from the N-terminal fragment
to the C-terminal fragment resulting in an asymmetric
doubly-protonated dimer (a-DPD). The latter may dis-
sociate in a barrier free process (i.e., no reverse energy
barrier) to form a doubly-protonated C-terminal frag-
ment. On the other hand the s-DPD dissociates over a
barrier to form singly-protonated N- and C-terminal
fragments. The barrier reflects the activation barrier for
the reverse reaction arising primarily from coulombic
repulsion as the two charged fragments are brought
together. This model adequately rationalizes the results
obtained in the present study.

Figure 1 presents representative CID mass spectra
for the five doubly-protonated peptides studied. In all
cases the dominant fragmentation involves symmetrical
amide bond cleavage to form the complementary b,
and yn., ions (N = total number of amino acid resi-
dues). Thus, for example, for (Ala)¢His one observes the
ys ion and the complementary b, ion, among other
pairs. When symmetrical cleavage of the N-terminal
amide bond occurs presumably the b, ion is formed. In
general, b, ions are unstable [14, 15] and lose CO to
form, in this case, the alanine iminium ion at m/z 44.
When scanning over a wide mass range the sensitivity
for low mass ions is low; as a result the weak alanine
iminium ion signal was not recorded.

A minor fragmentation route involves asymmetric
cleavage of the amide bond to form a lower mass
doubly-protonated y ion and a corresponding neu-
tral. In all cases these asymmetric amide bond cleav-
ages occur near the N-terminus of the peptide. Thus,
(Ala)sHis shows a weak signal for ya?, (Ala)sHis shows
weak signals for yz2 and y¢?, (Ala),His shows weak
signals for y2? and y; 2, (Ala)gHis shows weak signals
for y; % and yg > while (Ala),,His shows a signal for yg >
and a very weak signal at m/z 398 corresponding to y;;.

The primary b and y ions undergo further fragmen-
tation, particularly at higher collision energies. Figure 2
shows the breakdown graph for the MH;? ion of
(Ala)¢His. From the shapes of the relevant plots it is
evident that yy, y,, a,, and a;* are secondary products.
Figure 3 shows a CID mass spectrum for singly-
protonated (Ala)¢His. A complex spectrum results with
y: and y, ions being major fragmentation products
along with significant yields for bs and b,. The b ions
are known to fragment further to give a ions [15, 16]
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with the exception of the b; ion which does not form a
stable a3 ion but rather produces the a;* (az-NHj;) ion
[17, 18]. These fragmentation reactions are evident from
the plots of Figure 1.

From the relative abundances of the primary y and b
ions formed by charge separation, one can obtain rough
estimates of the fraction of total symmetric amide bond
cleavage for each amide bond. The results of these
calculations are shown in Figure 4. The results showed
little variation with collision energy at the lower colli-
sion energies which were used to derive the data of
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CID mass spectra of doubly-protonated (Ala) His
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and Figure 5. One notes that there is relatively

satisfactory agreement of the relative probabilities of
symmetric amide bond cleavage calculated from the
relative y ion intensities and the relative b ion intensi-
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Figure 4. Fractional symmetric amide bond cleavage derived
from relative y ion and relative b ion signals.

ties. In agreement with the analysis of Zubarev and
coworkers [11] symmetric cleavage of the second amide
bond dominates for smaller peptides but decreases
substantially in importance as the peptide size increases
and is not the dominant cleavage mode for doubly-
protonated (Ala); His. Paizs and coworkers [13] also
observed that symmetric cleavage of the second amide
bond was the dominant fragmentation mode for doubly-
protonated (Gly)sArg. The probability of symmetric
cleavage of the first amide bond, while significant for
(Ala)sHis, decreases with increasing size of the peptide
and is not observed for doubly-protonated (Ala),,His.
The smallest y ion observed as a primary product is the
y3 ion with the complementary b ion also observed in
each case; these products, observed in low yield, repre-
sent symmetric cleavage of the third amide bond from
the C-terminus.

As Figure 3 shows, the larger y ions formed by
charge separation can fragment further to form high
mass b ions. Thus, apparently the relative y ion abun-
dances provide the best measure of the relative proba-
bilities of symmetric amide bond cleavage. The results
obtained in this way are plotted in bar-graph form in
Figure 5 for the three largest peptides studied. In the
nomenclature of Zubarev and coworkers [11], doubly-
protonated (Ala),His and the smaller peptides are
clearly examples of Class I peptides in that cleavage of
the second amide to form b, and yy., is the dominant
symmetric amide bond cleavage reaction. On the other
hand, doubly-protonated (Ala),(His is an example of a
Class II peptide in showing symmetric cleavage of the
fourth and fifth bonds as the most probable cleavage

CHARGE-SEPARATION REACTIONS 1893

reactions. Yet even here the cleavage of the second
amide bond appears to be greater than one might
expect for a smooth distribution of fractional yields.
(It also is noted that the yield of the yg? arising by
asymmetric cleavage of amide bond two is circa 56% of
the yo yield. If this asymmetric fragmentation is in-
cluded clearly there still is enhanced reactivity of the
second amide bond.) Doubly-protonated (Ala)sHis ap-
pears to be a transitional (bifurcating) case in which
both the second and the fourth amide bonds show
enhanced reactivity in charge separation reactions. As
Figure 6 shows, this is evident over the entire collision
energy range studied, i.e., y; and y5 are more abundant
than ys.

We also have examined the structure of the b, ion
formed by charge separation in doubly-protonated

06 T 1 T T ]
1] [ .
g
S 05 H-(Ala),-His-OH i
@ - 2
o L MH,*? CID ]
=) - .
5 L _]
g 03 ]
o L
o L i
E 01 C =
(T I .
o L1 |
— | T T 1
o 1 2 3 4 5 6 7 8 9
0.6 T T T T | | T T
g = -
S 05 - H-(Ala),-His-OH ~ —
3 - MH,"2 CID =
o 04 =
pe] b= -
5 _
S 03 -
s i i
c 02 -
ks n -
g 01 |- n
L ~ -
J
0 t T
o 1 2 3 4 5 6 7 8 9
0.6 T T T T T T 1T
@ - _
(=)]
S 05 .
T L H-(Ala),,-His-OH
S 04 |- MH," CID -
E i _
L -
g 03 ]
2 i
o -
c 02 -
i) - n
E 01 -1
w B i T
0 I | | | — | | i

0 1 2 3 4 5 6 7 8 9
Amide bond cleaved

Figure 5. Fractional symmetric amide bond cleavage derived
from relative y ion signals only.
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Figure 6. Breakdown graph for doubly-protonated (Ala)gHis.

(Ala)sHis, an example of a Class I peptide in the
nomenclature of Zubarev and coworkers [11]. Table 1
presents the CID mass spectrum of the b, ion and
compares that with the spectrum of protonated
cyclo(Ala-Ala) and with that of the b, ion derived by
fragmentation of protonated trialanine. Oomens et al.
[19] have recently shown by infrared multiphoton dis-
sociation (IRMPD) that the latter b, ion has an ox-
azolone structure protonated at the oxazolone N-atom.

Table 1. CID of m/z 143 ions*

J Am Soc Mass Spectrom 2009, 20, 1890-1895

The CID mass spectrum of the b, ion derived from
doubly-protonated (Ala)sHis is in good agreement with
the spectrum of the b, ion derived from trialanine,
which, as discussed above, is known to have an ox-
azolone structure. Since both these spectra represent
quasi-MS® studies under identical conditions the results
provide very strong evidence that the b, ion formed by
charge separation in doubly-protonated (Ala)sHis has a
protonated oxazolone structure. The CID mass spec-
trum of protonated cyclo(Ala-Ala) is quite different,
providing further support that the b, ion from the
doubly-protonated peptide does not have a protonated
diketopiperazine structure.

Zubarev and coworkers [11] proposed that the dom-
inant formation of yy., ions in Class I peptides was the
result of concurrent formation of b, ions with a proton-
ated diketopiperazine structure rather than the more
common protonated oxazolone structure [15, 20]. How-
ever, it is not clear from their publication that this
postulate necessarily applies to the case where the first
two residues are Ala, since the propensity for cleavage
of the second amide bond was rather low in these cases.
However, it should be noted that recent studies [21, 22]
have cast some doubt concerning the formation of a
diketopiperazine structure for tryptic peptides not con-
taining Ala as the first two residues.

Conclusions

The present study shows that peptide chain length
plays a significant role in the bifurcating nature of
fragmentation of doubly-protonated peptides eluci-
dated by the statistical analysis of Zubarev and cowork-
ers [11]. The smaller peptides studied clearly belong
to Class I in showing dominant cleavage of the
second amide bond, while the largest peptide studied,
(Ala),oHis, belongs to Class II in showing major cleav-
age at the fourth and fifth amide bonds. But even here,
there appears to be a greater cleavage of the second
amide bond than a smooth distribution would imply.
Presumably, Coulombic repulsion influences how close
the mobile proton can approach the fixed charge on the
His side chain and, thus, will influence the amide bond
cleaved in charge separation reactions. However, ap-
parently other unearthed factors also may play a role. In
addition to chain length, it is highly likely that individ-
ual residues in the chain will influence the amide bond

m/z lon Neutrals lost AgH b, Cyc(A-A)MH* AAA b,
143 CsH11N,0, 27.91 68.29 13.86
115 CsH,,N,0 (610) 100 9.76 100

98 CsHgNO CO + NH; 42.18

87 C,Hq41N, 2CO 7.79 7.76
72 C5HgN CO + CH;CH=NH 17.22

70 C,HgN 2CO + NH; 9.42

44 C,HgN 2CO + CH;CH=NH 68.61 100 64.42

*Collision energy 12 eV for b, ions and 16 eV for cyclo(A-A)MH™ ion.
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cleaved. In this respect, Wysocki and coworkers [23]
have observed that doubly-protonated Val-Pro-Ala-
Pro-Arg shows extensive cleavage at the N-terminal
amide bond to form both y, and y;? ions with only
minor cleavage of the second amide bond. They also
observed that doubly-protonated Val-Pro-Asp-Pro-Arg
showed major cleavage C-terminal to the Asp residue to
give the complementary b; and y, ions by charge separa-
tion. Clearly, further studies of model systems are likely to
prove informative.
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