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Abstract

The ambiguity of attributing N- vs. C-terminal origin to a fragmention can pose a problem in mass spectrometric de novo pej
tide sequencing even when all inter-residue bonds are cleaved. This makes additional sequence information highly desiral
The question is investigated whether relative abundances of fragment ions in MS/MS are capable of providing this informatio
Statistical analysis of data on peptides 10-24 residues long reveled that the frequencieg dbNeCleavage in electron
capture dissociation (ECD) are less dependent upon the total number of basic sites, the charge states of the parentions an
nature of the terminal group than the peptide bond fragmentation in collisionally activated dissociation (CAD). The consenst
sequences in peptides of different lengths also showed similar fragmentation patterns, with the typical correlation factor of 0.
The conclusion is that frequencies of ECD cleavages are promising as a source of additional sequence information provic
that strong intra-molecular bonds are absent or broken prior to MS/MS analysis. (Int J Mass Spectrom 219 (2002) 283-2¢€
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction achieved, with all such bonds cleaved. If some bonds
remain intact, the “gaps” may result in ambiguous
Peptide sequencing with tandem mass spectrome-assignment: e.g., the absence of the cleavage be-
try (MS/MS) is based upon obtaining a representa- tween two glycine residues can be interpreted as the
tive fragment ion population. The mass differences presence of asparagine (Gly—&5Asn). Even when
between the fragments with a common terminus re- such sequence gaps, e.g., -AB-, can be “filled” with
veal the sequence. The challenges are to achieve opti-an unique combination of two residuesAB, their
mal conditions at which the MS/MS data contain the order remains unclear.
necessary information and to extract this information.  Application of complementary fragmentation tech-
The ideal situation is when, in every precursor niques, such as collisionally activated dissociation
ion, fragmentation of a single inter-residue bond is (CAD) and electron capture dissociation (ECD [1]),
can help to fill the sequence gaps. For example, CAD
" Corresponding author. E-mail: rzu@chem.sdu.dk preferentially cleaves at the N-side of proline residues,
! Present address: MDS Proteomics, Odense, Denmark. while ECD is inhibited at that site. CAD produces
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peptide bond (b, y ions) fragmentation, while ECD situations as a function of the peptide length. When
mostly gives N—G bond (c, 2 ions) cleavages. The the nominal mass of an N-terminal fragment coin-
mass difference between ¢ and b ions is 17 Da, while cides with that of an C-terminal fragment, isotopic
that between y and*zions is 16 Da, which helps  distributions overlap. To resolve the overlap, applica-
to establish the sequence directionality by means of tion of very high resolving power and sophisticated
identifying “golden” complementary pairs [2]. How-  software is required [2]. The probability for this type
ever, detection of 1 Da mass difference is not always of difficulty to arise reaches an appreciable value for
reliable, since ECD in some cases productsaicd peptides ca. 40 residues long. Much more frequent
z fragments [3]. Ambiguity can also occur when the is the situation when the nominal mass difference
masses of the N- and C-terminal fragments coincide between the fragments of different directionalities co-
or are so close that their isotopic distributions over- incides with the mass of an amino acid residue. This
lap. The difference between the fragments of different type of problem occurs already in peptides shorter
directionalities may also accidentally coincide with than 10 residues. Although high resolving power and
the mass of an amino acid residue. If this happens, themass accuracy can help to alleviate this problem,
sequencing algorithm may include the wrong amino additional sequence information is highly desirable.
acid in the sequence. Here we investigate the question whether the frag-
Statistical analysis shows that such unlucky coin- mentation pattern (a set of relative abundances of
cidences are encountered rather often. Fig. 1 presentsfragment ions) can be a source of such information.
the occurrence frequencies of the two undesirable If a set of formal rules existed for predicting the
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Fig. 1. The occurrence frequencies as functions of the peptide length of the cases when the mass of a N-terminal fragment (N) coincides
with that of a C-terminal fragment (C), and when the mass differences between two fragments of different origins coincide with the mass
of an amino acid residue (AA). Nominal (integer) masses are used.
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relative abundances of fragment ions from the known presence or nature of distant groups. Moreover, unlike
sequence, several plausible sequence alternativesn CAD where the amount of deposited energy and
could be compared using as a criterion how well they the rate of collisional and infrared cooling may vary,
account for the observed fragment pattern. For a quick the kinetic energy of the slow electrons does not play
prediction, the set of rules must be simple. Also, the an important role in ECD because of its insignificant
number of operations necessary for prediction must value (<0.2eV) [1,3], and the rate of the collisional
not grow too fast with the size. These requirements are and infrared de-excitations is negligible compared to
fulfilled for the “reducible” fragmentation process, in the high cleavage rate (>1bs~1 [1]). The recom-
which different parts of the molecule fragment inde- bination energy in ECD has therefore, a fixed value
pendently of each other. Then the cleavage frequency determined by the nature and the charge state of the
of a certain bond is determined only by groups in the molecular ion. Even the internal energy of the ions be-
vicinity of that bond. For each combination of these fore electron capture is not that important: McLafferty
groups (e.g., amino acid residues) one can derive theand co-workers have not found significant changes in
average cleavage frequency, and then create a librarythe ECD cleavage frequencies at the ambient tempera-
of cleavage frequencies for all such combinations. ture between 20 and 13C [12]. Hence ECD a priori
The expected (predicted) fragmentation pattern would has better chances to produce reducible fragmentation
then be a linear combination of such reference fre- than CAD.
guencies. Thus, the crucial question is whether or not  The global tendencies of bond cleavage in peptides
the peptide fragmentation is reducible. and proteins have been studied [13]. The ECD cleav-

For CAD, the anticipated answer is negative, al- age frequencies have been found to be more homo-
though some cleavages do appear with higher proba-geneous than those in CAD. At the same time, the
bilities than other. Besides the N-side of proline, pref- C-side of tryptophan residue has been found to cleave
erential cleavage occurs at the C-sides of the aspar-in ECD preferentially and the N-terminal side of cys-
tic acid and glutamic acid residues [4]. But generally teine rarely cleaved [13]. The current study attempts
speaking, the cleavage pattern is a result of a com- a more detailed approach by investigating series of
plex interplay between “global” parameters, such as polypeptides with similar sequences. The parameters
the availability of the “mobile” protons [5], secondary known to affect the CAD pattern, such as the charge
structure [6] and the presence of certain groups, such state and the number of basic groups, are varied; the
as cysteic acid [7]. Instrumental parameters, such asresulting mass spectra are compared with each other
the excitation level, the ionic temperature prior to ex- and the corresponding CAD spectra in terms of the
citation and the time available for dissociation also relative cleavage frequencies.
influence the outcome.

The mechanism of ECD, unlike that of CAD, is be-
lieved to be non-ergodic, i.e., the bond rupture hap- 2. Experimental
pens prior to energy randomization over the whole
molecule [1]. As a result, polypeptide Ngzack- 2.1. Mass spectrometry
bone bonds cleave preferentially even in the presence
of labile side-chain groups [8-10]. Moreover, cleav- Experiments were performed on a commercial
age of a N—G bond can occur without dissociation of 4.7 Tesla Ultima Fourier transform (FT) mass spec-
weak inter-molecular bonding [11]. In a non-ergodic trometer (lonSpec, Irvine, CA), with a standard
process, independent fragmentation behavior of dif- ESI hexapole-based interface (Analytica of Bran-
ferent parts of the polypeptide can be expected, with ford, MA) additionally equipped with a home-built
the cleavage probability for a particular Ny®ond nano-electrospray ion source. The ions were exter-
mostly determined by the local sequence and not the nally accumulated in the hexapole for 100-500 ms,



286 B.A. Budnik et al./International Journal of Mass Spectrometry 219 (2002) 283-294

and then transported to the cell where they were cap-in hydrogen bonding may prevent hydrogen atom
tured in a gated mode without a cooling gas. A 2-s capture and subsequent fragmentation. This of course
accumulation resulted in abundant in-hexapole frag- affects the relative abundances of fragments from
mentation [14]; doubly-charged b and y ions were the inner regions of the proteins. A similar effect
produced this way for a subsequent ECD experiment is expected for shorter peptides that possess un-
[11]. The parent ions were selected by on-resonance usually strong secondary structure, such as, e.g.,
ejection of undesired ions and irradiated for 5-10s peptides containing a stretch of 18 alanine residues
with subthermal electrons produced by a standard EIl [17]. The 2t ions of such a peptide that presum-
filament installed on the backside of the FT cell and ably preserved in the gas phase helical structure
biased t0+-0.85 V. At the end of the irradiation event, gave in ECD varying relative abundances of c
2ms pulse of a cooling gas (nitrogen or argon) was ions (Olsen et al., unpublished results). In contrast,
applied to remove the excess of kinetic and internal CAD of the same species produced much more ho-
energy from the fragment ions. The resulting spectra mogeneous b, y cleavages, due to dissociation of
were processed manually. The relative cleavage fre- hydrogen bonds prior to backbone fragmentation. To
guencies were determined as sums of the abundancesvoid the effect of strong intra-molecular bonding,
of all isotopic peaks of the complementary fragments we limited our study to<3 kDa molecules without
(c+2z* or b+y). To measure the degree of spectra sim- repeating amino acid sequences. The results should
ilarity quantitatively, we applied the product-moment be applicable to other molecules as well upon frag-
correlation coefficienR given by [15]: mentation of the intra-molecular bonding, e.g., by the
(G — D0 — 7)) activated ion technique [16].

- _11/2°
[X: (i = 023, = 9] 3.2. CAD vs. ECD of substance P
wherex andy are two fragmentation patterns.

R =

In order to study the effect of subtle structure
2.2. Sample preparation differences on the fragmentation pattern, CAD and
ECD spectra of substance P with acidic and amidic

Samples of synthetic peptides were obtained C-termini were compared. Fig. 2 shows CAD spectra
from Sigma or synthesized in-house. Typically, ©f MALDI-produced k- ions in both forms. While
1-2pL of 1075M solution in 49:49:2 (V/VIV) the spectrum of the molecule with the acidic terminus
methanol-water—acetic acid mixture was loaded into Was dominated by thesy fragment, the other showed
a nano-electrospray pulled glass capillary (MDS Pro- @n abundant ammonia loss from both the molecular

teomics, Odense, Denmark) and used as a source ofon and the most abundant fragmento¥y. This dif-
ions lasting for over 60 min. ference can be explained by the interaction between

the basic lysine residue and the acidic C-terminus,
and the absence of such interaction with the amidated

3. Results and discussion C-terminus.
As demonstrated by Fig. 3 where CAD spectra of
3.1. Strong intra-molecular hydrogen bonding ESI-produced 2 ions are presented, the cleavage

frequencies become more similar at higher charg-
For species >8kDa, McLafferty and co-workers ing. Yet the differences in the relative abundances of
have shown that intra-molecular hydrogen bonding big?t, yo©, and especially ¥ ions are quite signifi-
may prevent fragment separation in ECD although cant. In contrast, the ECD spectra of 2ons (Fig. 4)
the N-C, backbone cleavage seems to occur [3,16]. differ mainly in the relative abundances of the C-
Moreover, participation of the backbone carbonyl terminal products, the;g" fragment and the reduced
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Fig. 2. CAD mass spectra of MALDI-producedt+lions of substance P in the acidic (a) and amidated (b) forms.
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Fig. 3. CAD mass spectra of ESI-produced bns of substance P in the acidic (a) and amidated (b) form.

[M + 2H]** ion. This is despite the fact that these patterns and the presence of dissimilarity near the
two spectra were obtained by different operators and place of chemical divergence are consistent with the
experimental set-ups, which resulted into very differ- local character of ECD. CAD spectra appear to be
ent signal-to-noise ratios. The similar fragmentation reducible to a significantly lesser extent.
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Fig. 4. ECD mass spectra of ESI-produced iPns of substance P in the acidic (a) and amidated (b) form.
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Fig. 5. ECD cleavage frequencies in the molecular ions of ACTH peptides:Ha)f 2-10, (b) 3~ of 1-17 and (c) 5§ of 1-24.
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3.3. Repeatability co-workers [3]. The obtained correlation coefficients,
R = 0.9, revealed that multiple electron capture is a
The repeatability of measurin@ was determined  minor process, at least in the mass range relevant to
from the comparison of two ECD spectra taken with the current study. However, to be on the safe side, we
an interval of 3 weeks using the same experimental used the ejection of the reduced species in the subse-
parameters. The obtained average correlation coeffi- quent experiments.
cient for ACTH 1-17, 4 and ACTH 1-24, § was
R = 0.9. The value in CAD was similar. Due to the 3.5. Charge state effect
good repeatability, there was no need in distinguish-
ing between the ¢ and y ions and the less stable z The recombination energy RE in ECD is given by
and b-fragments [1,9]. [18]:
3.4. Multiple electron capture RE = 136eV—PAIM, 1] + HAM,-a].
where PA[M,_1] and HA[M,_1] are the pro-
The largest product peaks in ECD mass spectra ton affinity and the hydrogen atom affinity of the
are usually due to the species in the decremented[M + (n — 1H]™~D+ jons, respectively. While
charge state but similar mass as the precursor molec-the latter value is ca. 0.6 eV for*Hcapture by the
ular ions [1]. Subsequent electron capture by these re-carbonyl oxygen (Jensen and Zubarev, unpublished
duced species may produce fragments [3]. To test how results), the former depends upon the charge state
this affects the correlation coefficient, we compared (n— 1) and generally decreases by ca. 1 eV per charge
conventional ECD spectra with those obtained with for peptide in the 1-2kDa range [19]. Because of
sustained on-resonance ejection of the reduced specieshe higher exothermicity of the electron capture, the
off the cell, as has been suggested by McLafferty and fragmentation pattern of the higher charge states may

3]
25 7] H Brad
@ ] O desArgl
o i
® - B Lys-Brad
o ]
c ]
S ]
5 ]
® 15 7]
@ J
= 4
8 ] -
@ 1 7 TTTTTTTTTTTTTTTTTITTTTTTT IO B T O T
o ]
0.5 7]
0 T T

K R P P G F S P F R

Fig. 6. ECD cleavage frequencies iR-2ons of bradykinin, des-Argbradykinin and Lys-bradykinin.
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be expected to differ from that of the lower charge intra-molecular proton bonding, additional protons

states. Besides, the secondary structure of ions is alsoeventually destabilize it due to the growing Coulombic
charge-dependent. While the first proton added to repulsion. However, the averagevalue for different
a linear molecule can stabilize its conformation via charge states of the same molecules (ACTH 1-10,
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2+ and 3+, ACTH 1-17, 3+ through 5+ and ACTH 4. Conclusions
1-24, 4 through 6t+) reached a respectable value

of 0.6 compared taR = 0.2 for CAD of the same The first, preliminary step towards utilizing frag-

species. ment ion abundances for deriving sequencing infor-
mation on peptides has been made. The results of

3.6. Sze effect the present statistical analysis of ECD cleavage fre-

guencies, despite its limited scope, are encouraging. It

The cleavage frequencies were compared in the con-appears that these frequencies are significantly less af-
sensus sequence regions of the ACTH 1-49,2-17, fected by the molecular size, basicity and the charge
3+ and 1-24, 5 ions. When the charge states were state than CAD data, and determined primarily by the
chosen such that the/z values were similar, the av- local sequence. Although the degree to which neigh-

erage correlation coefficient wag = 0.6 for ECD boring chemical groups do affect the cleavage fre-

(Fig. 5) andR < 0.2 for CAD. guencies have not been quantitatively determined, the
importance of the current findings is in the indication

3.7. Basicity effect that ECD spectra may be reducible. This, in turn, en-

courages creation of a database of relative ECD cleav-

Fig. 6 shows the relative abundances of ECD frag- age frequencies. In our lab, we plan to build such
ments of 2 ions of bradykinin and its variants. The a library and to test with its help the utility of the
average correlation coefficient was = 0.8, despite library-based sequencing approach.
the fact that one variant was without the C-terminal
arginine and another one was with additional lysine at
the N-terminus, which changed the number of strongly Acknowledgements
basic sites from two to one and three, respectively.
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