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Abstract 

The question of site of protonation in peptides that do not contain basic residues is addressed. The additional basicity of the 
peptide conferred by the amino terminus is removed by N-acetylation. Comparison of the surface-induced dissociation energy 
requirements for the fragmentation of the peptides with and without the N-terminal amine indicates that the N-terminal amine 
sequesters the proton. © 1998 Elsevier Science B.V. 
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I. Introduction 

Knowledge of the structures of gas-phase pro- 
tonated peptides is important because the struc- 
ture influences the dissociation [1-5] and, thus, 
the sequence determination of the peptides. 
Sequence determination will be most effective 
for total unknowns when it is clearly understood 
how the various structural parameters affect dis- 
sociation pathways. Furthermore, determination 
of differences and similarities between gas phase 
and solution structures will help clarify the role 
of solvent in determining the structure and func- 
tion of peptides and proteins, and will further 
define the role that gas phase experimental 
studies can play in structure-function investiga- 
tions. By using methods which generate limited 
excess internal energy, a homogeneous popula- 
tion of protonated peptides can be produced in 
which the proton is sequestered at the basic side 
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chain [2,3,5,6]. Computational and experimental 
investigations have suggested the involvement of 
additional stabilizing intramolecular solvation by 
other heteroatoms such as the amide oxygens [6- 
12]. It has not been clearly established whether 
peptides with no basic residues are protonated 
predominantly at the amino terminus (with intra- 
molecular solvation to other sites) or whether 
other structures, such as those in which multiple 
amide oxygens solvate the proton without the 
involvement of the amino terminus, might 
account for a significant percentage of the total 
ion population. Results from a variety of compu- 
tational a n d  experimental studies such as 
bracketing techniques for small oligoalanines 
and oligoglycines suggest that in the peptides 
composed only of nonbasic residues, the proton 
may be solvated completely by the various amide 
oxygens [7-12]. This work aims to establish 
whether a gas-phase population of a protonated 
nonbasic peptide can exist predominantly as the 
amino-protonated form. 
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2. Experimental 

Experiments have been performed in a dual 
quadrupole mass spectrometer which is described 
elsewhere [13,14]. The ions are produced by 
electrospray ionization with a heated capillary 
design which is a modified version of the electro- 
spray design described in Ref. [15]. N-Acetyla- 
tion of peptides was performed by the addition of 
acetic anhydride (1:2) followed by continuous 
stirring for 10 min. The singly protonated pep- 
tides produced by electrospray ionization were 
mass selected and subjected to surface-induced 
dissociation (SID) over a range of collision 
energies. Self-assembled monolayer (SAM) sur- 
faces prepared by the spontaneous assembly of 
octadecanethiolate (C18) on gold were used as 
collision targets [14]. For the smaller, nonbasic 
peptides of the type used in this study, the C18 
surface provides access to lower internal energy 
deposition than would a fluorinated surface [14]. 

A series of SID spectra were obtained by apply- 
ing collision energies in 2.5-5.0 eV increments 
over an energy range of 10-45 eV and the 
fragmentation efficiencies ([fragment ions]/ 
[fragment ions + unfragmented precursor ions]) 
were calculated. 

3. Results 

Fig. 1 shows the comparison of fragmentation 
efficiency curves for AAAAA and N-acetyl 
AAAAA. The fragmentation efficiency curve 
for the peptide with an intact amino terminus is 
shifted to higher collision energy than the peptide 
with acetylated N-terminus. Similar experiments 
were performed for a series of oligoalanines 
(Ala)n, where n = 2-6,  and the results are plotted 
in Fig. 2. For comparison, results for (Gly)n, 
where n = 2-5 and N-acetyl GGGGG are included. 
The collision energy values corresponding to 
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Fig. 1. Fragmentation efficiency curves of [M + H] ÷ ions for AAAAA (e)  and N-Ac AAAAA (©) obtained upon collision with an octa- 
decanethiolate SAM surface. 
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Fig. 2. Pitt of collision energy corresponding to ~50% fragmentation of oligopeptides vs. the number of carbonyl oxygens. 

~50% fragmentation measured from the type of 
curves shown in Fig. 1 are presented in Table 1. 
The results for N-acetyl AAAAA extend pre- 
vious results for XAAAA, where X = A, P, K 
and R; the values of the collision energy corre- 
sponding to ~50% fragmentation for these pep- 
tides are included in Fig. 2 and Table 1 for 

comparison. The energies required for - 5 0 %  
fragmentation of the precursors shown in 
Table 1 show clearly that for all of the peptides 
investigated, those with N-acetylated amino 
terminus require lower energies for fragmenta- 
tion compared to the peptides with intact amino 
terminus. 

Table 1 
Collision energy required to achieve -50% fragmentation for the peptides examined. Collision energy values for peptides containing basic 

residues are provided for comparison 

Peptide ~ Energy corresponding to ~50% fragmentation (eV) 

Intact N-terminus Acetylated N-terminus 

AA 23.7 14.9 
AAA 18.3 16.5 
AAAA 21.5 17.9 
AAAAA 25.4 19.7 
GG 23.5 - -  
GGG 18.4 - -  
GGGG 21.6 - -  
GGGGG 25.6 19.9 
PAAAA 32.8 - -  
KAAAA 38.8 - -  
RAAAA 46.8 - -  

a The GB (in kcal/mol) of the amino acids are A (212.4), G (202.4), P (221.9), K (226.0), R ( > 233.8) [20]. 
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4. Discussion 

For all peptides, it is clear that prior knowledge 
of the likely location of charge and the mobility 
of that charge would assist in interpretation of 
dissociation spectra produced upon activation 
of the protonated peptide and in the development 
of a general predictive model for peptide disso- 
ciation. It is generally accepted that nonbasic 
peptides fragment more easily than basic pep- 
tides and that rich fragmentation patterns result 
because charge can be located heterogeneously 
with only limited energy input, i.e. the fragmen- 
tation of peptides is charge-directed, requiring 
proton localization at the cleavage site [1-5]. 
This heterogeneous population can be more 
easily achieved (requires less energy input) for 
nonbasic peptides, where gas-phase basicity 
(GB) differences between the most basic 
(amino terminus) and second most basic sites 
(amide oxygen) are relatively small, and less 
easily achieved (greater energy input) if more 
basic residues are present. One model for the 
fragmentation of peptides in MS/MS experiments 
is that the activation process facilitates proton 
transfer from more basic sites (e.g. basic side 
chains) to less basic sites (e.g. amide oxygen 
and nitrogen) and initiates cleavage. Ab initio 
and MNDO bond order calculations [16] have 
indicated that the amide N-protonated form can 
cleave readily; such a form is hypothesized as a 
fragmenting structure and can play an important 
role in dissociation even if it is not a dominant 
member of the original ion population prior to 
activation. The data of Table 1 are consistent 
with this general model. Although the spectra 
are not shown, the derivatization mainly influ- 
ences the energetics of fragmentation and not 
the type of product ion formed and therefore it 
is reasonable to assume that the mechanisms of 
formation of the product ions in both N- 
acetylated and the intact N-terminal peptides 
are similar. In both cases, the spectra consist 
almost entirely of b, a and y type ions. The fact 
that the SID fragmentation efficiency curves shift 

to higher energy with an increase in the basicity 
of the most basic residue suggests that the basic 
residue controls some aspect of the fragmenta- 
tion. It is not a priori obvious that there should 
be a dependence of fragmentation efficiency on 
GB because fragmentation is a kinetic process 
and the GB is a thermodynamic property. A 
straightforward explanation for such a relation- 
ship, coupled with the fact that the fragmentation 
patterns are quite similar (for the N-terminal deri- 
vatized peptides and those with an intact amino 
terminus), is that the basic residue sequesters the 
proton and fragmentation requires intramolecular 
proton transfer which is dependent on the relative 
GBs of the various basic sites in the molecule. 
The fragmentation of peptides with and without 
an intact amino terminus clearly requires 
different energy input (Fig. 2). 

For diglycine, the difference in the energies 
between the amino N-protonated form and the 
O-protonated form (carbonyl oxygen of first 
amino acid) calculated at the 6-31G* SCF and 
MP2 6-31G*//6-31G* SCF level is 5.5 kcal/mol 
(Somogyi et al., unpublished data). This is in 
general agreement with the number published 
by Cassady and co-workers for triglycine 
(5.08kcal/mol 6-31G*//3-21G) [10]. In the 
unmodified peptide, protonation can occur in at 
least two possible ways such as illustrated in 
Fig. 3(a,b). A proton can either be solvated by 
the different basic sites such as the amino termi- 
nus and the neighboring amide oxygens, or be 
completely solvated by the amide oxygens of 
the peptide backbone away from the amino ter- 
minus. If the proton is completely solvated by the 
amide oxygens, then the N-terminal amine would 
have no significant influence on the protonation 
and the subsequent fragmentation. N-Acetylation 
removes the additional GB conferred by the 
amino terminus by converting the N-terminal 
amine to an amide bond. This results in a peptide 
backbone with a number of sites of comparable, 
lower proton affinities. Fig. 3(c) shows the 
expected protonation for the N-terminal 
derivatized peptide in which the proton is 
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Fig. 3. Cartoon depicting the plausible protonation behaviors for (a) 
and (b) peptide with intact N-terminus and (c) peptide with deriva- 
tized N-terminus. 

expected to be solvated by the various amide 
oxygens. 

The N-terminal amine can be involved in the 
protonation (Fig. 3(b)), either by participating in 
solvation or by being protonated predominantly 
at that site. In either case, subsequent charge 
directed cleavage involving proton transfer 
would require energy in excess of that required 
for similar processes in the derivatized peptides 
that do not contain a N-terminal amine. However, 
in the cases shown in Fig. 3(a,c), the proton trans- 
fer should occur with comparable ease as the N- 
terminal amine is not expected to be involved in 
protonation or solvation of the proton. The 
experimental results clearly show that a differ- 
ence in the energy requirements exists for the 
fragmentation of peptides with and without the 
N-terminal amine. This suggests that the N-term- 
inal amine is involved in the protonation. Thus 
the protonated structures depicted in Fig. 3(b,c) 
are consistent with the experimental results while 

that shown by Fig. 3(a) is not. A population 
of protonated peptides in which proton is 
sequestered at the amino terminus can be 
achieved, with additional intramolecular 
solvation possible as suggested by Bursey and 
co-workers [12], and the energy required to 
fragment these peptides reflects this 
sequestration. 

4.1. Dipeptides 

Another notable feature of the data in Fig. 2 is 
the deviation in the fragmentation behavior of the 
dipeptides compared to that of the higher members 
in both the oligoalanine and the oligoglycine ser- 
ies of peptides. As shown in Table 1 and Fig. 2, 
50% fragmentation of AA requires higher energy 
than 50% fragmentation of AAA. (Similar beha- 
vior is also shown by GG in comparison with the 
higher members of the series.) Upon acetylation, 
AA behaves linearly with the higher members of 
the series, AAA, AAAA and AAAAA. This 
anomaly in behavior shown by the dipeptides 
might be attributed to a strong interaction between 
the N- and the C-terminus that may be unique to 
dipeptides. Investigation of GB of a series of 
dipeptides by Gorman and Amster [17] and Cas- 
sady and co-workers [18] using bracketing techni- 
que has indicated the possibility of strong H- 
bonding interactions between the amino terminus 
and the amide oxygen. Many research groups have 
included dipeptides as models for understanding 
theoretical and experimental aspects of peptide 
structure and fragmentation in the gas phase [7- 
12,16-19]. Whatever the origin of the anomaly in 
the behavior of dipeptides compared to the 
peptides with more amino acid residues, our 
observation indicates that dipeptides may not be 
good models for studying the structure- 
fragmentation relationship of larger peptides. For 
the (Ala)n and (Gly)n series of peptides, the 
dependence of fragmentation on the size of the 
peptide is the subject of an investigation in 
progress. 
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5. Summary 

The above results show that additional energy 
is required for fragmentation of peptides that 
contain an N-terminal amino group compared 
with those that do not contain the N-terminal 
amino group. For nonbasic peptides, the N-term- 
inal amine is involved in sequestering the ioniz- 
ing proton. 
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