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Abstract

The comparison of low energy gas-phase collision-induced dissociation (eV CID) and low energy surface-induced dissociation (eV SID)
of protonatedN-acetylO-methoxy (N-acetyl OMe) proline shows that this ion has two main fragmentation pathways. One of them is the loss
of methanol that occurs at low internal energy. The other one is a higher energy process, the loss of ketene from the protonated molecule.
Theoretical calculations at three different levels provide further support for the energy requirements of these fragmentation reactions. These
calculations also suggest that several protonated forms may coexist together after the ion activation and several fragmentation pathways may
be operative, especially for the ketene loss.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and now is widely accepted. In spite of its relative simplic-
ity, this model provides a good qualitative description for
MS/MS fragmentation of singly and multiply protonated peptide fragmentation. Briefly, this model states that upon
peptides has a great practical importance; based on the fragion activation, the proton(s) added to a peptide will migrate
mentation pattern and sequence information in databasesto various protonation sites prior to fragmentation and will
the sequence of individual peptides can be determined, andrigger charge directed cleavages. If the proton is strongly
protein identification can be rationalized by using different sequestered by a basic amino side chain, or in the lack of
search algorithms, such as SEQUERY], Mascot[2], and the ionizing proton (fixed charged derivative peptides), other
MS-Tag[3]. An improved understanding of fragmentation processes, such as charge remote fragmentation can also oc-
rules for protonated peptides and their incorporation into cur[14]. Simple molecular orbital calculations on different
these search programs may increase the reliability of proteinprotonated form§l5,16]also played an important role in the

identification by MS/MS. emergence of the mobile proton model. These calculations
Based on systematic studies by Biemann and M4iin clearly show that protonation on the amide nitrogen leads to
Boyd and co-worker$5,6], Harrison and co-worker,8], a considerable weakening of the amide bond while protona-

Gaskell and co-worke(9,10], and Wysocki and co-workers  tion on the amide oxygen makes the amide bonds stronger

[11-14] the so-called “mobile proton” model has emerged than those in the neutral species. As a result, amide bond

protonated forms are considered to be possible “fragment-
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validated by additional theoretical calculations by Paizs and retically together with the description of the two main frag-
co-workerg17-21] Very recently, a kinetic model based on mentation pathways.

the mobile proton model has also been developed by Zhang

to quantitatively simulate the low energy collision-induced

dissociation spectra of protonated peptifs. 2. Experimental
As was pointed out by Paizs and Suhai in a recent review
on peptide fragmentatiofil9], the mobile proton model Methyl prolinate hydrochloride was purchased from

addresses questions associated mainly with the predissociAldrich and was acetylated without further purification by
ation step(s), i.e., the model focuses on the accessibility orusing 5% sodium bicarbonate and acetyl chloride.

inactivity of proton-transfer pathways, which lead to reactive ~ MS/MS fragmentation spectra of the protonat®th{H]*
intermediates of sequence ion fragmentation channels.N-acetyl OMe prolinet§yz172) were obtained on four differ-

To overcome this limitation, the use of the “pathways in entinstruments with differention activation techniques. In all
competition” (PIC) model that involves a detailed energetic cases, electrospray ionization (ESI) was used to generate the
and kinetic characterization of the major fragmentation path- [M + H]* precursor ions. Sample solutions, with a concentra-
ways (PFPs) is proposed. This approach maps the potentiation range of 40-6p.M in MeOH:H,O 1:1 containing 2% of
energy surface (PES) and thus provides more mechanisticacetic acid, were infused with a flow rate of 2&#min.

and kinetic information on peptide fragmentation. It has A Thermoelectron (Finnigan) LCQ Classic ion trap in-
been pointed out that several fragmentation pathways existstrument was used to obtain low energy/multiple collision
even for relatively simple systems (e.g., for RDH, see spectra. Helium was used as collision gas and 10-30% of
ref. [20]). Although a carefully built search engine has been the maximum excitation amplitude was applied. An lonSpec
proposed by Paizs and Sulfial] to make these calculations 4.7 T FT-ICR instrument was used to obtain SORI and RE
automatic, this detailed computational approach still requires MS/MS spectra. Nitrogen gas was used as collision gas and a
a lot of computational time. Therefore, other experimental 1000 Hz frequency shift was used in the SORI experiments.
and statistical approaches to study peptide fragmentation areA short excitation pulse (20—30s) was used in the RE ex-

justified. periments. A Finnigan TSQ 7000 QQQ instrument was also
The first statistical evaluations of the MS/MS data of large used to obtain gas-phase collisional activation spectra with
numbers of protonated peptides are just emer{23g-25] Ar. In this case, the laboratory collision energy was varied

The Wysocki group has been extensively involved in this in the range of 10-30eV. For surface-induced dissociation
work by evaluating many thousands of low energy collisional (SID) experiments, a custom-modified Micromass Q-TOF
activation (eV CID) spectra. This group also has many years instrument was used. A self-assembled monolayer prepared
of experience in another ion activation technique, low energy by reaction of 2-(perfluorooctyl) ethane thiol with a gold sur-
surface-induced dissociation (eV SID) developed originally face was used as the collision target.
by Cooks and co-workef&6]. In fact, eV SID fragmentation
of protonated peptides provided much experimental evidence
of the “mobile proton” modej14]. 3. Computational details

In the present work, we present a combination of both
experimental and theoretical results that are related to the in-  Throughout the paper, the following notations are used:
vestigation of the so-called “proline effedi23,27-29] To for global and local minima of protonated-acetyl OMe
make the computational time reasonable, we chose the sim-structures, MHI is used, wherd =0-n, MH_O indicating
plest model compoundi-acetylO-methoxy (N-acetyl OMe) the most stable structure reported by Siu and co-workers
proline. The structure of this compound and its protonated [30] (global minimum), MH1 is the second most stable
form has been calculated by Siu and co-worka6§. We ap- structure, MH2 is the third most stable structure, etc. Note
plied three different levels of calculations as described in the that all relative energies are referenced to the Biglobal
computation details below. On the experimental side, we usedmimimum (Table 1. TS.I_J indicates a transition state
different ion activation techniques available on different in- which connects théth andJth minima, while TSI _K and
struments. They include eV CID in a Thermoelectroniontrap TS_I_M indicate transition states correspond to a ketene (K)
instrument and in a Thermoelectron triple quadrupole (QQQ) or methanol (M) loss from thé&h minimum, respectively.
instrument, sustained off-resonance irradiation (SORI), and Despite the relative simplicity of the investigated ion and
resonance excitation (RE) in an lonSpec 4.7 T Fourier trans-the fragmentation processes, many local minima and many
form ion cyclotron resonance (FT-ICR) instrument, and eV transition states can be found on the potential energy surface.
SID on a modified Micromass Q-TOF instrument. As will In this paper, the only structures taken into account were
be pointed below, a low energy process (methanol loss), andthose based on energetic considerations, which might play
a high energy process (ketene loss) have been observed aisnportant roles on the investigated processes.
main fragmentation pathways for protonateédicetyl OMe Three processes have been studied: (i) the proton transfer
proline. The ketene loss is preceded by a proton transfer sofrom the global minimum (MHO) to one of the local minima
that the proton migration process was also investigated theo-MH_(1-4) that corresponds to the ring N protonated form),
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Table 1
Energy and ZPVE corrected energy values (in kJ/mol) for a few stationary points on the potential energy surface of the protonated prolinealeulaitde c
by B3LYP, HF, and MP2 levels of theories using the same 6-31++G(d,p) basis set

Structure B3LYP HF MP2
E E+ZPVE E E+ZPVE E E+ZPVE

MH_0 0.00 Q000 000 000 000 000
MH_1 1924 1940 1555 1539 1235 1171
MH_2 57.25 5677 5436 5404 3993 3816
MH_3 7104 7Q72 7024 6991 5179 5003
MH_4 84.03 8419 7889 7938 5805 5741
MH_5 8916 8836 8739 8691 6318 6126
TSO01 4025 3961 3207 3031 3031 2854
TS.02 9349 8210 11642 10295 8226 6991
TS.04 24550 23011 28287 26683 23284 21696
TS1M 14320 13694 18505 17078 12909 12155
TS2K 180.56 17254 20574 18200 17174 15138
TS3K 177.03 16901 20574 18200 17174 15138
TS 4K 17142 15442 20076 17799 16372 14256
TS5K 170.62 15506 20092 17815 16116 14031

SeeFigs. 2 and 3and the text for structure notation. The energy values for the global minima%88.9927186,-593.5390676, and-591.8113034 a.u. at
the HF, B3LYP, and MP2 levels, respectively.

(ii) the loss of methanol through the T&®M transition state, Low energy gas-phase collisional activation in the ion trap
and (iii) the loss of ketene through the T$-4) K transition instrument leads to the loss of MeOR#/¢ 140) and a subse-
states. quent loss of COrfVz 112) (Fig. 1a). Note that SORI in the

For the global minimum, the structure reported by Siu lonSpec 4.7 T FT-ICR resulted in a spectrum very similar to
and co-workers has been confirnj@€]. Note we have found  that detected in the ion trap. Resonance excitation in the FT-
that all the other geometries corresponding to other stationarylCR cell resulted in the same fragmentions but a weak peak at
points on the potential energy surface have higher energy thamvz 130 also appeared in the MS/MS spectrum (not shown).
this global minimum structure. This fragmention is more prominent in the MS/MS spectrum

For MH.0— MH_2, the methanol loss and the ketene obtained on the triple quadrupole instrumefig( 1b). This
loss pathway potential surface scans have been performedon corresponds to the loss of ketene &@=0) from the
using two of the internal coordinates thought to be important protonated molecule. An additional fragment iormag 70
in the given reaction path. The potential energy surface scanalso appears in the QQQ MS/MS spectrum. This peak cor-
calculations have been carried out either using ONIOM responds to the proline immonium ion, P. The SID spectrum
(B3LYP/6-31++G(d,p):B3LYP/6-31G(d)) [31] or pure (Fig. 1c) shows great similarities with the QQQ MS/MS spec-
B3LYP/6-31++G(d,p) calculations. The stationary points trum. The ketene loss is apparent, butthe internal fragment, P,
were optimized at HF/6-31++G(d,p), B3LYP/6-31++G(d,p),
and MP2/6-31++G(d,p) levels of theories. Vibrational anal-
ysis has been performed at the same levels and all stationary
points have either zero (local or global energy minima) or
only one (transition states) imaginary vibrational frequency
(negative eigenvalues of the corresponding hessians). The
numbering scheme applied is showrScheme 1

All the calculations have been carried out using
Gaussian’98 and the Gaussian’03 packaffs33] For
visualization, the Molekel program sets were up2435].

4. Results and discussion

Fig. 1 shows the MS/MS spectra of the protonaféd
acetylO-methoxy proline obtained by different ion activation
methods: gas-phase collisional activation on (a) a Finnigan
LCQ lon Trap instrument, (b) a Finnigan triple quadrupole
(13 eV laboratory collision energy), and (c) surface-induced
dissociation on a Micromass Q-SID-TOF instrument (13 eV). Scheme 1.
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Fig. 1. MS/MS spectra di-acetyl OMe proline obtained by different ion activation methods such as gas-phase collisional activation on (a) a Finnigan LCQ

lon Trap instrument, (b) a Finnigan QQQ (13 eV laboratory collision energy), and (c) surface-induced dissociation on a Micromass Q-SID-TOf instrume
(13eV).

isless intense in the SID spectrum than in the QQQ spectrum,lations. Several stationary points (global and local minima

probably because of the multiple collision conditions used in and saddle points) have been found on the potential energy

the QQQ. surface. These, together with the corresponding structures,
The MS/MS results clearly show that there are two main will be discussed below in detail.

primary fragmentation channels: (i) a low energy fragmen-

tation pathway associated with methanol loss and (ii) a high 4.1. Structures corresponding to energy minima

energy pathway related to ketene loss. Both fragmentation

pathways must be associated with rearrangements that can The structures corresponding to the global and local

be triggered by proton migration in the protonated molecule energy minima, together with some selected transition states,

because neither can be explained by a direct cleavage of anyare shown irFigs. 2 and 3The relative energies of selected

of the low energy forms of the protonated molecule. Toinves- stationary points calculated by three different methods are

tigate the energetics of these rearrangement/proton migratiorcollected in Table 1 Table 1 also contains the absolute

processes, we performed detailed quantum chemical calcu-energies calculated for the global minimum.
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Fig. 2. MP26-31++G(d,p) structures of the protonabédcetyl OMe proline corresponding to the global minimum (MHand selected local minima
(MH_(1-5)).

MH_0 corresponds to the global minimum and was means that even at low energy ion activation, the WH
found to be essentially the same as reported by Siu andconformer may coexist with the most stable protonated form
co-workers[30]. In this most stable structure, the acetyl MH_O.
group is protonated and the ionizing proton is involved in Other structures in which the proton is located on the ring
a hydrogen bond between the acetyl O1 and ester carbonyhitrogen (N3) are also of particular interest because they may
06 atoms (the numbering of atoms is show®gheme L A be intermediates in the ketene loss pathway. Geometry op-
conformational isomer can be easily derived from the global timization starting from three different geometries for both
minimum, in which the H13 ionizing proton participates possible protonation sites of the N3 ring nitrogen leads to
in a hydrogen bond between the acetyl O1 and the estertwo new local minima for each structural isomer. Therefore,
08 atoms (MH1). This conformation also represents a altogether at least four different low energy protonated struc-
minimum on the potential energy surface of the protonated tures should be considered (M{2-5)). These structures are
molecule M+H]* and has higher (ZPVE corrected) depicted inFig. 2 and their relative energies are compared
energy by 11.71-19.40kJ/mol than the global minimum to the global minimum iffable 1 The structures MH2-5)
(depending on the computational method applieahle 1. have substantially higher relative energies than the Mb-

This relatively small energy gap between these structurescal minimum. In each isomer, the main differences between
indicates that the MHL conformation can be populated these local minima correspond to different acetyl conforma-
even at relatively low internal energy. In other words, this tions (Fig. 2).

TS 2 K TS 3 K TS 4 K TS 5 K

Fig. 3. MP26-31++G(d,p) structures of selected transitions states (see text for details).
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It should be mentioned that no local energy minimum was this transition requires more than twice the activation energy
found in which the ionizing proton is involved in a hydrogen than the MHO— MH_1 rotation (see, e.g., MP2 values of
bond between the acetyl oxygen (O1) and the ring nitrogen 69.91 kJ/mol versus 28.54 kJ/mdkble J).

(N3). Starting from such a structure, geometry optimization

resulted in a conformer that corresponds to the global eNnergy, 5 2 MHO— MH.4 conversion. T9.4

minimum, MH.0. The vibrational displacement vectors corresponding

to the imaginary frequency of this isomerization indicate

proton transfer from the protonated acetyl oxygen (O1) to the

ring nitrogen (N3) Fig. 2). In this case, the proton transfer

occurs through a four-member ring. This is less favorable

] than the MHO— MH_2 transition state that corresponds

4.2.1. MHO— MH_1 conversion, T9.1 to a seven-member ring. The dataTiable lindicate that,
This is an important structural conversion in which the jndependent of computation method, this stationary point has

proton bridged between the two carbonyl oxygen atoms (O1 the highest relative energy, more than 216 kJ/mol. Hence,

and O6) in MHO becomes bridged between the acetyl car- this proton migration process is less favorable than the

bonyl (O1) and the ester oxygen (O8) in MHand triggers  decomposition of the protonated molecule (see discussion

methanol loss. This conversion corresponds to a rotation pe|gyy).

around the C4C5 bond as shown by the vibrational dis-

placement vectors iRig. 3. The calculated activation energy

is about 40 kJ/mol (B3LYPTable 9. This relatively small ~ 4-3- Methanol loss

value suggests that the rate of the interconversion between

4.2. Transition states between the global energy
minimum (MHO) and the local energy minima MH,
MH_2, and MH4

MH_0 and MH.1 is high at low ion activation energy. It was mentioned above that thgr(_a is only a small energy
gap between the global energy minimum structure (9)H
4.2.2. MHO—> MH_2 conversion, T$.2 and its rotamer around the €&5 axis (MH.1). Hence, under

; . low energy activation conditions, M8 and MH.1 inter-
In contrast to the previous case when only a rotation " .
. . convert. The transition state corresponding to the methanol
around the C4C5 bond occurs, this transformation corre- e . .
-~ loss (TS1.M; Fig. 5 is the lowest energy transition state
sponds to a proton transfer from the acetyl O1 to the ring
. : . (ca. 120-170kJ/mofltable J among those that lead to frag-
nitrogen, N3 Fig. 4shows the potential energy surface scan . oo :
: o - mentation products. The vibrational displacement vectors
related to this proton migration. The minimum energy path . ", - .
. in the transition state indicate that while methanol leaves
corresponds to the movement of the proton, first towards the . . . .
. ; a lactone ring formation occurs in a concerted reaction.
nearby carbonyl oxygen (O6) and from there to the ring nitro- . o p : N
: ) : . Note again that methanol loss is triggered by a “rotational
gen (N3). Note that this proton migration does not necessarily
: : .2 proton transfer from the acetyl oxygen (O1) to the ester O8
require the existence of an O6 protonated local energy mini-

mum. Itis immediately apparent froRig. 4andTable 1that oxygen.
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Fig. 4. Potential energy surface calculated by the ONIOM (B3LYP/6-

31++G(d,p):B3LYP/6-31G(d)) method for the proton transition from the Fig. 5. Potential energy surface calculated by the ONIOM (B3LYP/6-
global minimum (MHO) to the most stable ring nitrogen protonated from  31++G(d,p):B3LYP/6-31G(d)) method for the methanol loss from the local
(MH_2). minimum MH_1.
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4.4. Ketene loss in the direction of the upper corner of each figure (i.e., at
relatively long N3-H (H15, H16, or H17) and sufficiently

It is reasonable that the ring nitrogen (N3) protonated short (1.5-1.6A) N3C2 distances). It is apparent from
forms play an essential role in ketene loss. In the ring ni- Fig. 6 that the acetyl group is separated significantly from
trogen (N3) protonated forms, the amide bond is signifi- the rest of the molecule before of one of the acetyl methyl
cantly weakened16,17] which helps in the elimination of  hydrogens moves to the N3 atom. In this part of the potential
the acetyl group. The departure of the acetyl group leavesenergy surface, however, the landscape is quite flat and might
behind a “satisfied” nitrogen bound to three atoms, with a contain several local energy minima connected by very low
lone pair available to remove a proton from acetyl producing energy transition states. Among those transition states, there
a neutral ketene and a positively charged counterpart. In or-must be some in which the imaginary frequency is dominated
der to find appropriate transition states for ketene loss from by the N3.-H.--CH,(CO) vibration. These transition states
the ring nitrogen protonated forms, potential energy surfacesare shown inFig. 3 (TS_(2-5)K). Notice that ketene is
have been generated by changing simultaneously th¢dN3  only loosely connected to the rest of the molecule in these
and the N3-C2 distances. It is important to note that this transition states. In other words, these transition states can
N(3)-H bond is the second NH bond, i.e., the hydrogen also be described as loosely bound ion-molecule complexes.
atom involved in this bond is one of the H15, H16, and H17 The other consequence of this flat surface is the very similar
acetyl methyl hydrogen atoms. For simplicity and computa- energy values obtained starting from quite different local
tional considerations, only the parts of the potential energy minima. We note, for example, that the PX and TS3_.K
surfaces thought to be important have been drawn. It is rea-transition states are exactly the same at the HF and MP2
sonable to assume that the-N32 bond should be weakened levels of theory (se&able 1 Fig. 3).
(i.e., the corresponding bond length should be increased) be- Finally, we note that the ZPVE corrected energy values
fore the new N3H bond is formed. Therefore, the potential corresponding to the transition states associated with ketene

energy surface calculations were started from anGBbond loss are higher than the transition state energies correspond-
distance of 2.4 A. ing to the methanol loss at all three levels of theory. For exam-
The four local energy minima geometries MB-5) ple, atthe MP2 level, the ZPVE corrected transition state en-

suitable for ketene loss are not shownFigy. 6, the figure ergies for the ketene loss are in the range of 140-152 kJ/mol
shows only the four different potential energy surfaces compared to those for the methanol loss of ca. 121 kJ/mol
calculated for ketene loss. The M{2-5) local minima are  (Table ). This result is consistent with the experimental

°
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Fig. 6. Potential energy surfaces calculated by the B3LYP 6-31++G(d,p) method for four different pathways of ketene loss.
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