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spectrometry will certainly continue to inspire many current and new physical and analytical chemists.

Abstract

A series of singly charged dilithiated peptides [ReH + 2Li]*, has been prepared in situ by electrospray ionization (ESI) or matrix-assisted laser
desorptionionization (MALDI) and their collisionally activated dissociations (CAD) have been examined by quadrupole ion trap or quadrupole/timi
of-flight tandem mass spectrometry, respectively. In the [Pelp+ 2Li]* derivatives, an acidic proton of the peptide is replaced by a lithium
cation, while the other lithium cation provides the charge. Upon CAD, thedns become mobile along the backbone of the peptide, inducing
fragmentations that produce sequence ions. Density functional theory calculations carried out for the dipeptide complex- [RheXBI}*
predict the existence of several isomers, including ions with lithium carboxylate and lithium amide structures with one or two salt bridges. Becal
the relative energies of these isomers are relatively small, all may be populated upon typical CAD experiments. This explains the presenc
protonated, singly lithiated as well as dilithiated fragments in the CAD spectra of-{Pep2Li]*. In general, the CAD spectra contain almost
complete, structurally diagnosticy, ¢,” and g" ion series, which allow for definitive sequence determination (the number of * indicates the
number of metal ions in the fragments).

The formation of C- as well as N-terminal products from [Reid + 2Li]* agrees well with both carboxylate and deprotonated amide structures
being populated upon CAD, consistent with the theoretical prediction. Besides promoting sequence-specific fragmentations, dilithiation of 1
precursor ions also enables the elimination of radicals (at low collision energies) to form dilithiated peptdkbone radicals. Very similar
characteristics are observed for singly charged disodiated peptides.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction the measured masses in a protein database may help to iden-
tify the peptides (and their protein precursor), if that protein
Peptide analysis plays an important role in studies aimindiad been characterized befgde5]. Otherwise, the sequences
at the characterization of protein structure and function. Conef unknown peptides can be deduced by tandem mass spectrom-
sequently, the development of effective, rapid and sensitivetry (MS/MS)[1-3]. The majority of protein MS and MS/MS
methods of peptide sequencing has been an active research astadies reported so far have employed fast atom bombardment
in biological sciencg¢1—3]. The general protocol for the analy- (FAB) [6], matrix-assisted laser desorption ionization (MALDI)
sis of protein mixtures by mass spectrometry (MS) begins witfj7,8] or electrospray ionization (ES]9] to ionize the digested
separation of the proteins on 2-D gels and subsequent digestigeptides. FAB was the major ionization method of biological
of the individual proteins by trypsin. The digestion productssamples inthe 1983-1992 decade, while the newer MALDI and
are analyzed by MS to determine their masses. A search &SI methods are largely used today.
In general, the ionization methods mentioned produce pro-
tonated peptides [Pep +H]having the proton attached at the
* Corresponding author. Tel.: +1 330 972 7699; fax: +1 330 972 7370. most basic site of the molecU0]. Upon collisional excitation,
E-mail address: wesdemiotis@uakron.edu (C. Wesdemiotis). protons not attached to Arg residues become mobile, i.e., they
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can move along the backbone or to the side chain substituentioes, which leads to peptide bond cleavage to yield N-terminal
to induce fragmentation reactions that yield products charads-type ions or C-terminal y-type ions. Using the nomencla-
teristic of the peptide sequen¢&0-14] Protonated peptides ture introduced for protonated fragments, these ions are named
contain three types of backbone bonds, ¥2—CO to G,—CO  [b, —H+M]* or [y, — H+M]" ions because they carry™n
and N-*C to N-G,, all of which may be cleaved upon fragmen- place of H charges; for brevity, the acronymg'band y," are
tation. According to the nomenclature introduced by Roepstorflised. Peptides cationized by singly charged metal ions undergo
and Fohimaifil5] and later modified by Biemarjh6], theresult-  a unique fragmentation which produces truncated peptide com-
ing fragmentions are classified gsl, and g, ionsifthey retain  plexes devoid of the C-terminal amino acid residue; these N-
the N-terminus or x, y, and z ions if they retain the C-terminus terminal fragments have been termeg_[b+ OH +M]* ions
of the peptide. From these sequence-indicative backbone fra§@5]. Because of the favorable energetics of [b+ OH + M]*
ments, the fly, pairs arising from breakup of the peptide bond formation, the MS/MS spectra of peptide [Pep +Mdns are
usually dominate MS/MS spectra obtained by collisionally acti-dominated by these fragments and competitive fragmentations
vated dissociation (CAD) at low collision energies (eV range)are either absent or suppressed significai2uy.
[10-12,14] The b,/y, backbone ions are formed by migration = The mechanism of [o;+OH+M]* formation has been
of the ionizing proton to the various N atoms of the amiderecently elucidated43]. This reaction proceeds via a mixed
bonds, which weakens these bonds and facilitates fragmentanhydride intermediate. With dipeptides, the same intermediate
tion via attack of the emerging acylium ions=C)*---HN, by is traversed irrespective of sequence. As a result, the MS/MS
a nearby nucleophilgl0,11,17-19] Most often, the attacking spectra of the [Pep+ M]ions from isomeric dipeptides are
nucleophile is the N-terminally adjacent carbonyl oxygen andften indistinguishablg35,43,44] Our group recently found
the b, product has a protonated oxazolone end gr@m21], that this problem is bypassed if the peptides are derivatized to
while the complementaryyion is the protonated form of atrun- their carboxylate salts, for example, if [PegH + 2Li]* precur-
cated peptidg22]. Since such cleavages can take place randomlgor ions are usef#14,45] In the latter complexes, the proton
at any position in the backbone, they lead to complementargn the C-terminal COOH group is replaced by one lithium
series of fragments that reflect the peptide’s sequence. cation, while the second lithium cation provides the charge.

Ifthe peptide carries functionalized amino acid residues (e.g[Pep— H + 2Li]* ions from isomeric dipeptides (e.g., FG/GF)
Asp, His or Lys), certain bonds near these residues may bgive substantially different fragmentations patterns, displaying
cleaved preferentially under certain conditi¢h8,12,23] Such  unique c- and y-type fragments that permit unequivocal dif-
selective cleavages are of interest because they produce simpferentiation[44]. This approach is extended in this study to
fragmentation patterns in CAD spectra, similar to enzymatidarger dilithiated peptides. The fragmentation characteristics
digests producing simpler and more predictable peptide mixef a number of [Pep- H+ 2Li]* and select [Pep H+2Na]"
tures. For example, it has been found that an internal lysineons are examined in detail by different MS/MS techniques in
residue enhances the cleavage of the amide bond in the ©rder to evaluate the usefulness of such precursor iona,wiss
terminal position, especially in the absence of a mobile protonmonometalated or protonated precursor ions, in the elucidation
the amine group of the lysine side chain initiates fragmentationof peptide sequences. The experimental results show that singly
leading to i sequence ions with lactam structuf#8,24] Sim-  charged dimetalated derivatives can lead to valuable sequence
ilarly, in peptides with no mobile proton, acidic residues (Asp,insight, which is particularly important when the corresponding
Glu) have been found to enhance cleavage of the C-terminallprotonated or monometalated precursors give MS/MS spectra
adjacent amide bor{d 0,14,25-28]under these conditions, the with incomplete sequence ion ser[é$].
acidic proton of the side-chain initiates amide bond cleavage to
create a pion with an anhydride end groyp4]. 2. Experimental

Peptides from tryptic digests often yield doubly protonated
ions when ionized by ESI, i.e., [Pep+2H] One proton is 2.1. ESI quadrupole ion trap mass spectrometry (QIT MS)
sequestered at the basic Lys or Arg C-terminal, while the othe#xperiments
can migrate along the backbone to produce the same types of
ions presented above for singly charged [Pep*idhs. It is The MS/MS characteristics of [PepH + 2Li]* ions formed
not uncommon that peptide [Pep +Hjr [Pep + 2Hf* ions do by ESI were examined by CAD in a Bruker Esquire-LC ion
not produce enough backbone fragments upon MS/MS to allowrap (Bruker Daltonics, Billerica, MA). The peptides were dis-
for definitive sequence determinatif#t]. For this reason, met- solved in methanol/water 1:1 (v:v), which was saturated with
alated peptides have been investigated as alternative precurdithium hydroxide (LiOH) or lithium trifluoroacetate (LITFA)
ions[23,24,29-42] Attachment of a metal cation (WMto pep-  at a concentration of 1 mg/mL. The solutions were introduced
tides for sequencing purposes can be viewed as “derivatizationiito the ion source by a syringe pump at a rate of 20h. The
of the sample to alter and control the fragmentation observedpraying needle was grounded and the entrance of the sampling
in MS/MS experiments. Metal ions interact strongly with the capillary was set at-4 kV. Nitrogen was used as the nebulizing
basic sites of a peptide molecule, such as the carbonyl groupgas (10 psi) and drying gas (8 L/min, 180). [Pep— H + 2NaJ
N-terminus and side chain substituents. Attachment of a metabns were formed analogously, using the corresponding sodium
ion to a backbone amide group increases the electrophilic chasalts. These solutions coproduced [Pep ¥ HPep + M]" and
acter of the amide carbon the same way as proton attachmejftep— 2H + 3M]" ions. In MS/MS mode, the desired precursor



P. Wang et al. / International Journal of Mass Spectrometry 249-250 (2006) 45-59 47

ion was selected by ejecting all other ions from the trap, and th AAAAAA, AAAAAAAA and DRVYIHPF. These precursors
selected ion was accelerated to undergo CAD with the He buffeslecompose to form fragment ions that contain either one or two
gas in the trap by an RF field that was turned on for 40 ms atetal ions. For simplicity, such fragments are designated by
an amplitude ¥p_p) of 0.75-0.95 V. Thirty scans were averaged one or two asterisks, respectively. Thus, & Ion carries one

per spectrum. metal ion and has the composition, b H+M]*, M=Li or Na,
whereas a)y” ion carries two metal ions and has the composi-

2.2. MALDI quadrupole/time-of-flight (Q/ToF) mass tion [y, — 2H +2MT*.

spectrometry A common characteristic of the [PepH + 2Li]* complexes

studied is that upon low-energy CAD they lose® NH3z and

A Waters Q/ToF Ultima MALDI mass spectrometer (Waters, CO,, and produce a-, b-, c-, y- and z-type ions with ofe (
Beverly, MA) was used for acquiring MS/MS spectra of or two (") metal ions attached to them. The dilithiated pep-
MALDI-generated [Pep- H+ 2Li]* complexes. The peptides, tides may also undergo losses of their aromatic side chain(s)
LiTFA and the matrix (24,6 -trinydroxyacetophenone, THAP) to form distonic radical ions carrying ticharge(s) and one
were dissolved in acetonitrile/water 3:7 (v:v) at concentrationsinpaired electron at one-C atom of the peptide backbone.
of 10, 10 and 20 mg/mL, respectively. Sample solutions werd-urther, selective cleavages at certain peptide residues are also
made by mixing matrix/salt/peptide solutions in the ratio ofobserved. Different aspects of the detailed fragmentation path-
5:1:1. Approximately J.L of the well-mixed sample solution ways of dilithiated peptides will be presented in the following
was spotted onto a 96-well target and allowed to air dry beforsections. The decomposition pathways of the corresponding dis-
introduction into the mass spectrometer. MS/MS spectra werediated species are very similar and will be discussed only
measured by selecting the desired [Rad + 2Li]* ion with the  briefly.
quadrupole and subjecting it to CAD in a hexapole collision cell
at a collision energy (laboratory frame) of 45-55eV. The frag-3.1. Random backbone cleavages
ment ions were subsequently sent through the orthogonal ToF
section for mass analysis and detection. Argon was used as col- The CAD pathways of protonated peptides that do not have
lision gas at a pressure of 1.8510~> mbar. Approximately 50 extremely basic or acidic residue(s) occur randomly along the

scans were averaged per CAD spectrum. peptide backbone, leading to contiguous series of fragment ions
that reveal the sequence. Our results show that singly charged
2.3. Materials dilithiated peptides without extremely basic or acidic residues

follow the same trend.

The solvents (HPLC-grade water, acetonitrile and methanol), The ESI-QIT CAD spectra of protonated, monolithiated,
sodium trifluoroacetate (NaTFA), lithium hydroxide (LiOH) singly charged dilithiated, singly charged disodiated and singly
and lithium trifluoroacetate (LiTFA) were purchased from charged trilithiated YAGFL (alanine—leucine—enkephalin) are
Sigma—Aldrich (Milwaukee, WI). The peptides LGG, GLA, contrasted irFigs. 1 and 2The ky/a, fragments resulting from
LGF, GLF, GAY, YGG, GGGG, polyglycine, GGKAA, FFFFF, the loss of the amino acid leucine from the C-terminus dom-
YGGFL, YAGFL, YGGFLK, YAGFLR, SIKVAV, polyalanine inate the CAD spectrum of protonated YAGFL Fig. 1(a).
and DRVYIHPF were purchased from Sigma (St. Louis, MO),The CAD products of monolithiated YAGFL differ significantly
and AAG and AAAA from BACHEM (King of Prussia, PA). from those of the protonated peptide, in that fOH + Li]*

All chemicals were used without further purification. ions dominate the spectrum¥ 3—4) and the j /a;~ fragments
have much lower relative abundances thafapfrom the pro-
2.4. Calculations tonated precursor, cFig. 1(b) versusFig. 1(a). With the singly

charged dilithiated YAGFL precursdfjg. 1(c), the CAD spec-

Molecular dynamics simulations on various forms of thetrum becomes markedly different again, displaying dominant
dipeptide complex [FG-H+2Li]* were performed using the a4 ions and relatively abundant’¢ ions. The [Pep- H + 2Li]*
Insightll program (Biosym Technologies, San Diego, CA) inions studied produce upon CAD inthe trap almost complgte ¢
conjunction with the AMBER force field. The energetically mosty,™ and g" series, accompanied by less abundahtthy™ ions
favorable structures were optimized fully, using the same forcénot allions are labeled iRig. 1(c) to avoid crowding). The CAD
fields, and grouped into families of ions with similar torsion spectrum measured using MALDI-Q/ToF MS/MS (not shown)
angles. The most stable species in these families were then fulbontains the same fragments but with more complete sequence
optimized at the HF/3-21G and B3LYP/6-31G(d) levels. Theion series (eveny’ is observed), for the ToF mass analyzer

Gaussian prografd6] was used in the latter calculations. discriminates less against low mass ions as compared to the
ion trap. CAD was also performed on singly charged disodiated
3. Results and discussion YAGFL; the resulting spectrunig. 2(a)) shows an essentially

identical fragmentation pattern as [Pepd + 2Li]* (Fig. 1(c)),
Singly charged dilithiated or disodiated ions from the follow- with formation of a", which has one metal cation attached
ing peptides (Pep) were investigated: AGG, LGG, GLA, LGF,to it, as the most abundant fragmentation channel. It has been
GLF, GAY, YGG, GGGG, AAAA, GGGGG, GGKAA, FFFFF, shown previously that monolithiated and monosodiated peptides
YGGFL, YAGFL, GGGGGG, YGGFLK, YAGFLR, SIKVAV, decompose through common dissociation pathways under con-
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Fig. 1. CAD mass spectra of (a) [YAGFL + Hm/z 570), (b) [YAGFL +Li]* (m/z 576) and (c) [YAGFL— H + 2Li]* (m/z 582), acquired using ESI-QIT mass
spectrometry.

stant experimental conditiorj24]. The results presented here proton in Pep is replaced byLion, several isomeric structures
provide evidence that singly charged dilithiated and disodiateexist for the [Pep- H + 2Li]* product. In order to determine the
peptides decompose through common pathways as well wheanost stable conformers, a number of plausible geometries of the
activated similarly. dipeptide complex [FG- H + 2Li]* were optimized by theory.
Homolytic cleavage reactions also occur in the metalated pegFrom the families of structures scanned by molecular mechan-
tides studied, as attested by the losses of 1@#y(roxybenzyl  ics/molecular dynamics, those shownFHiy. 3 were found to
radical) observed in Figsl(c) and 2(a) On the other hand, have the lowest energies. Further optimization and energy mini-
the dominant fragment in the CAD spectrum of trilithiated mization of these structures using density functional theory atthe
YAGFL, Fig. 2(b), results from the loss of 4-methylene-2,5- B3LYP/6-31G(d) level resulted inthe conformations and relative
cyclohexadiene-1-one (106 u), i.e., the side chain of Y with one&nergies summarized Fig. 3. The most stable [FG H + 2Li]*
less hydrogen atom, as shown in the spectrum. In this casepmplexes] and2, carry both LT cations at the carboxylate
the hydrogen in the hydroxyl group is probably replaced by thegroup. In conformatior (relative energy 0 kJ/mol), one Lis
third lithium ion, which at the same time coordinates to carbonykequestered between the carboxylate oxygens, where it forms
groups as well. Upon excitation, the 106-u neutral molecule ia salt bridge, and the second’Lis attached to the carbonyl
eliminated while the lithium cation remains attached to the pepexygen of the amide bond and the carboxylate oxygen. Both

tide. lithium ions are at the same time coordinated by the phenyl ring
of the F residue. Alkali metal ions have considerable affinities
3.2. Structures and decomposition mechanisms of the for aromatic side chain substituerjt&7,48], and the best pos-

sible M*/aromatic ring interaction is achieved if the metal ion

is located above the center of the ripy]. In such geometry,
The [Pep- H +2Li]* ions studied correspond to*Lcom-  Viz. 2, only one Li" can interact with the phenyl ring, however,

plexes of the Li salts of the peptide. Depending on which acidic resulting in a slightly higher energy (+3 kJ/mol relativeljo

dilithiated complexes
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Fig. 2. CAD mass spectra of (a) [YAGFLH + 2Na]* (m/z 614) and (b) [YAGFL— 2H + 3Li]* (m/z 588), acquired using ESI-QIT mass spectrometry.

Tautomeric structures containing deprotonated amide insteaghino acid (AA) residues. The,§ fragments are dimetalated
of carboxylate groups3(and4) lie higher in energy, in agree- truncated peptides. Based on the computational results presented
ment with the lower acidity of amide versus carboxylic acid above, the most stable and, hence, most likely structure of these
substituents (both in the gas-ph$4@] and in aqueous solution jons is a lithium carboxylate structure, such B®r 2. The
[50]). Also in these isomers, bothLpreferentially attach atthe ¢,™ series corresponds to the'ldomplexes of lithium amides.
deprotonated anionic center, from where they can simultang-ere, the Lt ions are attached to a peptide with an amidated
ously interact with the functional groups available. In structureC-terminus. Either the C-terminal or one of the internal amide
3 (33kJ/mol relative to structuré), one lithium ion interacts  groups may be deprotonated (the gas-phase acidities of primary
with both the C-terminal carbonyl oxygen and the deprotonatednd secondary amides are essentially idenf#g]). As for the
amide nitrogen, while the other lithium ion is attached to themonolithiated g" series, it represents lithiated shorter peptides
deprotonated amide oxygen and the phenyl ring of F. Structurgith imine chain ends, viz. their C-termini carsCO-N=CHR
4 has almost the same energy (36 kJ/moB;as this isomer,one  groups.
lithium ion is coordinated by the C-terminal carbonyl oxygen, Schemes 1-%rovide mechanistic rationalizations for the
the deprotonated amide nitrogen and the aromatic ring and th@ajor fragments formed from collisionally activated YAGFL.
other lithium cation is attached to the deprotonated amide bon#these mechanisms are supported by the fragmentations of all
oxygen and the N-terminal amino nitrogen. StructBife a Li-  dilithiated peptides examined (vide infra) and are helpful for
amide and Li-carboxylate structure, in which, according to itspredicting the fragmentions expected from other sequences. The
name, both the amide nitrogen and the carboxyl group are depr@resented mechanisms may not be the lowest energy pathways
tonated, while the amide oxygen is protonated (two salt bridgesje the observed products; determining the latter would require
In structures, one lithium cation is attached to both carboxy- elaborate calculations, which are beyond the scope of this study.
late oxygen atoms and the other to one carboxylate oxygen, the According to the DFT calculations on FG, which may be
deprotonated amide nitrogen atom and the aromatic ring of thgiewed as a model for the C-terminus of YAGFL, the most sta-
F residue; further stabilization is incurred by a hydrogen bondle geometry of [YAGFL— H + 2Li]* should carry both Lfiions
between the protonated amide and the N-terminus. The charggear the C-terminal carboxylate group. It is proposed that one
separated structure of FG showrfirs a resonance structure of |ithjum ion becomes mobile upon CAD, moving to different
the enol tautomer of the amide group. The energy of struéture binding sites along the backbone or at the side chains where, as
is only 41 kJ/mol relative to structude such an energy window g |ewis acid, it can promote fragmentation of different bonds.
is readily accessible in ion trap and Q/ToF instruments, whichyjith this assumptionScheme Ishows a reaction pathway to
explains the formation of protonated fragments upon CAD ofy,™ jons, adapted from the established mechanisms operating
some singly charged dilithiated peptides. upon the decomposition of protonated peptiHes11] As the

Plausible structures for the major sequence ions from dl||th|m0b||e Lit ion approaches the amide nitrogen ofa peptide bond,
ated YAGFL are shown iffrig. 4; the ions shown contain two the carbonyl carbon of this bond becomes more electrophilic,
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Fig. 3. Most stable isomers and conformers of the [FB + 2Li]* complex, predicted at the B3LYP level of density functional theory. The numbers in parenthesis
are relative energies in kJ/mol.

facilitating its attack by the N-terminally adjacent carbonyl oxy- away from the C-terminus. The structure shown fgf ds not

gen to form a protonated oxazolone. The protonated oxazolongecessarily the lowest energy isomer; in the latter, both metal

and the detaching Licarboxylate are held together by hydro- ions are most likely bound near the deprotonated amide group

gen bonding. After proton transfer from the oxazolone to tie Li (where the negative charge density is high) and simultaneously

carboxylate piece, the C-terminal part of the peptide is releaseidteract with other basic sites, such as carbonyl and aromatic

asay  ion. Scheme iillustrates the formation ofy" ions  groups.

via this pathway. L transfer reactions are possible within the ~ The mechanism outlined Bcheme 2leaves the NC, bond

ion/molecule complexes emerging after amide bond cleavagén the @ — 1)th AA residue (counting from the N-terminus),

Thus, if the LI ion involved in the dissociation is transferred giving rise to a € ion with n — 2 residues; it cannot produce

to the N-terminal oxazolone piece, @ bon is formed, asillus- a 6,1~ ion, in accord with the absence of such fragments in

trated for B* in Scheme 1 the CAD spectra of most dilithiated peptides (vide infra). The
N-terminal c-type ions are usually observed up tox',  formation of c,_»™ ions, on the other hand, can be explained

which is the g™ ion from dilithiated YAGFL. In the mecha- by tautomerization of the lithium carboxylate to a lithium amide

nism proposed ilscheme 2dissociation to £»™ begins from  structure, prior to charge-induced bond cleavag@eheme 3

alithium carboxylate structure. Charge-induced bond cleavageslustrates this case, inwhich aketene, animine and anisocyanate

as shown in the Scheme, lead to the expulsion of three stare eliminated to yield ax¢ ion from dilithiated YAGFL. The

ble molecules (viz. CQ a ketene and an imine) and the¢ ¢ pathway depicted iScheme 3jives rise to the largest'ctype

ion. The formation of ¢ could be promoted by Fiattach- ion observed from most peptides (i.e,-g" ), while that in

ment at the carboxyl oxygen N-terminal to the-G, bond  Scheme 3and analogous pathways starting from other deproto-

being broken. In the final product, both*Lions have moved nated amide tautomers, give rise to smallértype fragments
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—l Lit Table 1
Important fragment ions formed upon CAD of singly charged dilithiated
0 0 :
peptided
g g ou |l ,
H;N—C—C—N—C—C—OLi Peptide ala,"la,” b./b," Ib,™ c'le,” V'
A A _ YGGFL a3’ laz™ b3"Ib3™ e'ley” y2"
Li*~(Li-carboxylate) y,** ag’las” ba"Ibs™ c3'leg™ ya
"
AAAAAAAA a3 lag” b3 Ib3™ ™ ys"
N b I e va
- o la™ b b e ye
11 36*/36** b6* /bG** CS* /CS** yG**
(ﬁ i a'lay” b7 Ib7" ce'lcs” %
HzN_E‘_C_k}I_E‘_C_OH AAAAAAA a3’ lag” ba' Ibs” ez lez” v
& lag by by c3 le3 Y3
PR ' las” bs" /b5 4’ les” ya"
Li*-(Li-amide) y,** ag"las™ be" Ibg™ es'les™ Y5~
v
AAAA az’ by " v
213*/613M b;:,*/bgM )72**
y3™
it GGGGGG as’ b2 by 2'ler” 2"
—18u a'las” b3'Ibg™ e3'les” y3™
H ﬁ H H ﬁ a las™ b4:/b4** e Y4:
H,N— —c—N—T—C—NHLi bs” /bs™ ys
GGGGG az’ b3"Ibs™ c2'le” y2"
Li*-(Li-amide) ¢, —18u ag"las”™ ba* Ibs™ c3'lcs™ y?,**
HO * * Hk y4**
GGGG az by Iby P 1
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+ y3
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o o FFFFF a'lay by /ba C2 Y2
o e il et
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Fig. 4. Major sequence ions from singly charged dilithiated YAGFL. GLA az®lay"lay”™ b " v
—18u 2"
GLF gy o "
(vide infra). For brevity, both schemes show concerted elimina-18u 2"
tion of the neutral fragments. More likely, however, these lossesgg as’ lay™ o e i
(or the losses of isomeric moieties) take place via consecutive1su 2
reactions mvolv_mg mterm_edlates. ) L LGE ™ by' o i
The much higher relative abundance ofyversus B* in " y2"
Fig. 1(c) points out that the lithium carboxylate of the dipeptide ;o &' o e i
FL has a higher Li affinity than the oxazolone-terminated YAG _1g\, v

piece. Doubly lithiated 5~ ions are also observed occasion- — — —

Ilv. in general with lower abundance tha *bfor example The most abundant sequence fragment is given in bold. Italicized are frag-
a *y*’ g ; ; . R ple, ments with <20% relative intensity in respect to the most abundant sequence
bs~ appears just above noise level filg. 1(c). The forma-  jon. The notation-18 u indicates that water loss is the dominant CAD channel
tion of such ions nevertheless indicates that the ion/molecul@onsecutive losses of NHHCO or CQ also take place).
complex produced upon amide bond cleavage is Iong—lived,i Isobaric with 3.
allowing for several H/Li* exchanges between the complex | 'Soparic witha. .

. * L. This peptide also produces an abundafit on.
constituents. Note that the nascent ystructure arising from . Isobaric with @ .
amide bond cleavage iﬁChe*Ene Iis not the most stable one.  f The most abundant CAD fragment/¢ 188) results from the loss of water
As the bond is broken ancby departs, rearrangement to the and bN-CH(CHCH(CH;s)2)~CE=0)-N=CH,) (see Table 3 iff44]).

energetically most favorable structur® (Fig. 2) is expected 9 This peptide also produces an abundant fragment via loss of a
to oceur. *CHy—CsH4—OH radical from the tyrosine side chain.
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b./y, rH*

N

@/
Y/NH“'Li

by* (or by**)

Scheme 1. Dissociation pathway of [YAGFLH + 2Li]* to b,"/b,”™ (n>1) and y," (n<4) ions.

The mechanism presented Stheme Iis termed the by, a proton-bound complex between an immonium ion and the
pathway, in analogy to the,ty,, pathway operating in protonated detaching Lt amide. Proton transfer to the amide gives rise to
peptides when they dissociate to formand y, sequence ions y,_1" (y4  from dilithiated YAGFL) and a neutral imine.
[11,17,18] The b /y, mechanism does not apply to the cleav- Lithium amide structures can be invoked to rationalize the
age of the first N-terminal amide bond, where an oxazolone,” series, as shown Bcheme 5Here, the amide anion induces
cannot be formed. This cleavage is explained by an alternativieond cleavages towards the C-terminal side (in contrast to the
pathway, shown irScheme 4and adapted from thejfy, 1 mechanism irBcheme B leading to the expulsion of CO and,
pathway of protonated peptidgB0,11,17,18] Again, dissoci-  after proton transfer between the dissociating segments, to the
ation is promoted by attachment of the mobile libon near  formation of 3" and a neutral lithium carboxylate salt.
the amide nitrogen, which elongates the corresponding XD Table 1summarizes the CAD spectra of the [Repl + 2Li]*
bond, creating an unstable acylium cation that loses CO to forrions studied. Most fragments contain one or twé ldns, in
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Scheme 2. Dissociation pathway of [YAGFLH + 2Li]* to ¢,_»" (i.e., &™) ions.
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Scheme 3. Dissociation pathway of [YAGFLH + 2Li]* to c.,_»™" ions.

agreement with the pathways presente8éhemes 1-Froto-  far, G,_»~ was the largest ‘c-type ion formed upon CAD
nated species (i.e., no'Lcontent) are, however, also observed, (Table J). A plausible pathway to,c.1™ is given inScheme 6
especially from some of the smaller peptides. This findingfor [GLA —H +2Li]*. It begins with CQ elimination from the
affirms that the dissociations proceed through ion/moleculearboxylate tautomer and continues with expulsion of an olefin
complexes, as has been mentioned, in whi¢iLH exchange from the C-terminal residue, which requires proton shift from
reactions are possible. the side chain. In support of this proposition, only peptides with

Remarkable differences are observed in the relative abura side chain at their C-terminal residue undergo this reaction
dances of @& in the CAD spectra of the dilithiated tripep- (GLA, GLF and LGF inTable 1; a very similar mechanism
tides. While GLA, GLF and GAY give rise to intensg’d@ons,  was proposed for the formation of, g™ ions from dilithi-
AGG, LGG, LGF and YGG produce much less or nd.aThis  ated dipeptides carrying a side chain in C-terminal position
result suggests that cleavages C-terminal to glycine residues (¢:4]. When observed (from tri- or larger peptides), £ ions
Scheme pare less competitive. Also in protonated peptides,have low relative abundances, suggesting that their formation
bond scissions next to glycine residues are ineffidiehL (Scheme bis associated with less favorable energetics as com-

A few tripeptides produce N-terminal,c;™ fragments pared to the formation of smallef ctype or other sequence ions
(i.e., ™) in low yield; with all other peptides discussed so (Schemes 15
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Scheme 5. Dissociation pathway of [YAGFLH + 2Li]* to g, ions.
3.3. Selective cleavage at internal lysine residues C-terminal to an internal lysine residii24]. This reaction is

catalyzed by the Nbigroup in lysine’s side chain (see Scheme
Selective backbone cleavages take place only next to sp&-in ref.[24]). When singly charged dilithiated GGKAA is sub-
cific residues, under defined conditions. They thus reveal specifjected to CAD in the ion trap instrument, the formation gf b
structural (sequence) motifs. It has recently been reported thadns is significantly enhanceig. 5a)). Now, 3" is the dom-
peptide ions with no mobile proton undergo selective cleavagéant peak in the spectrum, in contrastR. 1(c), in which

@
@ .
HN- Li, ?1 - CO, HoNe === Li,
2 ] EENRS - CH,=CH 1o
O K O) 2 2 /
7 ; L e — e
HN n A H rH HN N
N N
H H
**

Scheme 6. Dissociation pathway of [GI-AH + 2Li]* to ,_1" (i.e., ™) ions.
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i o -H,0 GGKAA™
C . o
ZC *x Y,FF b,* * NH,
L 2 2 b, Ya
L Bl el B2 1 |
150 350 400 mz
a,* ag*
(b) - 107
yoEE
¢y '*y ok -H,0
"y -NH,
by* YGGFLK™

200 300 400 500 600 mz

Fig. 5. CAD mass spectra of (a) [GGKAAH +2Li]* (m/z 415) and (b) [YGGFLK- H + 2Li]* (m/z 696), acquired using ESI-QIT mass spectrometry.

bs" is a minor peak. On the contrary, a lysine residue at thédrom singly charged dilithiated SIKVAV, while ;y ions are
C-terminal of the peptide, as in YGGFLK, does not induce abarely observed from monolithiated SIKVAV. The CAD spec-
selective cleavage, as is evident fréfig. 5b). The dominant trum acquired using the MALDI-Q-ToF mass spectrometer (not
peaks in the CAD spectrum of YGGFLK(dilithiated) are g™, shown) is essentially identical, except that the sequence ions and
vy, anda", while the b series is insignificant. These charac- their consecutive fragments-80 u) appear with higher relative
teristics, which allow definitive sequence determination of theabundances. The relative abundancef(selective cleavage)
peptide, are very similar to those of YAGFL(Fig. 1(c)) and s low, but it is still higher than those of any other b-type ions

YGGFL"™ (Table ) which ladk a K residue. formed. The low proportion of b- and c-type fragments from
SIKVAV ™ probably results from the other reaction channels
3.4. Side chain loss from serine residues having more competitive kinetics.

Water loss from both monolithiated and dilithiated SIKVAV
Peptides that have serine residues are believed to undergnd their fragments is not as abundant as from protonated serine-

side-chain cleavages upon excitation in the mass spectrometeontaining peptidel,24]. Conversely, the elimination of Gi©
[2,52]. Fig. 6(a) depicts the CAD spectrum of monolithiated (30 u) is insignificant for protonated SIKVAV, but considerable
SIKVAV, in which the dominant peak is thedl- OH + Li]* ion  for monolithiated and, especially, dilithiated SIKVAV. Itis possi-
that arises from the loss of the C-terminal V resif24]. This  ble thata LT ion replaces the OH proton of the serine side chain
fragment, the parent ion, and alose a 30-u neutral (C¥D),  in the reacting isomer leading to GHO expulsion, thereby
which originates from the side chain of serine, as proved byacilitating this reaction. The OH> OLi conversion would be
Adams and co-workers using deuteron labeling experimentsore probable in the dilithiated peptide, in agreement with the
[52]. The " ion is the most abundant,b fragment due to increased yield of 30-u losses from the latter parent ion.
the selective cleavage caused by the internal Lys residue, as
mentioned above. Compared to monolithiated SIKVAV, singly3.5. Selective cleavage at aspartic acid residues
charged dilithiated SIKVAV shows more side-chain losses from
the serine residue upon CAD, as indicated in the spectrum of Protonated peptides with no mobile proton have been known
Fig. 6(b). Itis evident that the major reaction pathway upon excito undergo selective cleavages C-terminal to acidic residues
tation of SIKVAV™ is loss of 30 u from the parent ion, which [10,14,28] In this study, the singly charged dilithiated DRVY-
corresponds to elimination of the serine side chain. Thérag-  IHPF complex was examined by using both ESI-QIT and
ments {=4-5) also undergo 30-u losses; in fact, the-880  MALDI-Q/ToF mass spectrometry. The CAD spectrum of
peaks are more abundant than thegeaks. The losses of small DRVYIHPF™ acquired by ESI-QIT MS is shown iRig. 7(a).
molecules (e.g., D and NH) are also quite abundant com- The prevailing reaction pathways of this complex are elimi-
pared to other fragmentation pathways. It is noteworthy thahations of stable small moleculesp® and NH. The next
C-terminal y,"* ions are formed with measurable abundancesnost noticeable peak isy which arises from selective cleav-
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Fig. 6. CAD mass spectra of (a) [SIKVAV + L'i](m/z 622) and (b) [SIKVAV— H + 2 Li]* (m/z 628), acquired using ESI-QIT mass spectrometry.

age C-terminal to the aspartic acid residue. Upon CAD in thean ion trap which, in certain cases (as shown here), leads to
MALDI-Q/ToF instrument at 55 eV collision energy (laboratory structurally more revealing data.

frame), an almost complete,y series is obtainedg. 7(b))

and other ion series rise slightly above noise level, which pro3.6. Peptides with C-terminal arginine residues

vides more information about the peptide sequence. CAD in

the MALDI-Q/ToF instrument deposits broader internal energy  The protonated forms of peptides with Arg at their C-termini
distributions and higher average internal energies than CAD inndergo abundant 60-u losses from the arginine side chain when

o
-~
-
=
5
(a) 3
*
-H,0
-NH,
ok
¥e** Y7
500 800 n'z
-H,0
(b) -NH;
=)
=l
=
-
| | =
| o
=
*k ‘ %
Y7
‘ | <©
sk
dk
V3 y4** ys*#% Ys lt‘
.‘_‘ +r Lo b P oy T
500 800 mz

Fig. 7. CAD mass spectra of [DRVYIHPFH + 2Li] + (m/z 1058), acquired using (a) ESI-QIT and (b) MALDI-Q/ToF mass spectrometry.
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(b)
YAGFLR**
-H,0 -60u
-NH;
AL k% by** -
2 3 A A al 1
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©) YAGFLR**
<
ys**-60
P -60 u
s k €
i -H,0
C** y w v L ys** cs* el
2 2 h -
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Fig. 8. CAD mass spectra of (a) [YAGFLR + [i]m/z 732) and (b and ¢) [YAGFLR- H + 2Li]* (m/z 738), acquired using (a and b) ESI-QIT and (c) MALDI-Q/ToF
mass spectrometry. In part (c), the relative abundances of the peakshel6@0 have been magnified 4 times; this spectrum also show' éon (~50% of yo™).

collisionally activated53]; although many other fragments are greater transmission efficiency of a ToF- versus a QIT-based
formed, most of them have very low relative abundances and amass analyzer also contributes to the larger number of detectable
difficult to interpret[53]. The loss of 60 u remains as the domi- fragments in the Q/ToF via vis QIT tandem mass spectra.
nant decomposition pathway for the monolithiated forms of suctMALDI-Q/ToF CAD of YAGFLR™ generates complete,y
peptideg54]; this is attested by the CAD spectrum of YAGFLR and ¢, series, which together with the selegt’y—60 (char-
in Fig. 8a). The second most abundant fragment from the latteacteristic of a C-terminal arginine resid{#4]) and &" ions
precursor ion is [p_1 + OH + Li]*, i.e., the fragment type usu- observed, cf.Kig. §c), provide sufficient information to deduce
ally dominating CAD spectra of lithiated peptidgst,32,42]  the peptide sequence.
Monolithiated YAGFLR coproduces a few more members of It should be mentioned at this point that MALDI-ToF instru-
the [, + OH + Li]* series, as well as selegf'#)," ions, based mentation is widely utilized for “peptide mapping” of tryptic
on which partial sequence analysis is possible. digests, which are composed of peptides with C-terminal Arg
The dominant fragmentation pathway of singly chargedor Lys residues. MALDI generally leads to singly charged
dilithiated YAGFLR still involves the loss of 60 u, both under ions. Very often, singly protonated peptides with Lys or Arg
ESI-QIT and MALDI-Q/ToF tandem mass spectrometry con-at their C-termini do not produce the sequence ions necessary
ditions, cf.Fig. 8b and c). More fragments and a better sig-for unequivocal sequence analysis. Dilithiation, coupled with
nal/noise ratio are obtained by CAD using the MALDI-Q/ToF MS/MS of the in situ generated Pépderivatives, can provide
than the ESI-QIT combination. In addition to the higher inter-the desired information, as indicated by the data presented in
nal energies available by the former method (vide supra), th€igs. 5(b) and 8 (b and ¢)
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4. Conclusions [6] M. Barber, R.S. Bordoli, R.D. Sedgwick, A.N. Tyler, Nature 293 (1981)
270.

A wide range of Slngly Charged dilithiated peptides has been[7] Yoshida, K. Tanaka, Y. Ido, S. Akita, Y. Yoshida, Shitsuryo Bunseki 36
(1988) 59.

studied by tandem mass spectrometr_y methods on poth ES_I-QITS] M. Karas, F. Hillenkamp, Anal. Chem. 60 (1988) 2299.

and MALDI-Q/ToF instruments. In this type of peptide deriva- [9] j.8. Fenn, M. Mann, C.K. Meng, S.F. Wong, Science 246 (1989) 64.
tives, a proton in the peptide is replaced by a lithium catiorf10] P. Wang, M.M. Kish, C. Wesdemiotis, in: R.M. Caprioli, M.L. Gross
(usually at the most acidic site); the other lithium cation pro-  (Eds.), The Encyclopedia of Mass Spectrometry, vol. 2: Biological
vides the charge and probably becomes mobile upon excitation Applications (Part A: Peptides and Proteins), Elsevier, 2004, p. 139.

ttachi t . | ti fth tide backb h %’1] B. Paizs, S. Suhai, Mass Spectrom. Rev. 24 (2005) 508.
atlaching at various locations of the peptide backbone, where 2] A.R. Dongg, J.L. JonesA. Somogyi, V.H. Wysocki, J. Am. Chem. Soc.

can induce fragmentation to produce sequence ions. 118 (1996) 8365.
Theoretical calculations on the dipeptide complex[13] M.J. Polce, D. Ren, C. Wesdemiotis, J. Mass Spectrom. 35 (2000)
[FG—H+2Li]* found several different low-energy iso- 1391.

mers for dilithiated FG. From the five structures calculated[14! V:H. Wysocki, G. Tsaprailis, L.L. Smith, L.A. Breci, J. Mass Spectrom.

i . 35 (2000) 1399.
the lithiated Li-carboxylate structurek and 2 are the most [15] P. Roepstorff, J. Fohiman, Biomed. Mass Spectrom. 11 (1984) 601.

stable ones and very close in energly@kJ/mol;2, +3kJ/mol).  [16] k. Biemann, Biomed. Environ. Mass Spectrom. 16 (1988) 99.
The structures next lowest in energy are the lithiated Li-amid¢17] B. Paizs, S. Suhai, Rapid Commun. Mass Spectrom. 16 (2002) 375.
structures3 (+33kJ/mol) and4 (+36kJ/mol). The highest [18] B. Paizs, S. Suhai, A.G. Harrison, J. Am. Soc. Mass Spectrom. 14 (2003)
energy is found for the protonated Li-carboxylate and Li-amide_ _ 1454- .
. . 19] B. Paizs, S. Suhai, J. Am. Soc. Mass Spectrom. 15 (2004) 103.

sj[rugt_ures (+41 k‘J/mOI)' Since the energy differences are n_o 20] T. Yalcin, C. Khouw, I.G. Csizmadia, M.R. Peterson, A.G. Harrison, J.
significantly large, all of these structures can be sampled during * am. soc. Mass Spectrom. 6 (1995) 1165.
CAD. [21] T. Yalcin, I.G. Csizmadia, M.R. Peterson, A.G. Harrison, J. Am. Soc.

Detailed examination of the MS/MS fragmentations of  Mass Spectrom. 7 (1996) 233.

dilithiated peptides showed that such precursor ions can be vel§?Z! M:M. Cordero, J.J. Houser, C. Wesdemiotis, Anal. Chem. 65 (1993)

: A ) 1594.
useful in the elucidation of peptide sequences. The study of 3] S-W. Lee, H.S. Kim, J.L. Beauchamp, J. Am. Chem. Soc. 120 (1998)

series of tripeptides further indicated that fragmentation atthe C- ~ 31gg.
terminal side of glycine residues does not take place efficientljz4] M.M. Kish, C. Wesdemiotis, Int. J. Mass Spectrom. 227 (2003) 191.
and may be completely absent. CAD of the singly Charged]25] W. Yu, J.E. Vath, M.C. Huberty, S.A. Martin, Anal. Chem. 65 (1993)

dilithiated peptides leads to almost complete structurally diag- 3015. .
nostic y,™ , ¢,” and " ion series., [26] J. Qin, B.T. Chait, J. Am. Chem. Soc. 117 (1995) 5411.

. L. -y . . [27] R.A. Jockusch, P.D. Schnier, W.D. Price, E.F. Strittmatter, P.A. Demirev,
The dlsso<:|at|or_15 of [ng H + 2Li]" are consistent with the E.R. Williams, Anal. Chem. 69 (1997) 1119.

presence of salt bridges with both carboxylate and deprotonatgzb] G. Tsaprailis,A. Somogyi, E.N. Nikolaev, V.H. Wysocki, Int. J. Mass

amide structures in the fragmenting ion population, as predicted Spectrom. 195/196 (2000) 467.

by theory (vide supra). These structures are found to promoté®! lDé'I'é Russell, E.S. McGlohon, L.M. Mallis, Anal. Chem. 60 (1988)

Seq_uence'SpeCIf'C, eromp03|thns as well as the.e“mmatlon %IO] G. Renner, G. Spiteller, Biomed. Environ. Mass Spectrom. 15 (1988)

radicals to form dilithiated peptide-backbone radicals. As a 75.

whole, the (in situ) derivatized singly charged dilithiated pep-[31] X. Tang, W. Ens, K.G. Standing, J.B. Westmore, Anal. Chem. 60 (1988)

tides appear to be a promising alternative to protonated peptides 1791.
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