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ABSTRACT

This research work examines the dissociation chemistry of tripositive complexes formed
by trivalent lanthanide ions and small peptides with tandem mass spectrometriounepergy
collisiorrinduced dissociation (CID). By fragmentation of the tripositieathanide ()
cationized small peptide, a new route to generate peptide radical cations has been discovered
The dipositive b ions are also observed and the mechanisms by which they fragment are
investigated by MS

Tripositive complexes of lanthaniddjlpeptide have similar fragmentation chermiess
in the gas phase when lanthanide = yttrium, lanthanum, cerium, samarium, gadolinium and
terbium; [a+H]?" ions are formed and there are no peptide radical cations obsatrezh the
lanthanide is europiul), radical cations ofryptophan, tyrosine, phenylalaning methionine
containing peptides and of aliphatic peptides have been generated.

Fragmentations of tripositive Ce(lll)/peptide and Eu(lll)/peptide complexes show very different
behaviours. Abugant CO loss is only observed for dissociation of D&jeptide complexes,
whereasCO; loss is the predominant channel for Eu(lll)/peptide complexes. Similarly, CO loss
and CQ loss are the predominant channels for the dissocgatdnCe(peptideH)]?* and
[Eu(peptideH)]?*, respectively. Peptide radical cations are only generated by the fragmentation
of Eu(lll)/peptide complexes, while protonated a and b ions are only observed when
Ce(lll)/peptide complexes dissociate.

The dissociations of aliphatic [pede]™ ions generate BH]™/ [b2-H]™ ions for most
peptides. In the dissociation o&fdd]™ ions, [-H]™ ions are formed from most peptides.

[as+H]?" ions usually cleave at the-t8rminal amide bonds, creating two singly charged ions, a

[b2]* ion and an iminium ion derived from thet&minal residue. Some4eH]?* ions also lose



small neutral moleculesThe mmposition ofthe peptides dictates the preferred mode of the
fragmentation of [prH]?* ions, either loss of CO to formgeH]?*, or loss of CO plus HO.
Fragmentations of [Cpépide-H)]?* ions show CO loss, and Gsses are observed for
pefides with aromatic side chaire a methionine residue at-t€rminus. For [Cedepide-
H)(pepide)]?>* complexes, neutral losses are also obserwgdobmation oftwo singly charged
ions is dominant.The dissociation behaviour of [@epide-H)(CH3CN)]?* and [Eupepide-
H)(CHsCN)]?* complexes are quite different. The former loses only@\Hwhereas the latter

loses only CQ@
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Chapter 1

Introduction

1.1 Metal/peptides complexes

Metal cations play important roles in biological proess$he metal binding site typically plays

a number of critical functions, including structural integrity, electron transfer, ligand (e.qg.
oxygen) binding and catalysis-p]. Alzhemer 6 s di sease ( AD) i's a pro
Its physical manifestation in the brain is the deposit of insoluble amgloidp ept i des (
peptides), which are the fragments of the amyloid precursor protein (APP). Understanding the
accumul at iegtides wilf helAtb solve the molecular mechanism of AEB][3The
interaction of zinc, copper, iron and other m
peptides. Since the levels of metal ions (for examplé& Zmd Cd*) in patients with AD ge 37

fold higher than those in healthy people, potential treatment for AD by metal chelator therapy

has been proposed-]®]. Mass spectrometry has been applied to study AR1fl1land in
particul ar the metal/ Ab ¢ ompyl aa the fragntertagion me t a |

me ¢ h a ni sMatalaoh corflexes.

Another examplevheremetal iors playanimportant role inbiology isin zinc finger proteins

(ZFPs) thelargetranscription factors in the eukaryotic genord&Psare zinebinding proteins

that regulate protetprotein and proteimucleic acid interactions. Many ZFPs regulate the
normal growth and development of the cell and tissues, while some ZFPs have been reported as
key transcriptional regulators involved in adipogenesis [2, 15]; tpesteins are potential
targets for human obesity treatment [15]. In the binding site, zinc is chelated to the cysteine thiol

group and histidine imidazole [2, 16]. EBIS was used to examine the binding ofZand C3*



to cysteinylglycine (CG) and histithtycine (HG) as smalinodelmolecules of ZFPs [17]. The
results showed that the [Zn(CG)(H&)]complex was able t@ecognizeDNA. Complexes
[Mn(peptide2(n-1)H]?*, where M=PB" or Zr?* and peptide = Merminal blocked zindike 12-
residue peptide, werevastigated by tandem mass spectrometry [18]. Thé s$pSctra of the
complexes showedater andmethaneloss and revealed the location and coordination of the
metal cations. Zinc was found to prefer binding with histidine and then with cysteine, while lead

prefers binding with cystine residues.

In addition to zinc, calciuiil) plays a key role in biological processe€almodulin (CaM), a
calciumbinding protein, is an intracellar calcium sensor. The recotjoh of C&*-CaM to the
polypeptide segmeénn target protein inducesonformation changes in CaM and target protein
and activate the function of the target proteinCaM can wrap the target protein, and the
methionine residues of the hydrophobic patches optimize the contact of the Catfletdtiget
protein [19]. With electrospray ionization mass spectrometry, the stoichiometry of the calcium
binding to calmodulin was determined [20]. A model peptide conta@mspgrtic acid, glutamic
acid, andasparagines, which are the calcium binding sitewas synthesized to study the
calcium binding sites by fragmentation of the?@Qaeptide complexes in the gas phase [21].
Under lowenergy collisioAinduced dissociation, the CID spectra indicate that® Qaefers

binding to deprotonated acidic side chains eaudbonyl oxygens.

One more reason why the study of the metal ion/peptide complexes is important is that the
fragmentation o metatcationized peptide gives information on the primary structure (sequence)

of the peptide. Alkaline metal ions bind with shaéptidesmainly at the carbonyl oxygens of

both the Gterminal residue and the adjacent amide group. With fast atom bombardment

combined withtandemmass spectrometryhe C-terminal amino acid residuzan be determined



quickly by fragmentation of the gptide + LiT ion [22]. C-terminal peptide sequencing is also
proposed for sodiumationized peptides by the NM®xperiment under lovenergy collision
induced dissociation conditions using the quadrupole ion trap and ion cyclotron resonance mass
spectromedrs [23]. Rearrangment reactions result in the losshefC-terminal residue and
formation of the product ion with one amino acid shorter than the precursor. Sequential cleavage
of the Gterminal residue can then happen by repeating the reaction. Twammsok have been
proposed for this process [24]: 1) The alkali metal cation coordinates to the carbonyl oxygen of
the ande bond [25] and stimulatericleophilic attack by the-@rminal carboxyl group; 2) the
peptide has a zwitteriontype structure in wich the alkali metal ion binds to thet@€minal
carboxylate anion [26] and the positive charge is carried remotely by a protonated nitrogen or
oxygen; nucleophilic attack on the amide is then initiated by the metallated carboxylate. Both
mechanisms leath the formation of fivenembered ring oxazolidiB-one derivative, as shown

in Schemd [24].

Schemd

Further investigations on the mechanism ote@ninal fragmentations in alkali metal ion
complexes of peptides, uginmass spectrometry and ab initio calculations (MP2/6

31+G(d)//HF/631+G(d)), suggested that the pathways to form the structures in Scheme 1 have



high energybarriers [24]. A mechanism involving a rearrangement to give a symmetrical
anhydride of GlyGly inrermediate prior to forming the observed products has much lower
activation energies. The mechanism starting from a zwitterionic form of diglycine is shown in

Schemdl [24].

Lit\o o *Li 14
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H3;N—CH N—CH H,N—CH —CH Y ~CH,-NH
3 2 2 2 2 /lj 2 H,N—CH, Xo” CH,-NH,
) l

o-Li* "Li 0 o
H Il Proton Transfer l (!1 /|-I
C CH,=NH —— _C + TCH,-N

Schemdl , adopted from [24]

Compared to Naor K*, Ag" binds to peptide at higher affinity. Under collisioimnduced
dissociation, Ag/peptide complexes can fragment to give improved sequence coverage of
peptides [2728]. [a-H+M]" and [b,+OH+M]* ions are the dominant products for the
fragmentation of ratal/peptide complexes (where M=Li or Na) [25]. Instead, for Ag/peptide
complexes, [@H+M]*, [bp-H+M]*, [yn+H+M]* and [b+OH+M]" ions [29] are prevalenfb.-

H+Ag]* ions have been found to beadxgentinated oxazolones, but can further dissociate to

form [a-H+Ag] ions [30].

An analytical application based on the dissociation of the Ag/peptide complex has been proposed
[27]: the CID spectra of [peptide+Agkomplexesshow a triplet of ions [3-OH+Ag]", [bn-
H+Ag]® and [a-H+Ag]", which are separated by 18 and 28z units respectively. The

difference inm/z values of adjacent triplets gives the mass of the amino acid residue that is
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cleaved. The complexes of alkalietal ions (Lf, Na', K*, Rb", Cs") with peptides that contain
only aliphatic residues, for examppmlyalanines, have been studied with-mobility mass
spectrometry [31]. By substituting aalkali metal ion for the proton, a polyalanine peptide
transforns into a rigid helix from a random globule. The helicahformationsof polyalanine
peptides can be locked by formation roétatmediated crosnks due to coordination of the
oxyphilic metal ions to the CO groups, and thus facilitate the interactitwedre the metal ion
and the helix dipole [32]. Systematic comparison of the complexes (¥1MLi, Na, K, Rb, Cs),
M2* (M=Mg, Ca, Sr, Ba) with polyalanines shows that the abundances of the+§AI&"
complexes are MM?2*. [Alar+M]?* complexes show helical conformation, with substantial

disruption at the @erminus due to the strong metal coordination [32].

As discussed earlier in this chapter, many divalent metal ions play key roles in bicl®g¥db
19]. Gasphase characterizatioof metalpeptide interactions discloses the intrinsic properties of
such interactions in the absence of solvents and counter ions [21, 32, 33]. Systematic study of the
fragmentation of the complexes of alkaline earth metal cationized peptides showsometal
coordinated at the -@rminus and solvated by neighbouring electron pair donors [34].
Complexes of peptides with transition metal ions?{Z€c**, Ci?* and Nf*) generated by ESI
were investigated by tandem mass spectrometry [35]. The results lsitofrft, Co?*, and Nf*

bind at the histidine site for histidire®ntaining peptides, while ubinds at the @erminus and
gives CQ upon dissociation. When the-t€rminus is not a carboxylate group, the histidine
residue is the Cii binding site [35].One additional unique feature for Cii [35] is that
fragmentation ofCu(ll)/angiotensgi | peptide(Angl, Asp-Arg?-Val-Tyr*-lle’-His®-Pro’-Phé-
His®-Leu'%) produces a radical ion [a:1™+Cul?*. Research on thateraction of a series of divalent

metalcations (M*= Ca, Co, Ni, Cu, and Zn) with angiotensin | has been examined by CID and



ion mobility spectrometiymass spectrometry (IMMS) [36]. Results showed that €arefers
binding to oxygen atoms along the peptide backbone and the transition mefatdbpding to

the histidine side chain at a site that involves histidine residues.

Among the divalent metal ions studied, copper shows unique characteristics [35]. Copper (II)
ions bind nitrogen and oxygen ligands, readily giving ternary complexes @@&pjper (ll) can
induce redox and radical type reactions which is useful for structure elucidation of peptides.
Under lowerergy CID, fragmentation of [Cugpide)(dien)F* (where dien = diethylenetriamine)
generated in electrospray mass spectrometrygsemthe molecular radical cation of the peptide
[pepide]™ and [Cu(dien)]" [38]. The fragmentation of peptide radical cations shows rich
radicatinduced chemistry, which complements the information obtained by the fragmentation of

protonated peptidesnd can provide extra peptide sequencing information.

As discussed, investigation of the coordination of metal ions with various peptides and how the
attached metal ion affects the dissociation of peptides provides information which is helpful for
peptidesequencing and examining the conformation of proteins3@0However, formation of
tripositive metal(lll)/peptide complexes is challenging in the gas phase, because the trivalent
metal ions are readily reduced by protic ligandsis maybe explained bye ionization energy

of metal ions and peptide.

The ionization energies of most solvent molecules at@ &V, and for divalent metals, the
second ionization energies are between 15 to 22 eV, excé&ptSEa and B&*'which are below

12 eV. Third ionization potentiad are above 1%V, andthus metal trications are not usually
observed in the gas phase {89]. Solvated metal dications can be generated by ESI and then

transferred into the gas phase-f). With the presence of aprotic solvents dimethyl lsokde



(DMSO) or acetonitrile, complexes [Y(DMSEIF* and [La(CHCN)m]3* wereobserved in high

abundance [45].

While an auxiliaryligand can lower the ionization energof the netal ions then make them

more stable in the gas pha#iee effort to introduce the metal(lll)/peptide complexesthe gas
phasein the absence ofolvent has never been given Wmn initial attempt to generate the
tripositive of complex of polyalanine (n=426) with trivalent metal ions (#, S¢&* and ¥Y**)

using ESIIMS-quadrupole mass spectrometer was not successful [32]. Despite this, a series of
trivalent metal ions (La, Al, Ga, Fe, V and Cr) were reported to form the tripositive
metal(lll)/peptide complex for three peptides witid residues that contain a basmiao acid

(arginine), and one with a highly acidic residue witka2dino acids [40].

La(lll) was foundto bestable in the gas phase when4CN was used as a ligand [45], and its
coordinatios with CHsCN and peptides Wa been investigatef6-47]. Under low-energy
collisionrinduced dissociation conditions, iomolecule reactions of [La(GEN)r]>" (n=6-9) or
[La(NC(CH)4CN)J3* (n=3-4) with water showed the preferred coordination number &f isa

eight, since the products [La(GEN)p(H20)e-p]]** (p=6-8) and [La(NC(CH)sCN)q(H20)s.2q%*

were most abundant under a wadmge of experimental conditisf46]. To generate a stable
[La(peptide)f* complex for an oligopeptide, the presence of a basic amino acid residue is
necessary in ordeo form a zvitterionic peptide Ln*" is bound to the deprotonated carboxylate
group, as well as carbonyl oxygen, while the basic functional group is protonated (see Scheme
l11') [47]. In the presence @in arginine residue, [La(peptidéjjcomplexes with peptides 42
amincacid residue) were observed. The sulfur atom in the methionine residue can also
contribute to L& binding. Scheméll shows the coordination of Eato the peptide GGR and

MR, and the plausible resulting structures [47].
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Schemelll [La(GGR)F*and [La(MR)f*, adopted from [47]

The interaction of the trivalent lanthanide cations with peptides has attracted intere¥tiasd_n

were used to mimic G4 [48]. The lanthanides have been used as Hhbeiséd drugs, for
example, lanthanum carbonate for the treatment of hyperphosphatemia and cerium nitrate as a
topical cream with silver sulfadiazine for the treatment of burn wounds. The lanthanides have
divers physical properties: Biand TI8* have longlived luminescence, while Gtihas high

spin values and long electronic relaxation times [49]. The binding of lanthanides to peptides has

systematically examined [50].

The coordination of lanthanidmetal cations with peptides haalso been investigated with
infrared multiple photon dissociation (IRMPD) spectroscopy to obtain structural and binding
details [51]. In IRMPD, a masselected ion is irradiated with a tunable infrared laser at given
frequenciesIRMPD simulates IR absorption spectroscopy but relies on the percent dissociation
of the mass selected ion at a given frequency [52]. IRMPD has been proven to be a reliable
proxy to IR absorption spectroscopy in many experiments, but largely in relagivghje ions

[52]. IRMPD has been used to probe the structures of nogtgbeptide complexes of small

peptides. A theoretical computation study together with IRMPD experimeassused to
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determine if the metal was bound to the peptide via a clsanigatel (CS) (to amide carbonyl
oxygens) or an iminol model (to amide nitrogen)-E8. It was suggested that for the sinrgly
charged complexes, the CS model is preferred, whereas for eamdblyiply-charged complexes,
the Al ated or Atvroangimiinominq maga Hitempo d sredf alr [mr ar

Mg(Il) and Mn(ll) show the boundaralue across the two models.

The first IRMPD experiment on triply charged metal ion complexes was on lanthanum
tryptophan complexes [55]. Combining density fiimgal theory (DFT) calculations and IRMPD
experimental results, the binding sites of'Lproved to be the indole rings of the tryptophan
derivatives, and also the carbonyl oxygens. IRMPD was used to study the metal(lll)/peptide
complexes of trivalent ldhanide cations 13, Ho** and Ed* with deprotonated polyalanine

Alan (n=2-5) and leucine enkephalin (Lenk) (YGGFL), which has a salt bridge structure, that

is, metal ions coordinating to the carboxylate group of the peptide [51]. IRMPD spectra show
that all of the carbonyl groups of the Atalvate the metal cations in the complexes. When there
is an aromatic residue in the peptide, for example W or Fpy-#lectron system of the aromatic
group interacts with the metal cation, including alkali mietas [56]. Coordination of the metal

ion with the aromatic side chain prevents coordination with the backbone carbonyl groups, thus

free carbonyl groups can be observed.

As mentioned earlier in this section, CID has been used for the study on thetioteof metal

ions with peptides, and it is also used in this work to study the dissociation behaviour of
metal(lll)/peptide complexes. CID is the most popular dissociation techrfmugeptide
sequencing, whilelectron transfer dissociation (ETD) aetectron capture dissociation (ECD)

are two altenative dissociation techniques algsed in peptide sequencing {58]. ECD [59]

utilizes lowenergy electrons, typically from an electron gun, to interact with multiparged



biomolecules, for example, teins to cause specific cleavage of th€ ) bond t o f or m
ions. These ions provide complementary peptide fragmentation information to CID, which
primarily cleaves the peige bind to form b/y type ion#\n important characteristic of ECD is

that fragmentation of the peptide backbone is preferred over cleavage ofrgtsation
modification (PTM), in contrast to CID, and hence is very useful in PTM analysi§1B0
Electron capture dissociation was developed on relatively expensnN€R-Tnstrunents; by
contrast, electron transfer dissociation [62] can be practical in relatively inexpensive quadrupole
linear ion traps by electron transfer from a singly charged anthracene anion to a multiply

protonated peptide. In general, ECD and ETD spectrsitaitar.

With the ECD technique, iglalent alkalineearth metal ions including Mg C&*, SF* and B&",

have been used as the charge carrier to study the electron capture dissociation of peptides [63].
The complexes of model peptides (RGGGVGGGR or NG@&EMEN) with the above metal
ions all generated very similar ECD spectra. The predominant products were metataied

and z-ions. Some nometalated dons were observed for [Mg + RGGGVGGGR]only.
Informed by ab initio calculations, it was postulateat tthe acidity of the amide hydrogens was
activated by the metal ion. The metal/peptide complex can exist in the zwitterionic form by
deprotonating an amide group on the peptide backbone and protonatingtafraimal amino
group or the side chain of thegaine residue. Further studies have also been carried out on the
divalent metal/peptide complexes of transition metal ions, includingj,NFe?*, Co?*, Ni2*,CL?*,

and Zrt* [64]. ECD of peptide complexes with Mfnor Zr?* showed similar spectra as that with
alkalineearth metal ions [64], and with c/z type fragments being abundant. Those tijtbde

or Ni?* gave abundant metabntaining aly type fragment ions, whereas those wit&" Cu

generated abundant €tcontainingb/y type product ions. It was suggested that the dissociation
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of meta(ll)/ peptide complexes under ECD condition is mainly determined by the electronic
configuration of the metal ion, and there are two compeptitive channels to ctygtetectron.

With fully-filled metal ion Zi* and halffilled Mn?*, electron capture is not energetically
favourable and fragmentation after electr@noton recombination ithe predominah channel.

For other metal(lldeptide complexes, a/bly ions generated, energy traafiés electrormetal

ion recombination is predominant channel.

Details of dissociation of Cu(ll)/peptide complexes have also been examined by ECD and CID
[65]. It was found that the amide hydrogen plays a critical role in the formation of metalated b
ions in ECD. Internal electron transfer between the tryptophan residue and metal ion within the
complexes can occur in CID [65]. Increasing the peptide length suppressed the dissociation [65].
In contrast to ECD studies, the dissociation of [CygéjptiderH)]*>" in ETD, where the peptide
contains strongly coordinating residues, suclhgsartic acid (D), histidine (H), methionine (M)

and glutamic acid (E), generates abundaranel z type product ions [66]. The strong binding

sites can lower the recombinatienergy of Cu(ll) and enable electron transfer to a€note

site, which competes with Cu(ll) reduction, thus leading to formation of the c/z type product
ions. Hence Cu(ll) reductiois not involved in the processes despite fact thatCu hasa high

second ionization energy.

The dissociation of Ln(lll)/peptide complexes was studied with ECD [67], where Ln = La, Tm,
Lu, Sm, Ho,Yb, Pm, Tb or Eu. For peptides with molecular weights below ~1000 Da,
[Ln(peptideH)]?>* was readily formed. The fragmentatiof [bn(peptideH)]?" gave extensive

fragmentations which potentially could be used for peptide sequencing.

ECD of these doubly charged complexes containing trivalent metal ions displays much higher

electron capture efficiency and sequence coverage comigaitealse of doubly charged divalent
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Metal(ll)/peptide complexes. For larger peptides, [Ln(peptide)y predominant and its
dissociation results in electron capture by the metalote protonation site. All metal/peptide
complexes gave abundant c/z frants without direct reduction, except3EuEL* reduced to

EW* in the complex, and b/y type ions and small neutral molecule loss were observed.
Dissociation of the complexes of bradykirderived peptides with trivalent metal ions {Al

G&*, In®* or RP**) [68] under ECD showed that c/z type ions with or without the metal were
observed for Group llIB metal ions &) G&*, In®"); this suggests that the electron was
captured by the proton in the shlidge of the complexes. By contrast, metalated ygib tons

and y ions without the metal were observed fof*Rpeptide complexes, indicating that the

electron is captured by the metal ion in a chagjgated complexes.

Under ETD conditionssequencing of acidic peptides could be realized with the dissociation of
lanthanide/peptide complexes [63Fivalent lanthanides generates [Ln + peptide ¥ HLn +
peptidef* and [Ln+ peptideH]?* ions, which undergo ETD fragmentation, and form c/ztyp

ions with or without the metal ion. Abundant sequéndermative product ions and extensive
backbone cleavage make the ETD of lanthanide/peptide complexes a potential strategy for
peptide sequencing [69]. All lanthanide ions studied show similar fraguen behaviour,
except Eu(lll). Among them Pr(lll) was proposed to be the best candidate since it produced
abundant metal/complex ions, while Sm(lll) could be used to assist confirmation of the

metallated product ions [69].

1.2 Peptide radical cations

As described in section 1.1,nder lowenergy CID, fragmentation o€u/peptide ternary

complexes can generatee molecular radical cation of the peptidpepide]™ [38]. The
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dissociation of[pepide]*T is not only chargelriven, but also radical drivernerce the CID

spectrum ofpepide] T gives more informatioaboutpeptide primary structure.

There area number of methods that have been used to generate cationic peptide radicals [70].
For example: 1) CID of ternary metal complexes with peptide and ahaayxgand; 2) U\-
photo-excitation of peptide cations, or Uphotodissociation of photolabile radical precursor; 3)

free radical initiated peptide sequence (FRIPS); and 4) loss of NO from a peptide nitrosylated at
a tryptophan or cysteine residue [71h the past decade, the most widely used method of the
four was 1): generation of peptide radical cations by CID of dipositive Cugpjide complexes

in the gas phase [727].
The generation of peptide radical cations can be described by equation 1:
[Cu" (peptide)(LF" ¥%%3-  [Cu (L)] + peptidé (Equation 1)

where L is the auxiliary ligand and can be diethylenetriamine, a crown ether; 1,4,7
triazacyclononane or terpyridine. Formatidnpeptide radical cations occurs most readily if the
peptide contains a tyrosine, tryptophan, methionine, or a basic residue arginine, lysine or
histidine. The redox chemistry is coupled to fragmentation of thé(péptide)(L)f* complex.
Dissociation othe complex by homolytic bond cleavage produces the molecular peptide radical
cations, oxidized by Citi, and formation of the reduced copper/ligand complexX([gii as the
counter ion. The abundance of the molecular peptide radical cations generdtednbgtihod is
dependent ofour competitive fragmentation channels as follow3,[79].

[Cu"(peptide)(ligand}*— [Cu'(ligand)]" + [peptide]* (Peptide radical formation)
— [Cu'(ligand-H)]* + [peptide+H} (Proton transfer)
—— [Cu'(peptideH)]* + [ligand+H]" (Proton transfer)
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— [Cu'(peptidebn)(ligand)[" + [br]* (Peptide fragmentation)

In contrast with the multigtprotonated peptides radicals found in ECD and ETD, the molecular
radical cations have been described as hydrogéicient radical cations/p]. Fragmentation of
peptide radical cations can be radidalven or protordriven. For this reason, the CID spectra of
peptide radical cations normally give richer sequantmmative product ionsDue tothe high

3 jonization potential of trivalent metal ions, it is challenging to transfer the tripositive
complexes metdl/peptide to the gas phase. Triply charged metal ion/peptide complexes tend to
be more fragile under typical MS sampling condisiofrivalent metal ion complexes have been
succesfully examined by tandem mass spectrometry when treectigphe of the metal ions was
partially offset by an anionic ligand, for examplejn the monopositive [Meté&l(salen

2H)(peptide)] complex wherenetal =Cr, Mn, Fe,or Co [80].
1.3Lanthanide chemistry

The knthanids area serief metallic elements thdtave stable +3 chardeonsand they have
similar chemical and physical characteristicanthanum and the other 14 elemenith atomic
numbers 57 to 71 are called theL ant hani de s, or Lanthanoi dso
with scandium and yttriumt hey are someti mes referred to
although this name is not recommended by IUPAC. The lowest energy electronic configurations
of the lanthanides are typically [Xe]8E or [Xe]4f™'5d'6s [81], where [Xe] describes the
electronc configuration of xenon: #8s2p°33p°3d'%4s4p°4d %508, The electronic ground

state of lanthanum is [X&d'6<’. For the next elements and beginning with Ce, the elements
start to fill the 4f orbitals one by one. Lathanum, cerium and gadolibelong to the [Xe]4¥

15d'6<° configuration and all the other lanthanides belong to [X6Ffas shown in Table 1.

14



Scandium and yittrium have the-dd'ns’ configuration for their outer electrons, so they have

chemical properties similar to lanthanidesl &aence sometimes are treated as lantharsdés [

An wunusual characteristic of the | anthani des
increasing atomic number, the atomic radamsl ionic radus all decrease steadily as shown in

Table 1. The 4forbitals are rarely involved in binding because they are buried deeply. The
lanthanide contraction contributes to the similarity of chemistry within the lanthanide f&ily [

83, 88-91]. The lanthanide contraction is a consequence of the relatively pietdisg by the f

electrons as the nuclear charge increagassthe nuclear charge increases, the increase in
electrostatic attraction between the nucleus and the electrons is balanced by the increased
electrostatic repulsion between the electrons. Foritiner electrons, the shielding effect
decreases in the order of s>p>d>f. The 4f electrons are diffuse, have poor shielding effect. As a
consequence, as the atomic number increases, the electrostatic attraction between the nucleus and
the outer electronacreases, resulting in a reduction of the atomic or ionic radius [83].The
preferred coordination number of the lanthanides is 8 or 9; by comparison the preferred

coordination number of Cais six [48,81].
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Table 1.1Selected chemical and physical parameters of rare earth ele@®kB8@ [

Element | Atomic | lonic IHIE |2 JE| 39 IE| Un Electron Naturally occurring| Standard
Radius | Radius [84] [84] [84] paired Configurati | Isotopes and atomic weight
(pm) (M3 in A electron | on abundance [85,86]| [87]
[81-82] |[83] [81]
215¢ 162 68 6.56 |12.80 |24.76 |1 [Ar] 3dt 48 | 45Sc, 100% 45.0
3%y 180 88 6.22 |12.23 |20.52 |1 [KA 4dt 58 | &Y, 100% 88.9
SLa 187.7 106.1 558 |11.06 |19.17 |0 [Xg 5d' 68 | 1*¥La, 0.09%; 138.9
139 a, 9.91%
58Ce 182 1034 546 |10.85|20.20 |1 [Xg 4ft 5dt | 136Ce, 0.19%; 140.1
6% 138Ce, 0.25%;
140Ce, 88.4%;
142Ce, 11.11%
59pr 182.8 101.3 542 |10.55 |21.62 |2 [Xd 4 65 | “Pr, 100% 140.9
5ONd 182.1 995 549 ]10.73 |22.10 |3 [Xg 4f* 65 | 142Nd, 7.2%,
143Nd, 12.2%;
144Nd, 23.8%;
145Nd, 8.3%;
148Nd, 17.2%;
148Nd, 5.8%
150Nd, 5.6%
51pm 181 97.9 556 |10.90 (22.30 |4 [Xd 4565 | “'Pm, trace 145
62Sm 180.2 96.4 563 |11.07 | 2340 |5 [Xg 4f6 68 | 14Sm, 3.1%, 150.4
147Sm, 15.0%;
148Sm, 11.3%;
149Sm, 13.8%;
150Sm, 7.4%;
152Sm, 26.7%;
1%48Sm, 22.7%
83Ey 204.2 95.0 567 |11.25 (2492 |6 [Xd 4f 68 | PEu, 47.8%, 152.0

153y, 52.2%
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%Gd

180.2

938

6.15

12.08

20.62

[X€
4175016

152Gd, 0.2%,
154Gd, 2.2%;

155Gd, 14.8%;
156Gd, 15.7%;
158Gd, 24.8%;
160Gd, 21.9%

157.3

55Th

178.2

92.3

5.86

11.53

21.91

[Xd 47 65

159Th, 100%;

158.9

177.3

90.8

5.93

11.67

22.94

[Xd 40 68

156Dy, 0.1%,
158Dy, 0.1%;
160Dy, 2.3%;
161Dy, 18.9%;
162Dy, 25.5%;
163Dy, 24.9%;
164Dy, 28.3%

162.5

®Ho

176.6

89.4

6.02

11.80

22.84

D

[Xd 47168

165Ho, 100%:;

164.9

175.7

88.1

6.10

11.93

22.74

[Xd 4112 68

162Er 0.1%,
164y, 1.6%;
166y, 33.5%;
167y, 22.9%;
168y, 27.0%;
170Er, 14.9%;

167.3

®9Tm

174.6

86.9

6.19

12.05

23.68

[Xd 41368

169Tm, 100%:

168.9

ovb

194.0

85.8

6.25

12.19

25.03

[Xd 41462

168y, 0.1%,

170vD, 3.0%;

17yDh, 14.2%;
172vp, 21.8%;
173D, 16.1%;
174yp, 31.9%;
176yp, 12.9%

173.0

173.4

84.8

5.43

13.90

20.96

[Xd4fi45d
65

174 u, 97.4%;
18 u, 2.6%

175.0
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According to Hundods rul e, el ectrons occupying
adopt an electroniconfiguration with a maximum multiplicity. Consequently, there is extra
stability associated with a hdifled set of orbitals, which is 4f Similarly, a fully filled set of

orbitals has a particular stability. For the lanthanides elements, this exjpleipseference for

La®t, Cé*, EV, Tb* and YB™.

The lanthanides have unique spectroscopic and magnetic properties. Europium (lIl) chelates can
be used in fluoroimmunoassay2]9Gadolinium (l11), has higkspin paramagnetism (a high spin

of 7/2) and s complexes are able to enhance the longitudinal relaxation rate of water protons.
Gd(lll) has become the most important contrasting agents for magnetic resonance inmaging [9

93]. For example, [Gd(dtpad]has been used to enhance the contrast of cetabrat images.

coo’
"‘00C g coo"
N/ N/
N N N
3+ -
coo" Gd coo
[Gd(dtpa)]*
Magnevist

As described at the beginning of this chapter, the interaction of metal ions with proteins or
peptides has drawn interests because of the significance of metalloproteins in-@lansfan in

biological systems. The lanthanide elemdratge similar ionic radii to the calcium ion, Ta

The ionic radius of G4 is 99 pm, while the ionic radii of lanthanides are in the range of 84 to
110 pm. Due to a higher charge tharf'Gathough having similar ionic radii, Ehions have a
higher binding affinity than C&*, and hence can act as a?Cmhibitor or probe [48]. For

example, many Cadependent enzymes are inhibited by‘Liaecause the higher charge of the
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lanthanides tend to result in complexes with enzymes that are more stable than thé5¢9df Ca

95].
1.4 [an+H]?*ions

It was reported previously [47] thfita(peptide)f* ion wasformed in the gas phassing ESH
triple-quadrupole mass spectrometry for peptides as small as a dipeptide when it contains both
methionine and arginine [47The dissociation of [La(peptide)(GBN),]** under CIDin tandem

mass spectrometry has been investigated and diposithg [a+H]?>* and [a+H]?*, of the
tripeptide GGG were observeflg]. Density functional theory (DFT) calculations shexhthat

the preferred conformation of GGG in the La/GGG complex is zwitterionic. La was attached to
GGG by coordinating with O, which cses the cleavage of the carboxylate group and a second
positive charge stays on the imino gro@g][ The [a+H]?" ion is fragile and gives [IN=CHg]*

and two types of [ ions, protonated oxazolone and amprotonated ketene, by charge
separation. Theproposed structure of thesfdd]?* ion is linear, whichmaximmizes charge

separation.

(o] 0
+ [l H |-
H3N—CH2—C—N—CH2—C—H:CH2

Abundant [a+H]?* from the tripeptide PPP, anc{dd]?* from the dipeptide PP, were generated,
when [La(PPP)(CECN)]*" and [La(PP)(CHCN);]3" were fragmented under CID, respectively
[97]. The pyrrolidinederived rings delocalize the charges on the backbone, making formation of
the [a+H]?* ions the major dissociation channels. The peptide composition significantly
influences the abundance oétfa+H]?* ions generated arfths been investigated systematically
[98]. The presence of proline, especially in thetekminal position is crucial to producing

abundant [a+H]?" ions. PPP gives the most abundastf4?* ions of all the peptides examined.
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An interesting observation is that although abundartH¥* ions were observed in-Mrminal

proline-containing dipeptides and tripeptide, neH{H]?* or [bs+H]** ions were apparen®7-98].
1.5Thesis research

This thesis examines the chemistries of theermation and dissociation of
[Ln(peptide)(CHCN).]3*, where n = 6, and their fragmentation products. The focus is on the
dissociation of [Ln(peptide)(CIEN)-]*>* and the discovery of new routes to generaptide

radical cations.
Chapter 2 describesdlexperimental methods and the instrumentation.

Chapter 3 describes a detailed study on the formation and dissociation of
[Ln(peptide)(CHCN)y]*, where Ln = Y, La, Ce, Sm, Eu, Gd, Tb and Yb. A new route to
generate peptide radical cations with peptiiealent metal cations in the +3 charge state is
described. Comparisons of the fragmentations of tripositive complexéa(b)/peptide of

different lanthanide are made.

Chapter 4 presents the fragmentations of tripositive Ce(lll)/peptide and Eu(llijipept
complexes, including unsolvated [Ce(peptidielind [Eu(peptidef] ions. CIDs of the product

ions of [Ce(peptiddd)]?" and [Eu(peptided)]?* are also compared.

Chapter 5 presents a detailed study of the fragmentations of molecular radical caipisatt
peptides with or without proline. The [peptitfeand [a+H]™ ions of tripeptides containing only
G, A or P, whose formatiois very challenging, but viable with CIDs of [Eu(peptide)(ligaiif)

or [Cu(peptide)(ligandf] are examined.

Chapter6 describes the formation and fragmentationbafiH]?* and [a+H]?*, where n=2 or 3.

New doubly charged peptide fragments+#H]?* ions are described. The fragmentation patterns
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of [bn+H]?* and [a+H]?**, where n=2 or 3, are systematically examined wiffedint peptide

compositions.

Chapter 7 presents data on the dissociatiof€epeptideH)]?*, [CeeptideH)(peptide)fand

[Eu(peptideH)]?* complexes.
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Chapter 2

Instrumentation and Experiments

2.1 Introduction to the mass spectrometer

The major components of a mass spectrometer include the ion source, the mass analyzer and the
detector, in addition to a vacuum system which is used to acudrenaintain théow-pressure
environment, and computer system for data acquisition and system cont?.[1

2.1.1 lon sources

In the mass spectrometdhe ion source is used to creagasphase ions. Depending on the
application, different ion sourseare used For example, electron ionizatioand chemical
ionizationare suitabldor volatile and thermally stable analyt®y contrastfor non-volatile or
thermallylabile analytes, ion sourcesuch asnatrix assisted laser desorption/ionizatidtWXLDI )

and electrospray ionization (ESBre appropriatef2]. MALDI is a desorption/ionization
technique that transfers ions in a solid matoxthe gas phase via a laser irradiation. It is
especially powerful for the analysis @bme polymers, proteins and DBIAElectrospray
ionization is a technique thhagas revolutionalizethe analysis of proteins amther biomolecules.

ESI and MALDI are two soft ionization techniques widely used in protein identification and
characterizatiofi3-6]. ESI can generate multipprotonatedons, whichenables protein analysis

on quadrupolend timeof-flight analysersof limited m/zrange[7]. It is also very gentlsource

that generatebitle fragmentationprovided that the ion sampling processlso gentld1]. The

two major mechanisms for ESI aitee ion evaporation model and the charge residue mi@lel
11]. The electrospraprocess comprises ttiellowing steps that are illustratad Figure2.1: 1)
Formation of charged dropteat the electrially biased(1-5KV) capillary tig 2) Ejection of the

dropletsfrom the Taylor cone3) Evaporation of solvent from the droplets and increase of
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surface charge density until tRayleigh stability limitis reachep4) Explosion of thedroplets
due to @ulombic repulsion 5) Productionof single solvatedions by repeated Rayleigh
explosionsand/or ion evaporatiorsome of these ions are then sampled by the downstream ion

elementsnto the mass analyzer for measurements and further manipslgtj@i12].

Figure 2.1 Schematic presentation of electrospray process (Adopted 8jpm [

2.1.2 Fragmentation techniques

Collisiorrinduced dissociation (CIOL3] is acommonfragmentation techniquasedfor peptide
sequencing in mass spectromdtgsed proteomicd 4-15]. Fragmentation of peptide by CID
tendsto generatgby]* and [yn+2H]" ions [16-19]. The peptide precursor iorme accelerated
before colliding with gasnolecules and the collisiortonverts some ahe kinetic energy othe

ion into internalenergy The excited ion then fragments breaking the weakest b&hetstron
capture dissociationECD) and electron transfer dissociatiokETD) are generally preferred in
posttranslational modificationRTM) analy®s because thefacilitate backbone cleagewhile
retaining the PTMECD and ETD are electremediated radicadlriven techniques, whictend to

give better resudtfor large, highly charged peptides, while CID is better for doubly charged

peptides formed by protein trypsinizatiof20-28].
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2.1.3 Massanalyzers
Commonmass analyzers used for peptide analysikide thequadrupol€Q), ion trap,Orbitrap,
Fourier transform ion cyctoon resonance (FICR), andtime-of-flight (TOF) [29, 30-33].
Typically FT-ICR and theOrbitrap offer the highest resolutionbut tend to be the most costly

[30-31].

Thelinear quadrupole analyzer compridear parallel hyperbolic rods where opposite rods have

thesameappliedpotentialsbut different from the other pair in the directigB1, 34].

The quadrupole field has a direct current (DC) and a radio frequency ¢&Rjponent that
transmit ions within a givem/zwindow whose width is dependent on the ratio of DC to RF
amplitudes. Mass scanning is achieved by sweeping both DC and RF while keepingtih

constantA special case exists wheamly the RFis applied (DC=0), in which case ions mofz

values are passed and the quadrufioietion as an ion guide

Three quadrupoles can be arranged in tandem to perform MSIM&e MS/MS mode, Q1
obtains full scan MS1, and the RiAly ¢p works asthe collision cell for CID and Q3 is used to
massanalyze the fragmentation products coming out 0fTdpe quadrupoles can be operated

differently to givefull scan, product ion scan, precursor smanandneutral losscan [2].

The triple quadrupole achives MS/MS by a linear combination of three quadrupole anabyzers
tandem in space arrangement. By conjrée quadrupole ion trap (QIT) performs tandem MS
by tandem in timeThe QIT consists of tw hyperbolic cap electrodes and one ring electrode,
which can creatathreedimensional quadrupole field to staed scanons[29, 31, 33, 36]. For

linear ion trap, ioaare confined radially by a twdimensionafuadrupoldrequency and axially
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by higher potentials applied tthe end electrodegi.e. the front and back sections, Figure 2.2)

[37-38].

Back
Section

Center
Section
Front
Section

Figure 2.2 Schematic presentatiar two-dimensionalinear ion trapAdopted from Bg.

2.1.4 Tandem mass spectrometry
To perform MS/MS analysis, two or more beam transmitting mass analyzers (TOF and
guadrupole analyzer) can beranged in seriedor example, TOF/TOF, QTOF and QqQ@9].
This is called Tanderm-Space29]. MS/MS analysis can also be operatec tandemin-time
mass spectrometer, which combines ion select@mnactivation and fragments analysis in the
same place for example QIT, LIT and 4#JR. Higher stage of MS" can be more easily
obtainedin atandemin-time instrument, whil@ tandemin-spa@ mass spectrometer is typically
limited to MS/MSJ[29].
2.2 Instruments and experimental conditions

2.2.1 2000QTRAPa and 4000QTRAP&

Curtain Gas™ flow

q2

LINAC®
Collision Exit CEM
/ Qo ST Q1 ST2 Cell ST3 Q3 Lens
P | ] Ol O | é é
‘t} O (] O \
\ Skimmer Q2 a3 T Deflector
Orifice Aux RF

Q1

Curtain Plate

Figure 2.3 Schematic presentation 4000QTRAPA& systemion optics[40]
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The SCIEX 2000QTRAPa prototype linear ion trap anithe 4000 QTRAPA were two of the
three mass spectrometers usethis thesis studie§he 2000QTRAPa and 4000QTRAPA are
tandem mass spectrometers of QgLIT, which can offer higher trapping and fragmentation

efficiency. The ion optics othe4000QTRAPa is shown inFigure 2.340].

MS/MS scan is acquired ithe quadrupole mode by fixing the Q1 to transmit the precursor ion
andsweeping the Q3 to mass analylze product ions. The third stage of the MS/MS/MS scan is
performed in theéQ3 in LIT mode. lons from Qlaretransmitted tay, and fragmented iqp by
colliding with the collision gas ip. The product iosare then transmitted and collectedQ8.

The target ion is isolated Q3 by removing all other ions through applying normal mode RF
DC vdtages. A second auxiliary AC frequency is applied@® and the ion of interest is
resonantly excited and then collided with the residual nitragesin Q3 to fragment toobtain

the MS/MS/MS spectrum of the ion of intere$d][

2.2.2 Obitrap Elite Mass Spectrometer
The Orbitrap Elite mass spectrometer is a hybrid mass spectrometer combining the VVos Pro

dual cell linear trap and the hidield Orbitrag™ analyzer.

Velos Pro MS Orbitrap analyzer
IEIen:trospray lon Source S-Lens SI.1|IJEFE Quadrupo.le Octopole High Pressure Cell Low Pressure Cell I Multipole C-Trap HCD Cell I
with neutral blocking
MO0 w MO lH M1 |l ﬂ O | =
= %Elﬁ ]ﬂ‘ ﬁ %H ==F
L ﬂy JI_lL . i O ==
= | {]
[em]
f\
i
High-field Orbitrap Mass Analyzer ‘\./

Figure 2.4LTQ Orbitrap Elite mass spectrometer configuration. Adopted fedh [

TheOrbitrap analyzecan be operated wittesolving power > 240,000 FWHM.
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It consists of the four main componendd-@2]: 1) Dual cell linear ion trap (Thermo Scientific
Velos Pro) for sample ionization, precursor ion selection, fragmentation, AutoG®ainol™

(AGC) for setting the ion injection time to maintain the optimum quantity of ions for each scan.
2) Intermediate storage device (curved linear trap) that is requingdise injection. 3) High

field Orbitrap analyzer for Fourietransformatiofbased analysis; 4) Collision cell for
performing higher energy CID experiments. In ttiissertationwork, only the Velos Pro Mass
spectromete(i.e., the dual cell linear ion trapvasused for acquiring MSspectra

Electrosprayedons are transferred fmo the ion transfer tube and pass through theei®s and

Exit lens and thenthe three ion guides MO0, MO (square rod quadrupole) and M1 (octopole
round rods assemblyhat are RF onlyEach ion guide includes a lens with voltage applied on it

to facilitate ion transfer.

The dualLIT has two identical LITs in tandem operated at high pressure (HPC) and low
pressure (LPC)respectively These two LITs are connected to the same RF and auxiliary AC
power supplies, with DC offset for trapping delivessgparately 29]. In a higher pressure, the
trapping efficiency and fragmentation effectiveness can be improved, while in a lower pressure,
higher scan rate and better resolving power can be obtained. While the second LIT is analyzing
the mass ofhefragmentions the first LIT can start to trap the iofts thenext cycle[42].

The dual linear ion trap st@dsolates and fragmergions and then sesdhem tothe Qrbitrap or

SEM detector. In our studies, the fragmented ions are sehg tdf-axis SEMdetectoy which
includes a conversion dynode and channel electron multiplier for MS, MS/MS aricahkdysis

[42].
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The typical ESI source operation condigdior metal complexes stigs were 3 pL/min flow
rate, ion transfer tube temperatur€00 C, andsheath gas- 5 psi. All other parameters were
optimized for maximum sensitivity.

2.3 9-fluorenylmethoxycarbonyl (Fmoc)-based solidphase peptide synthesis (SPPS)

PGW, P(0)GG, PGI?0)G, PYG, PGGGwere synthesizedccording to standar@mocbased
solid-phase peptide synthesis metapdi3-45]. 180 labelled Fmo@mino acid weresynthesized
by the reactiomf Fmocamino acid with acetythloride and dioxane B}

SPPS starts frorthe C-terminal and the procedure to synthesize a peptittethe sequence of
AALAAL 1€ A AAA1 (AA= amino acid) is described briefly here. This scheme tlse$Vang
resin bead which is a polystyrene polymer linkedhe Fmocprotected amino acid via 1%

divinylbenzene cross linkingtf].

%

O OTNHEJLOA@OAQ/O

N J o\ AN J
Y M Y
Fmoc group  Amino acid residue Wang resin
(Linker + polymer)

Scheme 21 FmocAA-Wang resin (Fmo@la-4-alkoxybenzyl alcohol resin). Adopted frowi/]
(1)  Deprotection of Nerminal Fmoc group. Fme&A1-Wang resinwas added to a solid
phase peptide synthesis glass ves§eigure 2.5) and 20% 4methyl piperidine in
dimethylformamide(DMF) was added to remove the Fmoc gromph bubbling of N2 for 20

min.
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Figure 2.5 Schematic of the solighase peptide synthesis apparafdopted from [5]

(2)  Coupling of amino acid on the-terminus. The remaining solutiemasremoved, and the
N-terminal deprotected AA-Wang resin was washed three times with DMF and
dichloromethane (DCM) before adding FmeAA,-OH and coupling reagents -1
hydroxybenzotriazolHOBT) anddiisopropylcarbodiimid€DIC). The mixture of reactantsas
agitated by bubbling with Nor two hours for complete coupling.

3) Deprotection. The resiwasfiltered and washed with DMF for 3 times and DCM for 3
times before adding deprotection reagents 2086 4-methylpiperidinein DMF. The mixture
wasthen agitated with bubblinga\as for 20 min.

4) Repeatingt ep 2 and 3 to cdenphAke AA3, AA4é. . AAn
5) Cleavage of @erminal Resin. The liquid in the mixtureasremoved, and the resimas
washed with DMF for 3 times and DCM for 3 times, then the cleaveagent containing
trifluoroacetic acid (TFA), DCM, triisopropylsilane (TIS) and water at the ratio of 14:4:1:1
(v/iviviv) was added. The reactionas stopped after two hours with bubbling dbs.

(6) Concentrabn and purifcation of synthesized peptides AAAn1€é A AAA1. The
reactant mixturavas filtered and the filtratewas collected. The resin beagaswashed with TFA

for 3 times and the filtratevas collectedand combinel with the initial filtrate. The filtratevas
then dried under Nand waterwas added to ralissolve the crude peptides. Thestespended
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peptide solutionwas then dried with Speedvac under vacuum to remove TFA residue in the
solution Diethyl ether was added to the solution after the drylige pecipitate wascollected

after centrfuging at12000 rpm for 2 minThe purification stepvasrepeated for 2 to 3 times
depending on the experiment requiremefigeptide purity.

2.4 Chemicals

Most peptides were commercially available from Bachem BioSciencg3 dn@nce, California,
USA); and prolinecontaining peptides were available from Pepnome limited (Zhuhai,
Guangdong, China). Sompeptideswere synthesized by following the Fmbased solid
phasepeptide synthesis (SPPS) procedure described in Section 2.3.

Deuterated acetonitrile (GON) was available from C/D/N Isotopes (Pon@ire, Quebec,
Canada). All solventsagetonitrile methano) wate) were Optim&l LC-MS grade from Fisher
Scientific(USA). Trivalent metal sadtof chloride or nitrate were purchased from Sighidrich

(St. Louis, MO). All materials were used as received

5 mM Stock solutions of Sc, Y, La, Ce, Sm, Bd, TbandYb were prepared from the salts of
chloride or nitrate in water. Stock solutions of peptides (Bachem) were prepared in water or
water/methanol depending on their solubility in wat€he gpropriate volumes of stock
solutions of peptides and trivalent matms were mixedvith 1:1 (v/v) water/acetonitrile for the

experimers.
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CHAPTER 3

Fragmentation of [Ln(lll)(peptide)(CH 3CN),]** Complexes

3.1Introduction

Due to the higher charge density of the smaller sized trivalent metal ions, formation of tripositive
complexes of trivalent metal ion in the gas phase using ESI is alwagdengle. O'Hair and eo

wo r k efforstdé form the ternary peptideomplexes in +3 charge state to generate peptide
radical cations was not successftiiey circumvented thishallenge by utilizing salen N,N'
ethylenebis(salicylideneaminato)] to form compounds with trivalent metal ions Cr(lll), Mn(lll),
Fe(lll) and Co(lll) and then by homolytic cleavage of the metal peptide bond, produced
corresponding peptide radical cations for the first time other tham copper(ll) [1]. The

reaction can be described in equatlon
[Metal" (salenx2H)(peptide)]" —» [Metal' (salenX2H)] + peptidé* (Equation 1)

In the dissociation pathway showed abosesingleelectron transfer from peptide to metal
occurs, and the peptide radical cation is produced along with the neutral metal/salen radical

compkex.

There are other competitive fragmentation channels depending on the metal ions, ligand and

peptides. Among them is themgration of neutral peptidequation2).
[Metal" (salenx2H)(peptide)]|" — [Metal"' (salenX2H)]™ + peptide (Equation?)

The competition between the equatibrand 2 can be modulated by substitutiabhthe 5, %
positiors of salen, which is locatefar from the metal centeand supposedly not affecting the

geometry surrounding the metal (Structlixe
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Structure | The structure of Metal/salen, where X=pN@I, Hor OMe respectively

The research result shows that for electngtindrawing functioml group X, homolytic cleavage

of the metal peptide bond is favoured and therefore the peptide radioabaate generated. The
dissociation favours the generation of neutral peptideldgvageof metatpeptide bondf the X
functiomal group is electromdonating, as evident by the more and more abundant
[Metal'' (salen%2H)]* observed in the CID spectra @¥letal' (salenx2H)(peptide)] in the

order of X=NQ - Cl- H- OMe when Metal =Mn and Fe.

Although the potential to tune the generation of peptide radical cations by the substitution in the
ligand, these complexes in the gas phase are still singly chavgedwéh the trivalent metal ion.
The higher charged complexes in gas phase always draw interests, espeadisiygaheETD

and ECD technique

Under lowenergy collisioAnduced dissociation, La(llhas apreferred coordination numbef
eight [2], and [La(Ill)(peptide)}* ions were generated for argiminontaining @, tri- and tetra
peptides [3]. To generate the complex in the absence of soheattipeptide contaimg not only
arginine, but also methioninejas requiredn order to provide the minimum four coordination

sitesto La(lll).

A novel highly charged protonated iorsf&i]?* was observed in the fragmentation products of
CID of [La(ll)(GGG)(CHsCN)J®*[4]. Further investigation on the impact of protein

compositim on the CID of [La(lll)(peptide)(CECN).J®* suggeststhe N-terminal proline
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containing peptide is the key factor to stabilihe small dipositive a ions [&, No molecular

peptide radical catiwereobserved in the dissociation of the tripositive riipeptide complex.

In addition to dissociation under CID condit®mfrared multiple photon dissociation (IRMPD)
spectra have also been reported for the investigation of tripositive lanti#nyptophan
complexes[7], and the ressishowed that L&* binds with the indole ring byp-interaction in
addition to coordination with the carbonyl oxygen. A study on the coordination of trivalent metal
ions to peptides by IRMP was carried on the dipositive complexes [Ln(lIl)(Ald)]?>* where
Ln=La, Ho and Eu) rd n=25, considering the advantage of the limited conformation space due

to the formation of salbridge structure of metal ion withedeprotonated peptid¢3].

Due to the highcharge of trivalent metal ions, the sequengnfgrmative fragmentation fo
M(lIl)/peptide complexedasalso stimulatd the study on the dissociation of [M(Ill)(peptid¥)]

by other new dissociation techniques such as ECD and ELD][9

Our aim here is to further explore the possibility of formation of peptide molecular radical
cations from tripositive trivalent metal/peptide complexes under CID conslitishere the
trivalent metal elements are rare earth metals.report here the discovery afnew route to
produce peptide radical cat®by the fragmentation of trivalent/peptide complexes in the +3
charge state

3.2 Results and Discussion

[Ln(11)(Peptide)(CHsCN)]®*, where Ln =Sc, Y, La, Ce,Sm, Eu, Gd, Th, Yb, have been
investigatedComplexes containing Sc(lll) showed different behaviour compared to those of the
other eight metal ions because of its strong tendency to react with water. It only formed
dipositive ions [Sc(OH)(CECN), ]2 with a maximum of five acetonitrile moleculeschese its

ionic radus is much smaller than that ¥{lIl), L a(lll) and Ce(lll) as shown in &ble 1.1 in
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Chapter1. The other eight metal ions can form stable [Ln(ll)§CN).]*" complexes and
[Ln(lI)( pepide)(CHsCN)y3*, where n = 4, 5, 6 or 7 in the gas phase.

3.2.1Fragmentation of [Ln(ll)(GWG)(CH 3CN)n]3* where Ln=La, Ce, Eu, and the

generation of radical cations

As the moleular peptide radical cations ¢pide]™ are eady produced by CID of
[Cu(pepide)(Ligand)F* for oligopeptides that contain either tryptophan or tyrosine residue [12
18], in this work, GlyTrp-Gly (GWG) and GlyTyr-Gly (GYG) were selected as the model
peptides to check the feasibility of the new route to generate peptide radical cations by CID of
tripositive Ln(lll)/pepide complexes. Instead of amine, the aprotic solvent@MHwas used as
the auxiliary ligand for lanthanide coordinatjosince previous worlf19-20] showed that
Ln(lI)/ pepide complexescan be introduced to the gas phase stabilizedsiyg CH:CN as the
ligand, and the preferred coordination numbeCdf:CN to lanthanum(lll) iseight

In the front end of the mass spectrometer, complexes [Lpgplite)(CHsCN),]** were formed,
and the solvent molecules were removed one by one undeerlergy collisiorinduced
dissociation, as the example shown in Figduexr. After removing two CECN molecules from
the complex, a water molecuke attachedand this is the major digmentation product wheneth
collision energy is very lowFormation of dipositive [Ln(I1)/(GWGH)(Solvent}]?* complexas
are alsoa major pathway. In summary, the fragmentations of [Ln{H)ide)(CHsCN).]%*,
where Ln=La and Ce, show two major fragnaioin pathways: 1) Formation of tripositive
fragments cluster [Ln(l1)(GWG)(CECN)n(H20)m]3* ions wherem=0-2 and n=24, by peeling
off CHsCN or replacing CECN with HO; 2) Formation of dipositive fragments cluster

[Ln(111)(GWG -H)(CHsCN)n(H20)m]** ions, where m, n=€2.
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To assign the fragments in the CID spectra correctly, deuterated acetonitrile was used as solvent
to helpin interpreting thespectra based on corresponding mass shifts if there wet€NCH
molecules in the fragments (FiguBslb). For eample, the [Ce(ll)(GWG)(CECN)s]®*, m/z

=193.8, corresponds to [Ce(ll)(GWG)(G@CN)s]®* at m/z =196.8. Comparison between the

CID spectra of [Ce(ll)(GWG)(CECN)s)3* and [La(lll)(GWG)(CHCN)s]®* also assist in the
interpretation of the CID spectra, because the mass difference between Ce and La is 1. For
example the [Ce(ll)(GWG)(CECN)3, m/z 207.5 ion corresponds to the
[La(lll)(GWG)(CH3CN)4]**, m/z 207.2 ion, and [Ce(Il)(GW&H)(CHsCN)]**, m/z 269.7 to
[La(lll)(GWG-H)(CHsCN)z]?* atm/z269.2.

Figure 3.2 shows that further increasing the collision energy can peel off all the solvent
molecules, and the study of the fragmentationLofIll)(p epide)]** complexeswill give direct

information regarding the interaction oipmsitive metal ion with smapeptide molecule
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Figure 3.1(a)CID spectrum of [La(GWG)(CECN)s]** at m/z220.9, Ew=15 eV. The precursor

ion is labelled with an asterisk (*)
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The breakdown curves of [Ce(GWG)(&EN)s]*" in Figure 3.3 shows that it breaks down to
[Ce(GWG)(CHCN)4*" and [Ce(GWG)(CHCN)s]®* by losing one or two CECN molecules;
these two ions break down to [Ce(GWG)EM);]>*. Then, [Ce(GWG)(CECN)z]** breaks
down further to [Ce(GWG)(CHCN)]** and [Ce(GWGH)]?*. [Ce(GWG)(CHCN)]®** loses the
remaining CHCN and becomfCe(GWG)F*; meanwhile [Ce(GWGH)]?* gives sile chain loss
When all the ceriuatontainng complexoreaks down, [CeQJion appears.

From the CID spectra of [Ce(GWG)(GEN)s]** and [La(GWG)(CHCN)s]®** at different
collision energies, no radical cation [GWG] was observed. However, when
[Eu(I)(GWG)(CHsCN)s)3* dissociated, [GWGt was generated, as shown in Fig3ré, and

the complementary ion [Eu(GBN)s]?* was observed ah/z179.1.
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Breakdown Curve of [Ce(GWG)(CH;CN);]3*
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Figure 3.3Breakdown Curve of [Ce(GWG)(GEN)s]3*
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Compared to the fragmentations of [Ce(GWG)ECN)s]>" and [La(GWG)(CHCN)s]**, which

have two major fragmentation pathways, the fragmentatigu(GWG)(CHCN)s]3>* has three
additional pathways. The first two are the same as observed for Ce and La, the last three are
different pathways. 1) Formation of tripositive fragments cluster
[Eu(I)(GWG)(CHsCN)n(H20)m]3* ions, where m=2 and n=23, by peeling off CHCN or
replacing CHCN with HO; 2) Fomation of dipositive fragment[Eu(ll)(GWG-
H)(CHsCN)n(H20)m]?* ions, where m, n=@; 3) Formation of dipositive fragments
[Eu(I)(CH3CN)n(H20)m]?* ions where m=e2, and m=24; and the complementary rall

cations [GWGT" formed by reduction of the europium (as in Figdt4) ; 4) Formation of
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protonated GWG and its CID produdisz]” and [a] " ions; and 5) Loss of the side chain of W as

the 3methylene 3H- indolium ion.

3.2.2 Radical cations of GYG, GF, and AF generated from complexes
[Eu(peptide)(CH3CN)n]®*, where n=5 or 6

By isolating and dissociating [Eoeepide)(CHsCN)q]3*, where n=57, catonic peptide radicals

have also been generated for GYG, GGM, WGG, GGF.

Earlier research on copppeptideligand complexes showed thgéneration of peptide radical
catiors was not only ligandlependent, but also sequemmpendent [13, 1521, 23. The
fragmentation of [Cu(terpy)(GGX3] or [Cu(9aneN3)(GGX)}" complexes [16 23] only
generated [peptid&] when X=lysine, arginine, histidine, tyrosine or tryptophan. This was
ascribed to the peptide locating in close proximity to the metal ion. With a sterically encumbered
macrocyclic ligand 1zrown4, the [GGX]* was observed when X= seventeen different amino
acids [16]. 39% to 100% abundance of the intact peptide radical cations were observed for
X=K(39%), Y(44%), P (54%), R(74%), W(99%), H(100%); 10% to 16% abundance of the
peptide radical cations were observedX=L(10%), G(11%), F(11%), M(11%), Q(16%), and 5%
to 9% abundance of the molecular peptide radical cations were observed for X=A(5%), V(5%),
E(5%),D(5%), N(6%), 1(9%). Here, surprisingly, by fragmentation of pEpfide(CHsCN)n]?*,

50% [GGM[* and 206 [GGF[* were observed in the CID spectra, again showing that the
generation of molecular peptide radical is metal ion dependent.

Figure3.5a shows that under leenergy collisioAinduced dissociation, [GY&]is generated in

high abundance. Tripositive fragments [Eu(lI)(GYG)EM).(H20)m]®* and dipositive

fragments [Eu(lll)(GYGH)(CHsCN)n(H20)m]?* are present too. The dipositive fragments cluster
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[P*Eu(I)(CHsCN)n(H20)m]?" and  E2Eu(I)(OH)(CHsCN)y(H20)m]** are also abundant

products.

Dipeptide radical cations have also been formed for GF, AF, FM, PF, FM and GM. Deuterated
acetonitrile was used as solvent to assist in assigning the fragments in tepeCtia to confirm

the presencef peptide radical cains.
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Under higher collision energy @=30 eV) for [Eu(GF)(CHCN)®>" at m/z 206.7,
[Eu(GF)(CDxCN)e]*" at m/z 212.8 and [Eu(AF)(CECN)/]** at miz 224.9 at BEx=37.5 eV , the
major fragmentation pathways have changed to the following: 1) [Eu(I5ESH(H20)m]**
where m=02 and n=23; 2) [GF[" or [AF]™, and 3) [a+H]™ ions; the latter are peptide radical
cations minus Cg i.e., [GFCOJ]™ Low abundance of [Eu(GF)(GEBN)s(H20)]*" or
[Eu(GF)(CD:CN)3(H20)n]3*, where n=0 or 1, are present but [Eu(AF)(CN)s(H20)q>" is not
observed, probably due to the higher collisesrergy. At lower collision energy (Elab=15 eV),
[Eu(GF)(CHCN)3(H20)n]3* ions are observed as major fragmentation products again, together
with abundant protonated peptide. Peptide radical cation{@&F&lso present but, only in 40%

abundance.
3.2.3Fragmentations of [Ln(PGG)(CH 3CN)s]®* ions, where Ln=Y, La, Ce, Eu, Gd and Tb

As previously reported [6], the fragmentation of [La(PGG){CN)s]>* generatd protonated
[as+H]?* ions and no [PGCG}was observed. Here we report the formation of aliphepeptide
radical cations [PG@] from the dissociation of the tripositive Eu/PGG complex, although it is
well known that only peptides containing aromatic amino acid residues adilyrgenerate
radical cationsAs was observed, in the CID spectrum B&{GF)(CHCN)s]** (Figure3.5b), the
major products in the spectrum of [Eu(PGG)¢CM)s|*>" as displayed in Figur8.6a are: 1)
Formation of [Eu(I1)(CHCN)a(H20)m]?*, where m=@3 and n=23, and the complementaigns

of [PGGJ"* and [a+H]™ ions. 2) Formatn of [k-H]™ ions, formally [PGGT" minus glycine (75

Da). Moderate abundance of [Eu(PGG)@CMN)s(H20)q]**, where n=2 or 3 was also present.

60



185.1
3.0e6
[a;+H]"*
2.8eB
2.6eB

2 4eB

3 [**Eu(CH,CN),(H,0),]*

o

2.2e6

2 [*%Eu(CH,CN)5(H,0) ]2

o

2.0e6

1.8eB

[*Eu(CHyCN), ]

1.6eB

w
=
w

Aisuaiu

1.4e6

1.2e6

1.0eB

B [153Eu(PGG)(CH,CN),(H,0),]%

:.
2 [153Eu(PGG){CH,CN);(H,0),]3

i

[152Eu(CH,CN),(H,0),]2*

[153Eu(CH,CN),(H,0) .2

[bZ‘H]"

8.0e5

['S*Eu(CH,CN),(H,0),1*
E
&
@

[*Eu(CH,CN) 1

B6.0e5

Gl
&
o
@
o
o

Ee——

[a,]*
4.0e5 0.2

=5 [EU(CHCN)(HO)

[PGG]"*
2281

2.0e5

** [Eu(PGG){CH,CN)5]**

Al 2 T

L Al ]
B0 70 80 80 108 110 120 130 140 150 180 170 180 180 =200 210 220 230 240 280 260
miz,Da

0.0
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A further look at the fragmentations of [La(PGG)(GEN)s>" and [Ce(PGG)(CECN)g®*
revealed almost identical fragmentation behaviour for these two -pegiile complexes.
Figures3.6b and3.6¢c show that [PGG+H]is present in botlspectra. A group of tripositive
[Ln(111)(PGG)(CHsCN)m(H20)]3* ions, in which CHCN has been displaced by water, are the
most abundant. A group of dipositive [Ln(II)(PG&(CHsCN)m(H20)n]3* ions where m, n=0~4,
are products in lower abundance. No peptiddical cations were observed, i.e., they gave

similar spectra to those in Figurgda and3.1b.

Tripositive complexes of [Ln(II)PGG)(C$CN).]*" were investigated, where Ln=Y, Gd, Tb,
Yb. The CID spectra also have very similar fragmentation patterns, except for that of
[Yb(lI)(PGG)(CHsCN)n]*" shown in Figure8.6d, where there is more similarity to that of

[Eu(Il)(PGG)(CHCN)J%*.
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Peptide radical cations [PGG] [as+H]™ and [k-H]™ are present irFigure 3.6d as major
fragmentation products, a reflection of the ease with which Yb is reduced. In addition, there are
three other reduced products common to the [Eu(PGG)YCN)s®* complexes: 1)
[1Yb(II)(PGG)(CHCN)n(H20)m]*"; 2) 3Yb(II)(CH3CN)n(H20)m]?*; ard 3) 3Yb(ll) (PGG

H)(CHsCN)n]**, where n, m =@.
3.2.4 Fragmentatiors of [Ln(GYG)(CH 3CN)s]3*, where Ln=Y, Sm, Gd, Th, Yb

Since the fragmentation of the copperfiptide/amine ternary complexes generated peptide
radical cations [14.7, 21], and theinitial research showed that CID of [Eu(GWG)(&HN)s]>*
(Figure 3.4) and [Eu(GYG)(CHCN)s]®* (Figure 3.5a) produced radical cations [GWGhnd

[GYG]™ in abundances of 18% and 65% respectively, GYG was selected as a model peptide to
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investigate the fragmentation of theLn[ll)( pepide)(CHsCN)i]*>* complexes containing

different metals.

[La(ll)(GYG)(CH3CN)s]** and [Ce(ll)(GYG)(CHsCN)sJ** have almostidentical spectra,
except that the mass shifts due to the 1 unit mass difference between La @hd Ct spectra
in Figure 3.7 shows the fragmentation of the tripositive complex [Y(II)(GYG)(CN)s]®,
[Gd(III)( GYG)(CHsCN)s]** and [TH{II) (GYG)(CHsCN)s]®*, which are very similar to those of
[La(lll) (GYG)(CHsCN)s]** and [Célll) (GYG)(CHsCN)sJ®*, and there is no [GYG] present.
[Sm(II) (GYG)(CHCN)s]** and [YK(lIl) (GYG)(CHsCN)s]®* have been investigated (not shown
here) and there are no peptide radical cations formed. Also the spectra
[Yb(II) (GWG)(CHCN)s]** and [YK(II) (GGM)(CHsCN)s]** showed no presence of [GWG]
and [GGMT*, although they can be formed by the fragmentatiiie tripositive Eu(lll)/peptide
complexes. This contrasts with the spectrum of([NW(PGG)(CHCN)s]**, where PGG™ was

observed (Figur8.6d).

Yitterbium andEuropium hae the largest 'S ionization enerigs (see Tabld.1 in Chapter 1), i.e,
25.03eV and 24.92 eVrespectivelyApart from the high ionization energyalifilled electronic
shells have extra stable electronic configurations; so reduction fréfoEELr" which makes it
become 44 strongly stabilize the products containing?E®imilarly conversion of YB*to Yb?*,
makes it become #f a fully-filled shell which again is enegtically favored; hence, the peptide
radical cations [PGd] can be generated by the fragmentation of Ln(ll)/PGG complaesre

Ln = Eu and Yb.

The reason why ytterbiumcontaining complexes generate [P&G]Jby CID of

[Yb(IlI)(PGG)(CHsCN)e]®*, but donot give radical cations from peptides containing aromatic
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amino acid residue, is not understood ydie ETD experiment on the lanthanide cationized
Fibrinopeptide B and two peptide analogs showed the similar trend [24ETIDé&agmentation
patternsof the Ln(lIl)/peptide complexesere differenwhere Ln = Eu and Yb. It was explained
as the different &n aqueous [245] for Ln(lll) to Ln(ll), that is,-0.36 V for Eu and1.05 V for
YD, respectively. Fibrinopeptide B has 14 amawuid residues, which providgghe aqueousike
environment for Ln(lll). In this case, Eu(lll)s reduced more easily than {{b); as a
consequence the peptide radical catiaregenerated due to electron transfer underémagy

collisionrinduced dissociatigralthoughthetripeptide offes the less aqueotlike environment.

As Yb has seven naturally occurring isotopes iuratance of 0.1% to 31.9%, it is not

considered a good candidate for further research on the fragmentatibn(lbj/peptide

complexes.
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3.3 Conclusion

Sc(ll) did notform stable [Sc(peptide)(CHEN)m]>* complexesn the gas phaséenceths metal
was not investigated further. Amotiige rare eartlelementstudied the tripositive complexes of
Ln(lll)/peptide, whereLn =Y, La, Ce, Sm, Gd, Th, show very similar fragmentation pattern
the gas phase under low energy collisietduced dissociation. That is: 1) Formation of
tripositive fragments [Ln(Ill)(Pejde)(CHsCN)n(H20)m]**, where m, n= 0 - 4, by peelingoff
CHsCN or replacing CECN with HO; 2) Formation of dipositive fragments cluster

[Ln(ll)(Peptide-H)(CHsCN)n(H20)m]?*, where m, r= 0 - 2.

Europium (111) showdifferent characteristics and generates peptide radical cations fo¥\W

F-, M-containhg peptides and also for the aliphatic peptide PGG. It is reduced to Eu(ll), by
accepting an electron from the peptide to form radical cationszeHJ# ions. The major
fragmentation channels for [Eu(lll)gpide)(CHsCN).J®* complexes are 1) formationf o
[Eu(I)(CH3CN)n(H20)m]?*, wherem, n = 0- 3; and 2) formation of [gpide]™, [as+H]™ and [b-

H]™. Moderate abundance ¢Eu(pepide)(CHsCN)y(H20)m]>" complexes where n= 0 - 4,
depending on the precursors are also present under low energy cafidticed dissociation

conditions.

Eu(ll) hasahalf-filled electronic shells whicks astable electronic configuratipand Yb(Il) has
fully-filled f-shells which alsds a stable electronic configurationConsequentlyEu(ll) and
Yb(ll) have the two highest "8 ionization energies. T& may expain why CID of
[Yb(II)(PGG)(CH3sCN)g]** and [Yb(IlI)(PGG)(CHsCN)s]** complexes both givelPGG]™.
However, only CID of [Eull)(GYG)(CHsCN)s®* gives [GYG]™; CID of

[Yb(II)( GYG)(CHsCN)s]®** does not. These may be due to thet thatEu(lll) is more easily
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reduced to H(Il) compared tahe reductiorof Yb(IIl) to Yb(ll). The lower ionization energy of

GYG compaed to that of PGG may also be important.
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CHAPTER 4
Fragmentationsof [Ln " (peptide)(CHsCN),]** Complexes--Further

Investigation

4.1 Introduction

Electrospray ionization (ESI) coupled with tanderass spectrometry is a crucial tool in peptide

and protein sequenciri@-3]. Protonated peptides and proteganbe fragmented by collisien
induced dissociation (CID) into [B]Jand [y+2HT ions [3]. Fragmentation along the backbone
does not always happermand nonrspecific cleavage and miscleavage can make peptide
sequencing ambiguous [4]. Metal/peptide complexes draw interest because of the potential to
increase backbone fragmentation and obtain more sequence information to complement that
obtained from prtonated peptide fragmentation [5]. Various other dissociation techniques, for
example, electron transfer dissociation (ETB)/], electron capture dissociation (ECD)186]

and infrared multiphoton dissociation (IRMPD) are extensively utilized to imatstithe
interaction of metal ions with amino acids, peptides and proféih42], in addition to the
collisionrinduced disociation technique6[1314]. The complexes of monovalent metal ions

and divalent metal ions have been studied extensively ipabsiefew decades [1%0], and it is
believed that amide carbonyl oxygens and carboxylate oxygen atoms normally interact strongly
with metal ions to form the salt bridge structure in the metal/tripeptide complexes [11]. Metal
ions prefer to coordinate theost basic sites of peptides, carbonyl oxygens, aromatic groups, or
the Gterminus carboxyl group [711, 19-23]. Gterminal sequencing is proposed for alkali
cationizel peptides due to the tendency for peptides cationized by a metal ion to dissociate from
the Gterminus [2425]. A study on the CID of polyalanines [6] showed that Cu(ll) is a
promising cationizing reagent for sequencing, since [Cui@ep]* and [Cu(peptle)]?* show

72



complementary spectra for full sequencing & geptide studied, and providere information

than the CID spectra of protonated peptide.

The trivalent metal ion/peptide complexes are difficult to observe in the gas, phasethe

metal trcations are easily reduced by protic ligafiti3, 26] due to the big difference between

the 3rd ionization energy of trivalent metal ions &mak of atypical organic ligands. However,

with ESI, the trivalent metal cations canib&oducedto the gas ptse inside a solvent shell that
preventsthem from being reduced [27]. Tripositive metal trication/peptide complexes in the
absence of solvent were first observed for peptides with 9 to 13 residues that contain at least one
arginine residue with metal tritgans L&*, AlI®*, V3*, G&*, Feé* or Cr*. Fragmentation
pathways followedby these metal/peptide complexesrenot investigated [13]. The shortest
peptide reported to form an unsolvated tripositive metal(lll)/peptide complex had nine residues,

bradykinin

Unsolvated metal ion/peptide complexes provide more information on the intrinsic interaction
between a metal ion and a peptide and are useful in modeling metal ion function in biological
systens. Silver(l)/peptide complexes, in the absence of solvente leeen studied under CID
conditiors for peptide with two to eleven residues containing methionine residues or just with
neutral sidechain groups [28]. The resslshowed silver/peptide complex rearrangement due to
the absence of solvent, which resufisilver coordinating to nitrogen and oxygen on the peptide
backbone in addition to the methionine sulfur. Fragmentatioh [Ca(Pepde)]?* and
[Ca(Pepide-H)]" were investigated for small peptides with five to seven amino acid residues.
These peptides are moddbr calcium bindingsite Il of rabbit skeleton troponin Cand
experiment resudtindicated that C&* binds specific oxygen ligands includirige acidic side

chain [29]. The study of [Angl+M+H] ions of the interaction of angiotensin | (Angl, Asp
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Arg?-Valt-Tyr*lled-His®-Pro-Phé-His’-Leu!®)  with a seriesof doubly chargd cations
including Ca, Co, Ni, Cu, and Zn in the absence of solvent indidaé¢ghe transition metals
bind near the Hfsresidue while C& does not favor this site; &afavors association with
oxygen atoms spanning the peptide backbone [30]. Previous research[15, 31] with ESI and ion
mobility measuremestshows that monovalent etal ions (Lf, Na', K*, Cs and RbB) form
complexes with polyalanine, Alawhere n=620. In the absence of solvent, the metal ion
changed the polyalanine conformation of random gl the protonated form to a rigid helix
because the metal ions comrate tothe CO group at the @erminus. For divalent metal ions
(Mg?*, C&*, S¢*, B&*), the conformation of the Alawhere n=145, in the unsolvated divalent
met al |l et ed c-belivallcanformationd that are stabilized by the metal ion aCthe
terminus, which hence deformed the helix conformation in tter@inus due tstrong metal
coordination at this binding site. However, the unsolvated coraptéAla, with trivalent metal

ion (In**, S&*, Y3") have not been observed.

For argininecortaining peptides, [La(peptidé)] complexes have been observed for
tetrapeptide and tripeptide. The smallest peptide that has been reported to form an unsolvated
tripositive metal trication/peptide complex is M&tg [32]. The arginine residue immobilizéhe
proton on its guanidine group of the basic side chain, and forms a zwitterionic form with
COO group which bind with La®*. However, the [La(GhArg)]** complexwas not observed
showing that interaction with the methionine is required. The intramuaf an additional

binding site on the sulfur atom in the methionine side chain stabilized the tripositive complexes.

When there is no arginine in the peptide, the only peptide that has been répdaded the
tripositive metal cation/peptide complex the absence of solvent has twenty one residues [13].

The dissociation of trivalent metal ion/peptide complexes has also been investigated with ECD
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for lanthanide metal ions B Tm®*, Lu®*, Sn*, HO*, Yb**, Pn?*, or EUG* for peptides with
minimum lengh of eight residues that contain arginine [10]. For peptides with molecular weights
below ~1000 Da, mainlyLn(pepide-H)]?* ions are formed, and where the peptites a
molecular weightabove 1000, Lin(pepide)]** ions are predominant. For larger pepti@&sD

does not give the reduction of trivalent metal iemseptwith EL**. EW?* is directly reduced and

b/y ions are formed instead of the c¢/z ions that are formed by other lanthanide metal ions studied,
where redation is driven by the protonated site located remotely from metal ion. It is proposed
that the larger peptide provislsimilar environments as in water. Lanthanide elementsept
radioactive promethiumhave also been investigated for the unsolvatedalmen/peptide
complexes under ETD for Fibrinopeptide B and its analogs (all containing arginine) [33]. All the
peptides contain at leasto acidic sitesthat will coordinate with lanthanide metal ions and
generate abundant sequemu®rmative product ios and peptide backbone cleavage. It is
reported that all lanthanide metal peptide complexes show similar behaviour except for

Europium(Eu).

It ws suggested [32] that in the [lpapide)]>* complexes, the indole group of the tryptophan
residue in Ledlrp-Met-Arg also coordinates with B4 in addition to the five oxygen atoms and

the sulfur. Previous research [34] also sbdwhat aromatic rings take part in the metal
coordination. Here we report the formation and fragmentation of tripositive metal/satah
peptide complexes in the absence of solvent, where the peptide has no basic residue or
methionine residug instead, a tryptophan residue is in the second position of the tripeptides.
Based on our research result in Chapter 3 and the work fromretiearchers [10, 33], €eand

Eu** are selected as the model metal ions in that onfy hows very different behaviour from

Y3* and other lanthanide metal ions.
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4.2 Results and Discussion

4.2.1 Formation and Fragmentation dfr(l11 )(pepide)] **, whereLn=Ce or Eu

As only the dissociation of Eu(lll)/page complexes generates radical cations, a

comparison of the fragmentation behaviour of Eu(lll)/meptomplex with other Ln(lIl)/pepde

complexes is of interest. Ce(lll)/pége complexes show fragmentation behaviour typical of

other Ln(lll)/pepide complexes (Ln= La, Sm, Gd, Tb) and Y(lIl)/pe&je complexes other than

Eu(lll)/pepide complexes, so the investigation is focused on the comparison between

Eu(lll)/pepide and Ce(lll)pepide complexes.
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Figure 4.1 CID spectra of (a)[Ce(ll)(GWG)(CHCN)]**, m/z 166.3, CE=11 and (b)

[Eu(lll)(GWG)(CHsCN)]** m/z170.7, CE=10. The precursor ions are labelled with asterisks (*)

76



Figure 4.1 shows the major products in the fragmentation§Cef(l11)(GWG)(CHsCN)J** and
[Eu(Il)(GWG)(CHsCN)]** are similar, namely the dipositive complexes [Ce(lll)(GWJ>*
and [Eu(lll(GWGH)]?* respectively after solvent GBN loss. The tripositive complexes
without any solvent molecules are present in bg&csa, although in a small amount (10%
abundance an/z152.7 for Ce and 6% at/z157.0 for Eu). Further comparison of the two CID
spectra shows that the CID spectrum of [Eu(ll)(GWG){CN)]** is more complicated
compared to that of [Ce(Il)(GWG)(GEN)]3*. Only [Eu(Il)(GWG)(CHCN)]** shows the side
chain loss of tryptophan as ther®&thylene3H-indoliumion accompanied bigs complementary
ion at m/z 191 In addition, CQ loss from the [Eu(ll)(GWGH)]?>" and CO loss from

[Ce(lI)(GWG-H)]?* are observedespectively (See Chapter 7).

Further fragmentations of [Ce(Il)(GWG)and Eu(Il)(GWG)}* are shown in Figurd.2. The
tripositive ions are normally not stable due to the high charge density, especially when there are
no solvent molecules coordinated the metal ion. By contrast with the CID spectra of
[Ce(lIN(GWG)(CH:CN)]** and [Eu(lI)(GWG)(CHCN)]**, [Ce(Il)(GWG)P* has a more
complicated fragmentation pattern than [Eu(lll)(GW&G)Fragmentation of [Eu(lI)(GWGT]

gives only two abundant prodsctthe side chain of tryptophan residus/4 =130) and its

counterpart Eu(ll)(GWGL30)F* (m/z169.4, 170.4 fot>Eu, 1°°Eu).

Density functional theory calculatisron [Eu(GGG)}* shows that the lowest energy structure
has the GGG ligand present as attasion with the E&" ion coordinated by the three carbonyl
oxygens. An unusual feature of this ion is that the high Lewis acidity of tHédfuhas induced
deprotonatation of the nitrogen of the first amide nitrogen while the more acidic carboxglic aci

group is not deprotonated. If the [Eu(GW®&)jon has the same structure as found for
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[Eu(GGG)F*, then loss of the side chain of the tryptophan residue formally converts the oxygen

of the second amide group into an anion (see ScHeipe

Schemet.1

However, for [Ce(II)(GWG)Y", in addition to the side chain loss of tryptophamz(130) and its
counterpart [Ce(Il)(GWGL30)F* (m/z 164), neutral losses of CO,.8 or (CO+HO) are
observed for [Ce(Il)(GWGFH with the most abundant product formed by CO loss giving
[Ce(lI)(GWG-CO)J*". Cleavage at the first amide bond gives ai [[@n (too low a mass tbe
observe), CO and the abundant [Ce(\WHB]?* ion atm/z200. The [a+H]?" ion of GWG is also
observedn the spectrum an/z137.0. To differentiate between the fragments&137.0 and

m/z 137.3, the CID spectrum of thettier, [Ce(GWGCO-H20)]**, is shown in Figuret.3(a)

here side chain loss is the main fragmentation pathway, to give iom& 880 and 140.9. The
CID spectrum of [@H]?>* of GWG can be found in Chapter 6; it has no products similar to those
of [Ce(GWGCO-H.0)]**. Figure4.3(b) shows that [Ce(GWEO)]** dissociates mainly into

the [a+H]* ion and [CeO].

78



[Ce(GWG-CO-H,0)]**

I
PO 1433, &
100 = ! &2 3 (@)
90 I 1 9lz2 9
e | ;F"‘ o o
B0] e — 13730 |9 0 DA & & R
A 13709 g 2 V0 5 3 [Ce(WG-H)]2*
) o 2 =2 £ 200.0
o 9. a OO = A
ol u - <= F 5]
O - O o U]

3|T 22 2 3

E’ JIl I’ * ..L_D.. ,_a;

-4 ' W Q

140.9 49.9152.7 & =

; . 158.7 163.9

0125 130 135 140 145 150 155 160 ;rlnsfsz 170 175 180 185 190 195 200 205

.
L = 1704
1003 "N . b
001 1300 =, & ®
o 5
80 H s m
= © >~ |T
3 70 . 9 3160.4|0
£ 60 L 02 4 2
50 g3 = (I3
o w W
2 v a2 S
E 40 '-3— a, =,
;g § 1570
—
10 156.3

Iy
LI L I e

JSLBLIL I L B B

Il)125 130 135 140 145 150 155 160 %nslsz 170 175 180 185 190 195 200 205
Figure 4.2 CID spedra of [Ce(GWG)}* (m/z 152.7) CE=12 and [Eu(GWG)](m/z 156.6)
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Figure 44 shows the CID spectra of [Ce(AWG)land [Ce(GWA)}*, which are very similar to

that of [Ce(GWG)J". The comparison of the three CID spectra helps to interpret the fragments in
the spectra. For example, abundant fragmenta/a200.0 only appear in the CID spectra of
[Ce(GWG)F* and [Ce(AWG)}", correspondig to losses of the {fkrminal residue. For
[Ce(lIN(GWA)]®, the correspondindragment atm/z 207.0 is observed, which suggests the

fragment am/z200.0 is the [Ce(W@H)]?*, while the fragment an/z207.0 is the [Ce(WAH]?*

ion.
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The fragmentation pattn of [Ce(AWG)f" is very similar to that ofCe(GWG)F*. Features are:

1) CO losses an/z148.0 and 143.3 provide the most abundant product in both CID spectra;
2) (CO+HO) losses are observedmatz142and 137.3 respectively;

3) side chain losses from tryptophannafz 130.0 and its counterpart a/z170.9 and 163.9 for

[Ce(AWG)P*and[Ce(GWG)F;

4) the products of cleavage at the first amide bond, [Ce@& at m/z200.0 are observed in

both CID spectra;

5) the products ofleavage at €N bond of tryptophan residue mi’z192.5 (the complementary

HoN"=C(CHs) CONH; ion is not observed);
6) [as+H]?* of AWG (m/z144.0) and GWGN/z137.0) are observed.

Based on the above experimental result, we assumdthtireentatiorpattern of [Ce(GWA)'
would be very similar to those ¢€e(GWG)F* and [Ce(AWG)]**. However, as shown in the
right of Figure4.4, the major pathway is not CO loss; instead, it is (C&€HHoss. Although
losses of CO, kD and the side chain of tryptopheesidue am/z130.0 and [Ce(WAH)]?* were
observed, [aH]?>* was not observed, and the corresponding product of the cleavageNat C
bond of tryptophan for GWA ah/z199.5 was not seen. In addition to these, the 20% abundance

of them/z133.3 ion is dificult to explain.

According to the above CID spectfaur possible fragmentation pathways and overall pathways
by which [Ce(GWG)]" fragments are proposed as in Sche#2 The density functional
calculatiors showed that the structure at the global mimmior [La(GGG)}* also has GGG
bound as a zwitterion, but with a carboxylate anion bound to the metal ion (Sé3¢nfer this

reason a different structure is the starting point used for the dissociation pathways in £2heme
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Figure 4.5CID spectra of (a)Ce(PWG)P*(m/z166.0) CE=13 and (b) [Eu(PWG} m/z169.7)

CE=14. The precursor iorse labelled with asterisks (*)

Figure4.5 shows the CID spectra of [Ce(PW&)m/z166.0) and [Eu(PWGJ] (m/z169.7). N
terminal proline helps solvate the high density charge. The major fragmentation pathway of
[Ce(PWG)F*is the formation of [a-H]?*, the 3methylene3H-indolium ion and the product of

CO loss n/z 156.7). For [Eu(PWGS}, CQ; loss is the predominant fragmentation pathway,
although the abundance of tipeoduct formed by the cleavage at the first amide bonu/at

205.5 is also signifant.

The dissociations of [Cpépide)]*" and [Eu(pepide)]®* are peptide and metdependent. For

the tripeptide with a tryptophan residue in the middle position, the side chain loss is significant.
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When proline is at the f&rminus, the side chain lossbarely observed in the CID spectrum of
[Eu(PWG)F". In contrast, the side chain loss from tryptophan (givingrife130 ion) is in 93%
abundance in the CID spectrum of [Ce(PW3)B5% abundance in the CID spectrum of
[Ce(GWG)F* and 89% abundance ihat of [Eu(GWG)}*. The [a+H]?" ion is observed in the
CID spectra of [Ce(PWGI](100%), [Ce(GWG)'(66%) and [Ce(AWGH(37%), but not
observed in the CID spectrum of [Ce(GWX)and [Eu(GWG)}" or [Eu(PWG)§*. Coincidently,
(CO+H:0) loss is present ithe CID spectra of [Ce(GWAJ3] as the predominant product and
CO loss is only 34%, while in the CID spectra of [Ce(GWG)[Ce(AWG)F*, [Ce(PWG)F,
(CO+H0) loss is 67%, 44% and 72% respectively, which is less abundant than that of CO loss
([Ce(GWG)F(100%), [Ce(AWG)F*(100%) and [Ce(PWGI](85%) respectively). CO loss is
not observed in the spectra of [Eu(GWG)Yr [Eu(PWG)F*, just as[as+H]?* is not observed.

CQO: loss is only observed for [Eu(PW&)js the predominant fragment.

4.2.2 Formation of Ln(pepide-H)] ?*
The dipositive ion [Ce(GW&)]?* is the main dissociation for [Ce(GWG)(GEN)]**, and
[Eu(GWGH)]?" is the main product in the fragmentation of [Eu(GWG)(CN)]**. The

fragmentations of [Ce(GW<HI)]?" and [Eu(GWGH)]?* were investigated and compared.
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Figure 4.6 CID spectra of (aJCe(lll)(GWG-H)]?>* (m/z228.5) CE=13 and (b) [Eu(lI)(GWG

H)]?* (m/z234.5) CE=9.5. The precursor ions are labelled with asterisks (*)

The CID spectra in Figuret.6 show that for [Cegepide-H)]?*, CO loss is the major
fragmentation pathway, while for [Euépide-H)]?*, CQ; loss is the major pathway. Figuder
shows the high similarity between the dissociation of [Ce(AAW* and [La(AAA-H)]?*. The
fragmentations of [Ce(pepie-H)]?* complexes are compared with those of [Euf(jokesit)]>*

complexes in Chapter 7.

86



[Ce(AAA-H-H,0)]

171.0 176.0
100

325.9

[Ce(AAA-H-CO)]2*
[Ce(AAA-H-H,N*=CHCH,)]*

& % [Ce(AAA-H)]>
[Ce(AA-H)]?*

ela
w
o

[y

o

R
~N
(=]
N
[t
~
o

| l N L | L )
T T B B e s s e e e e e —r—T—tT T R s e
120 140 160 180 200 220 m/z 240 260 280 300 320 340

[La{AAA-H-H,0)]2*
175.5

[La{AAA-H-CO)]2*
[y
~J
(=]
n

324.9

[La{AAA-H-H,N*=CHCH,)]*

A
u
o
—
+—® % [La(AAA-H)]2*

[5,]

NN
T8 [La(aa-H)

o

1

T

M0 10 10 180 20 220 240 260 280 300 320 340
Figure 4.7 CID spectra of (ajCe(ll)(AAA -H)]?* (m/z185) CE= 20 and (b) [La(lll)(AAAH)]?*
(m/z184.5) CE=13. The precursor ions are labelled with asterisks (*)

4.2.3 Formationof Peptide Radical Cations andsfH]

[bs+H]?* ions are generated when [@Pepide)(CHsCN).J®* or [La(pepide)(CHsCN)3*
complexes fragment. §aH]?>* can also be formed in DI of [Ce(pepide)(CHsCN).3* or
[La(pepide)(CHsCN),]®* too. These products arenot found in the CID of
[Eu(pepide)(CHsCN)n]3". Details can be found in Chapter 6, where gbesiblefragmentation

mechanisms leading to FBH]?* and [a+H]?* under low energy collisieinduced dissociation

are also investigated.
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4.3  Conclusion

Fragmentations of tripositive Ce(lll)/peptide and Eu(lll)/peptide compleskew very different
behaviourwhich is possibly due to different types of coordination between the metal and the
peptide. Abundant CO loss is only observed for Ce(lll)/peptide ptexas and not from
Eu(lll)/peptide complexes, and GW@ss is the predominant dissociation pathway for Eu/ peptide
complexes. Although the aromatic side chain loss can be the major pathway, the major trend for
the dissociation of [Cegepide)]®* is CO los, while for [Eupepide)]®*, it is CQ loss. This is

also true for dissociations of [@epide-H)]?>* and [Eupepide-H)]?*, where CO loss and GO

loss are again the predominant fragmentation pathways. Two other major differences for the
tripositive Ce/pptide and Euleptide complexes are that peptide radical catwarsonly be
generated by the fragmentation of Eu(lll)/peptide; convergbiyH]?>* and [a+H]?" ions are

only observed when Ce(lIpéptide complexesrefragmented.

This is the firstexample of formation and fragmentation of lanthanide/peptide complexes under
CID where the peptide length is as short as three residues, and there are no basic amino acid
residues or methionine. It suggests again that the aromatic side chain of tryptgwhan

coordinate with lanthanide metal ions and stabilize thegmide)]>* in the absence of solvent.
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CHAPTER 5
Aliphatic Peptide Radical Cat
ions and[as+H]° *lons

5.1 Introduction

The most easily formed peptide radicaltions have aromatic side chains on an amino acid
residue [17]. The higher ionization energies of aliphatic amino acids compared to those of
aromaticamino acids makes generation of radical cations more of a challenge in the gas phase.
Under collisioninduced dissociation in electrospray mass spectrometry, fragmentations of
metal/peptide complexes [Cu(ll)(peptide)(amife)ljive molecular radical catisnof peptides,
hydrogen deficient radicals. Formation of protonated peptides and peptide cleavage compete
with the generation of peptide radical cations by this method. The auxiliary ligand and metal
both affect this process. For aliphatic peptides, tivere no molecular radical cations observed

by CID of copper/peptide ternary complexes, unless the auxiliary ligand waewg4 [13] or

another sterically encumbered ligand, for example itdazacyclononane (8neN); the
fragmentation of [Cu(ll)(1Zrown4)(GGX)** under CID conditions using ESI mass
spectrometry produced the molecular radical cations of peptide [BGXjere X=G, A, P, |, L

and V, although in lower abundance compared to those containing X=W ang-M]"faons

were observed as mmabundant products than [GGXlor aliphatic peptides when dissociating
[Cu(Il)(12-crown4)(GGX)I?*; but an [a+H]?** ion was not observed in the CID spectrum of
[Cu(Il)(12-crown4)(GGW)F'. When the auxiliary ligand was terpy, there was no [GGXi

[as+H]™ present in the CID spectrum of [Cu(ll)(terpy)(GGP)]
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Fragmentations of molecular radical cation of peptides give richer information on peptide
sequence compared to that provided by protonated psd@dl4,15], so this encouragiedther

in-depth investigation of molecular peptide radical cations in recent years [7,/B5]16

Earlier research showed peptides contairlysine, arginine, histidine, tyrosine or tryptophan
easilyform peptide radical cations under CID condition by fragmentatiothe coppeipeptide
auxiliary complexes [2/943, 21, 26, 3034], and methionineontaining small peptides were also
reported to give radical cations [12, 22]. Fragmentation of protonated peptides isainagge
largely giving b and ytype ions [36],while fragmentation of peptide radical cations can be
charge or radicaldriven, giving richer fragmentation information compared to that of protonated
peptides[30, 34]. Dissociations at the -8y bond of tryptophan and tyrosine residues and
formation of[z,-H]™ ions by proton transfer from ¢»f W or Y residue to the amide group
carbonyl oxygen before the-8y bond cleavage, is the major fragment observed fookWY-
containing peptides (See Figure 5.1). EitheteNninal fragment elimination as ammonia or
amide happensdepending on the position of W on the peptide. Feer@inal tryptophan
containing peptidecleavage of the &C bond and proton transfer from the carboxylic group to

an amide oxygen can lead to the elimination of @l formation of [g+H]™.
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Figure 5.1 (a)CID spectum of the M ions of WG. Relative energy =10% of 5 eV. Experiment

was peformed on a ThermoFinnigan LCQ ion trap mass spectrometer. Adopted from [34].
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Figure 5.1 (b).CID specta of (a) [WGGJ* at a relative collision energy =8%, (b) [YGGht

10%, (c) [GGWT" at 8%, (d) [GGYT at 10%, (e) [GWG} at 10%, and (f) [GYGT at a

laboratory collision energy of 10eV. Adopted from [30]
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A Circentered peptide radical hasaptodative structure [37] which is stabilized by the eleetron
withdrawing carbonyl oxygen and electrdonating nitrogen, and it can be generated and
isolated after side chain loss equinomethide or 3nethylene3H-indole from Y or W
[7,9,34]. In thegas phase, peptide radical cations with wleflined initial G-centered radical
locations were produced fexamiring the mobility of the radical center [16]. CID of copper(ll)
peptide ternary complexes where peptidéGG, GYG or GGY, gaveriglycine radcal catiors

with different initial radical locations. Dissociation into different products and theoretical
calculations (DFT) on [GGG]*, [GG'G]*, [GGG* established that these three ions have distinct

structures that dissociate more readily than intered.

Many molecular peptide radical cations are distonic ions, with the charge and radical centers not
located in the same place. Frequently the location of the radical will migrate via abstraction of a
hydrogen atom before leenergy dissociation occf35]. The radical migrationdepends on
kinetics and thermodynamics. The kinetics is related to the intrinarrier to radical migration

and is dictated by the structural constraints that favour alignment of radical donor and acceptors.
Meanwhile, the Hermodynamics is related to the relative stabilities of the two radical species.
The stabilities of the radicals can be estimated based on the bond dissociation energy (BDE) [35,
38]. Peptide radicadirected dissociation has backbone dissociation anechi@i@ loss [35]. The
backbone dissociation leads to mainly a/x type fragments or sometimes c/z type fragments
initiated by the b position on the side chai
mechanisra [15, 35] as shown in Schentel, a) Grinitiated partial loss of side chain; b)-C

initiated whole side chain loss.
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In contrast to the study on the fragmentation of aromatic resioiniining peptide radical

cations,information onthe dissociation of aliphatic peptide radical cations is rather scarce.

Proline is known to accumulate in plant tissue during abioticstse it also scavenges free
radicals produced under abiotic stress-489. Histidine and proline are important sites of
protein attack by radicals, which may cause protein cleavage [41]. Proline residue is well known
for i ts Apr ol i nhefragnehtaienttodtserminatipeptide ddnd andjhas been
widely investigated with mass spectrometry -f8&]. However, there is no research on the
fragmentation of aliphatic prolireontaining peptide radical cations under €HBIMS. Here,

based onfte results in Chapter 3, we report more detaithefjeneration of prolineontaining
aliphatic peptide radical cations by dissociation of Europiumpkiptideacetonitrile complexes.

This is the first example of producing hydrogen deficient peptideakdations by dissociation
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of the metal (lll}peptide complexes with a 3+ charge state. The aliphatic peptide radical cations
were generated either by CID of the copper ternary system or Europium/peptide complexes.
Abundant [a+H]™ ions were observed ithe CID spectra of Eu/peptide complexes, seHa™
ions were also isolated and fragmented under CID to study the mechagiswhich they

fragment
5.2 Results and Discussion

5.2.1 Formation of Nerminal proline containing aliphatic peptide radiczdtions
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Figure 5.2 (top) CID spectra of [Eu(PGG)(GBN)s]** (m/z 168.0) CE=11.0 and (bottom)

[1>*Eu(PGG)(CHCN)3]®* (m/z168.3) CE=15.0. The precursor ions are labelled with asterisks (*)
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Figure 5.2(a) shows the CID spectra of [Eu(PGGHCM):]3*, where m/z =168.0. Since
naturally occurmg europium has two isotopes 47.8% ®'Eu and 52.294°%u, the mass to
charge ratios of P*Eu(PGG)(CHCN)3]®* and [**Eu(PGG)(CHCN)3]*" are 167.7 and 168.3
respectively. When selecting the precursor at 168.0, with isolation wisrdawthe complex
[Eu(PGG)(CHCN)3]** formed from both isotopes were selected. CID of [Eu(PGGYENY]**

at m/z 168.0 shows dual peaks when the product coriainand the differences between the
dual peaks are 0.667, 1 and 2 for tripositive ions, dipositive ions and monopositive ions,
respectively. For example, the product ions 154.0 and 154.7 are the tripositive ions
[Eu(PGG)(CHCN),]** formed by peeling off me acetonitrile molecule from the precursor, and
the product ions 136.9 and 137.9, differing by 1.0 Th, are the dipositive ions [ETKJE".

When there is no Eu in the fragments, single peaks are observed, like"[R@&R29.0) and
[as+H]™ (m/Z85.). To confirm the component of the fragments, precursor
[Eu(PGG)(CHCN)3]*" at m/z 168.3 was fragmented, and CID spectrum is shown in Figure
5.2(b). Since the ion ah/z168.8, the PEU(PGG)(CHCN)3]**ion, is mainly selected instead

of a mixture of }Eu(PGG)(CHCN)s]** and F*3Eu(PGG)(CHCN)]*" at m/z 168.0, the dual
peaks we observed in Figure 5.1(a) are now only shown as single peaks at 117.4, 137.9, 154.7,
231.5.

CID of [Eu(PGG)(CHCN)3]*" shows the following major fragments category: 1) radical cations
[PGGI* and [a+H] ™; 2) [Eu(CHCN)i]?*, the counterpart of peptide radical cations after
dissociation; 3) complexes [Eu(P@®(CHsCN)yJ** (n=1 and 2); 4) Eu(PGG)(GEN)]>* by
peeling offone CHCN solvent molecule. The dissociation pathways can be summarized in the

following equations:
(1) [Eu()(PGG)(CHCN)3]** ——— [Eu(I)(CH3CN)3]?* + CO; + [ag+H]™
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(2) [Eu(ll)(PGG)(CHCN)3]** — [Eu(Il)(CH3CN)s]** + [PGG[*
(3) [Eu(l)(PGG)(CHCN)3]** — > [Eu(lll)(PGG-H)(CH3CN);]?* + [CHsCN+H]*
(4) [Eu(l)(PGG)(CHCN)3]** — > [Eu(lll)(PGG)(CHCN)]3* + CHsCN

Since the abundances of [Eu(&N)s]?*, [as+H]™ and [PGG]" are 100%, 91% and 119%,
respectively, we can say that the electron transfer betwe&naBd PGG is the predominant
dissociation pathway,na the formation of molecular radical cations [PGGk only a minor
fragmentation channel. A moderate abundancéo}28f [Eu(PGGH)]?* is formed by proton

transfer from the peptide to GEN.

5.2.2 Fragmentation of aliphatic [tripeptid&]ions

Molecular radical cations [tripeptidé]and [a+H]™ ions from various aliphatic tripeptides with

a proline residue in different positions have been formed (by the same method, unless stated to
be otherwise), isolated and fragmented. The results are discussed in the following sections. The
peptides do notantain basic residues or aromatic residues that conventionally facilitate the
generation of peptide molecular radical cations and the peptide radical cations are generated

directly from the dissociation ohetal/peptide/auxiliary ligand complexes.

a) N-terminal prolinecontaining tripeptide

Figure 5.3 shows the CID spectra of the [pepfidey PGG, PAG and PAA, and for comparison,
Figure 5.4 shows the CID spectra of [peptidettHProtonated peptides predominantly give the
[b2]* ions. Moderate abundanoé&[ai]™ ions is observed for PGG, and][aions observed for

PAG and PAA. The major products in the CID of [pepfitidr PGG, PAG and PAA are radical

cations [kb-H] ™, where n=2, 3; [a-H]™ ions are present too, although in very labundancén
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the CID spectrum of [PAGT. Protonated peptide cleavage is also observed, indicated by the

presence of [@" and [B]"ions.

While the [a+H]™ ions is the major product in the CID spectra of [Eu(PGGXINs]>*

(Figure 5.1), these ions are not observed in any of the CID spectra of [TRGG]™ or

[PAA]™ in Figure 5.3.

By comparison, in the fragmentation of [GGWpns [13,34] derived from [Cu(terpy)(GGWY]

[Cu(12-crown4)(GGW)F* or [Cu(dien)(GGW)F*, the [a+H] ™ ion is a major product.
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Figure 5.3 (a) CID spectrum of [PGG&] (m/z 229.1), CE=21, obtained from
[Eu>PGG)(CHCN)s]®" ; (b) CID spectrum of [PAGT (m/z 243.2), CE=19, obtained from
[EuPAG)(CHCN)3]®"; (c) CID spectrum of [PAAT (m/z 257.1), CE=20, obtained from

[Eut>3PAA)(CHsCN)3]%*. The precursor ions are labelled with an asterisk (¥)
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Figure 5.4 (a) CID spectrum of [PGG+H]m/z230.1) CE=22; (b) CID spectrum of [PAG+H]
(m/z244.1) CE=21; (c) CID spectrum of [PAA+H]m/z 258.0) CE=20. The precursor ions are

labelled with asterisks (*)
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b) Tripeptides with proline in the central position
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Figure 5.5 (a) CID spectrum of [GP&] (m/z 228.9), AR=70, obtained from [Cu(GPG)(18
Crown-6)]?*; (b) CID spectrum of [GPA} (m/z243.1), AR=55, obtained from [Cu(GPA)(18

Crown-6)]?*, with AB Sciex QTrap 2000. The precursor ions are labelled with an &stdris

[GPGJ* and [GPAJ* were produce from the dissociation of [Cuéptide)(18Crown-6)]?" in
the AB Sciex QTrap 2000. CID spectra of [GPGand [GPAJ"* (Figure 5.5) are simple, with
the [-H] ™ ions the predominant products. In contrast in the fragmentations of [PGG]
[PAG]™ and [PAAT*, [bs-H] ™ and [k-H] ™ ions are the major prodts, and the CID spectra

have additional products.

104



c) Tripeptides with proline at the-t8rminus
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Figure 5.6 (a) CID spectrum of [GGP] (m/z 228.8), AR=85, obtained from [Cu(GGP)(18
Crown-6)]?*; with AB Sciex QTrap 2000. (b) CID spectrum of [GGP*Kj/z230.0), CE=18,
obtained with Thermo LTQ Obitrap Elite mass spectrometer. The precursor ions are labelled

with asterisks (*)

Figure 5.6 shows the CID spectra of [GBRInd protonated GGP. Unlike in the dissociations of
the [peptide]" containing arN-terminal proline or a proline residue in the second position, the
CID spectrum of [GGFY is very simple and similar to that of protonated GGP. The proline
effect causes cleavage of the peptide bond to ttermNinus of proline, and formation of the

closedshell ion [W+2H]* is dominant, negating the impact of the radical on the fragmentation.
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d) TripeptideslGGG and GAG
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Figure 5.7 (a) CID spectrum of [GAG} (m/z 202.9), AR=85, obtained from
[Eu(GAG)(CDsCN)3]%*; (b) CID spectrum of [GGG} (m/z 189.0, AF.=45, obtained from
[Cu(GGG)(18crown-6]?*; obtainedwith AB Sciex QTrap 2000. The precursor ions are labelled
with an asterisk (*)

Figure 5.7 shows the fragmentation of [GAGInd [GGGY', which are formed in the CID of
[Eu(GAG)(CDsCN)3]** and [Cu(GGG)(1&rown-6]>* respectively. [p-H]™ and [-H]™ are
observed in both CID spectra above, althoughHP* is the major product in the CID of
[GAG]™, while [-H]™ is the major product in the CID of [GGB] This CID spectrum is
differentfrom the CID spectra of [&GJ", [GG'G]* and [GGJ]*, which were generated lhyss

of the side chain from [YGG] [GYG]" and [GGY] respectively [16].The spectra of
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[GGG]™generated from metal/peptide complexes here indicates the structure of TASG]
either a mixture of [BGG]* and [GAG]*, or is only the higher energy [GG]* ion [16].

Figure 58 shows the CID spectra of [GP@pns formed from Cu/peptide ternary complexes and
Eu/peptide complees The difference between the CID spectrd@®@PGJ*ionsindicates the
[GPGJ" ionsformed are mbablydifferent isomers due to different structu(ksto, enol or

iminol) peptide may taka the Cu/peptide ternary complexes and Eu/peptide complesther
study including more experiment with various pee$ andheoretical calculation methaoll

be used t@onfirm this interesting result.
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Figure 5.8(a) CID spectrum of [GP&](m/z228.9) obtained from [Cu(GPG)(&Brown6)]%*,

with AB Sciex QTrap 2000; (b) CID spectrum [GFGQm/z2291) obtained from

[Eu(GPG)(CHCN)3]®*, with Thermo Fisher LT€Drbitrap Eleite mass spectrometer. The

precursor ions are labelled with an asterisk (*)
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Table 5.1Product ions and relative abundance (%) in thenfixgations of aliphatic peptidadical @tions

[Peptidel* | PGG | PAG | PAA GPG GPA | GGP GAG GGG
Metal ion | Eu(lll) | Eu(il) | Eu(il) | Eu(i) | Cu() | Cul)y | Cu() | Eu(ll) Cu(ll)
[ba-H] T 100 58 100 100 2 100 6
[b2-H] T 88 100 78 100 100 13 100
[ao-H] ™ 18 30 10
[y2+H] ™ 18 24
[aa+H] ™
[y1+2H]" 100
[bo]* 86 26
[a2]* 55 38 3
[ad]* 34 3
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Table 5.1 summarizes the product ions of the fragmentatifpepfide]*, and we can see that
[b2-H]™ ions are abundant products in almost all CID spectra, except [G@MEre the proline
effect plays the main role in backbone dissociation. This is consistent with the fragmentation
pattern of [GGI}" obtained from [Cu(GGI)(1:Zrown4)]*[13], where themajor product is [b

H] ™.

[bs-H]™ ions are major products in the CID spectra etekiinal prolinecontaining [peptidéf,

and [GAGT* ions. The radical cations [peptidie]are all formed in the dissociation of
Europium(lll)/peptide complexes. Further study on the dissociation mechanism of
copper(ll)/peptide ternary system and Europium/peptide complexes are seemingly necessary.
The representative structures of-f™, [b-H]™ and of [a+H]™ ions from the dissociation of

aliphatic [peptid€l can be seen in the Schemg, exemplified by PGG.
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Schemes.2 Possible structure of the products of CID of [PBG]

5.2.3 Fragmentatiom of [as+H] 7 ions

As mentioned earlier in this Chapters &)™ ions were not generated in the dissociation of
aliphatic [peptid€l ions. Instead, abundantfad]™ ions were generated directly when
dissociating the [Eu(Peptide)(GEN)s]* complexes.In this setion, fragmentatiosof [ag+H]™

ionsareinvestigated.
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a) N-terminal prolinecontaining tripeptides

Figure 5.9 shows the CID spectra of{H]™ ions of PGG, PAG, PAAetived from the
dissociation of Eu(peptidd(CHsCN)s]* complexes. Abundant §H]™ ions exist in each CID
spectrum. They are formed by breaking the second peptide bond (see S@)emeadical
fragment, the product of cleaving the first amide bond and losing CO aithgdb-2-H-
pyrrole exists in each spectrum in an order of insheg abundance for PGG, PAG, PAAnaiz
88, 102 and 116. These internaHH]™ radical cations are {dlkylated amides of the central
residue of the peptide and are complementary ions to ffiedas. High abundances of;Jaor

[a1]* ions are also obseed in each CID spectrum.
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Schemeb.3 Possible structure of the products of CID ofHld]™ derived from PGG, PAG and

PAA.
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Figure 5.9 CID spectra of [aH]™ of (a) PGG, m/z 185.0, CE=18, obtained from
[Eu(PGG)(CHCN)3]3* ; (b) PAG,m/z199.1, CE=17, obtained from [Eu(PAG)(&EN)s]**; (c)
PAA, m/z 212.9, CE=19, obtained from [EX(PAA)(CHsCN):]3*. The precursor ions are

labelled with an asterisk (*)
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b) Tripeptides with proline in the central position

Unlike in the CID of [a+H]™ ions of PGG, PAG, PAA, dissociations off&l]™ ions of GPG,
APG have the closeshell [2]" ion as the predominant product, although-{§™ ions are
observed, together with Jb ions and other small amounts of fragments frof® kbss/NH loss.

Possible structures are shown in Schéme

[a,]*
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100 |
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80
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39 134.1 | [ay+H-H,01™ 1;;.2
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10 I

100 110 120 130 140 150 '16;) 170 180 190 200 210 220 230

mjz

[a,]*
(b) 141.2 APG

Internal [b,]*
155.2

Relative Abundance

100

&80
c

Internal [b,]*

[a;+H] **

o 30 155.2
& [by-H] **

20
10 154.2 168.2

199.2

a
F RS [ay+H-NH,] **
*

2
1
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Figure 5.10CID spectra of (a) H]™ of GPG,m/z185.2, (b) [a+H]™ of APG, m/z199.2,
obtained from [Cu(GPG)(:8rown-6)]*>* with AB Sciex QTrap 2000. The precursor ions are
labelled with arasterisk (*)

Comparisons of the spectra in Figures 5.10a and 5.10b enable us to make the following

deductiors:
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(1) There is an internal fp" ion in the spectrum of APG but nog[bion. This suggests that
the ion at m/z 155.2 in Figure 5.9a is probably the internfl jdn.
(2)  There is no internal p" ion in Figure 5.10b but there is anJaion, indicating that the

(H2NCTH2+CO) loss occurs simultaneously from thee@minus,possibly as BENCH.CO' from

the initially formed [a+H]™ ion.

0 o)
1,7 HAT o | - H,N—CH; / ~c”
H,N—CH-C—N HZN—T— —N —a HN—C—C
R R R NI
g, C—N—CH
/C— —CH, Y 3
o o [by-H]**
L]
(1)\ -COH,NCH, \ A3)
0 OH o) (o)
|l = o | SHN-CHR Ne_n
H,N—CH—C—N7 H,N—C—C—N —> C—N —_— /
) Ld d e
\ ~
~c C CH;, C\\
[yl H mU ©
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~
*CH, * CH;,
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Schemeb 4 Possible structussof the products of CID of faH]™ derived from GPG and APG.
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c) Tripeptides with proline at the-t8rminus
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Figure 5.11CID spectum of [as+H]™ of GGP,m/z184.8, obtained from [Cu(GGP)({Brown

6)]>* with AB Sciex QTrap 2000. The precursor ions are labelled with an asterisk (*)

Formation of internal [§* ions is the major channel in the dissociation eff{™ ions of GGP.

Radical migration to the ferminus results in the formation of internaj][bions by losing the

radical BNC'H,. The mechanism is identical to the third pathway in ScHeme
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d) TripeptideslGGG,AGG andGGA
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Figure 5.12 CID spectra of [aH]™ of (a) AGG, m/z 159.0 obtained from [Eu(AGG)(18
Crown6)]** ; (b) GGG,m/z145, CE=17, obtained from [Cu(GGG)(8Bown-6)]**; (c) GGA,
m/z 159.0 obtained from [E8(GGA)(18-Crown6)]** with AB Sciex QTrap 2000. The

precursor ions are labelled with astks (*)
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[b2-H]™ ions at m/z 114 are observed in the dissociation of #dH]d" ions of GGG and GGA,
and are created by loss ofMCH:R (R=H or CH). The product is probably an oxazolone with
a n-ratlical at the Nerminus. The [a-H]™ ion is the prdominant product in the dissociation of
[as+H]™ of AGG and this is most easily rationalised in terms o$ tfsSHN=CH, and CO from
the Gterminus of the initially formed paH]?* ion. Neutral losses of N&-br HO are present in
each spectrum.

Table 5.2summarizes the product ions off&l]™ of aliphatic peptides. fpH]™ ions are formed
in the CID spectra of eight out of ninesf&d]™ ions, the exception being AGG, where+HH]™

is the predominant product.

Protondriven peptide bond cleavage produats observed in each of spectrum except that of
AGG. All proline-containing peptidehave abundant-gype or btype product ions, while eight
out of thenine peptides studied shaatype or btype product ions in the CID spectra of their

[as+H]™ ions.
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Table 5.2Product ions and relative abundance (%) in the fragmentatios+][ of aliphatic peptides

[Peptide]™ | PGG PAG PAA GPG APG GGP AGG GGG GGA
Metal ion | Eu(lll) | Eu(ll) | Eu(ll) | Cu(l) Cu(ll) Cu(ll) Eu(lll) Cu(ll) Eu(lll)
[-H20] ™ 9 7 9 12
[b2-H] ™ 100 65 100 22 6 4 (Internal) 100 100
[ag+H] T 8 16 100

[ba]* 57 20 5; 14 25 (Internal)
(Internal) | 100 (Internal)
[ao] 100 70 100 100
[ad]” 72 13 9
N 6 32 68
[-COz- ]
Other 14[-H20-CO;] | 15[-NHjg] 26[-NHjs]
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5.2.4 Fragmentatiomof [bs-H] 7 and [-H] 7 ions

Since [k-H]™ ions are present in high abundance in the CID spectra of PGG, PAG, PAA and
GAG radical cations, fragmentation ofs{b]™ ions was studied. For $#H]™ ions examined
here, the dissociation pattern is very simple, wit+if§ ™ as the predominant product, and a
loss of 83 Da or 97 Da, depending on whether the residue at-tiven@us was G or A. The
difference clearly indiates that it is the -@rminal residue that is lost.

A possible mechanism involving a classical oxazolone is given in Schéme

0 e H H OH
H OH (6] z -RCN OH
N | u / ¢ -CO C// 1,4 HAT C//
C—N—CH,—C R E—— .

Schemeb.5 A possible mechanism for loss of 83 Da (when R=H) or 97 Da (R¥FCH

The end prodct is a radical cation stabilized by the captodative effect
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Schemeb5.6 Possible structure of the products of CID of-Hj™ derived from PGG, PAG and

PAA.

Abundant [a-H]™ ions atm/z126 (R=H) andL40 (R=CH) are present in each CID speuwtrof
[b2-H]™ ions. Breaking the €C bond of the [a&H]™ ion gives the ion ain/z71 for ions derived

from PAA and PAG (Schent&6). A subsequent proton transfer creates tkjé f@n at m/z 70.

5.3 Conclusion

Aliphatic peptide radical cations generated from the dissociations of Eu(lll)/peptide complexes
or Cu(ll)/peptide complexes have been studied. Although there is no single rule to govern the
dissociation of all the [peptid&lions investigated, fH]™/ [b2-H]™ appear in the spectra of
eight out of nine peptides studied, with the only exception of GGP, which ganH[}y due to

the proline effect. In addition to the radical catioreggfnents, protodriven peptidebackbone
cleavage products are alsorfed by losing neutral radical fragments. Coincidently;Hb™

ions are the major product (abundance>50%) in the CID spectra of [p&ptideyed from
Eu/peptide complexes and only minor product (abundance <10%) in the CID spectra of
[peptide]* derivedfrom Cu/peptide complexes, which suggest that a further comparison between

the dissociation of peptide radical cations formed from Eu/peptide and Cu/peptide complexes is
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necessaryand DFT calculations will be used to find the preferred structure offbigdp take in
Eu/peptide and Cu/peptide complexes

For [a+H]™ ions of aliphatic peptides, the dissociation pattern is harder to generalize, although
[b2-H]™ ions are formed from eight out die nine peptides studied; the exception is AGG,
where thdax+H]™ ions are produced. More abundant protdriven peptide backbone cleavage
products are observed for prolnentaining peptides.

Dissociations of [pH]™ and [k-H]™ ions were also investigated, although limited to peptides
with N-terminal prolines. [BH]™ ions have one predominant fragmentation channel giving
[a2+H]™ ions, while [p-H]™ ions have several dissociation channels giviagHH", [a.+H]™, or

[ad].

The data based on the dissociation of peptide radical cations has grown extensively in the last
two decades since the method of €HSIMS of the copper(lPpeptideligand ternary system

was developed to generate radical cations of peptides containimgtarand basic residues.
Various ligands and peptides have been studied; however, there are fewer examples for aliphatic
peptides. In this Chapter, with the newly discovered method (CID of Eu(lll)/peptide complexes)
to generate peptide radical cations thdical cations of prolireontaining and A/G containing

aliphatic peptides have been investigated for first time.
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CHAPTER 6
Generation and Fragmentations of Small Dipositively Garged [a, + H]?* and
[bn + H]?" lons

6.1 Introduction

Peptide fragmentation has been of interest for protein identification, which is the foundation for
proteomics[1-4]. &, b, and ytype ions are common products in the fragmentations of
protonated peptides. Under collistorduced dissociation (CID), a protonated peptide undergoes
fragmenations mainly at the peptide bonds to produce eith§t fiv [y, + 2H]" ions, depending

on the proton affinities of the fragments. The fy2H]" ion is simply a protonated truncated
peptide. By contrast, the {8 ion is known to feature an oxazolone ring at tRefninus and it

can subsequently lose CO to produce aji" [@n which possesses an imine structurel 35.

When the peptide contains a basic residue, the existence of doublydchestpmated peptide
fragments are possible [I2]. Otherwise, observation of smalhfaH]?* and [+ H]** (n = 2

or 3) ions is difficult in the gas phase due to lmge Coulombic repulsiorihat leads to facile
dissociation

Interestingly, in a study on the CID of [La(@KCHsCN),** (n = 2 or 3) complexes,
dipositively charged fa+ H]?>* and [a + H]?" ions of GGG were observddl4]. The [a + H]**

ion, in which one of the protons locatedat the Nterminal amine while the o¢h proton is at

the Gterminal imine was generated based on the charge disproportionation reaction as shown in
Scheme 6.1. When this dipositive ion was subjected to-&odtfragmentatiorthe even smaller

[a2 + H]*" ion was observed in the CID spectrJa].
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[La(GGG)(CH5CN) I** —— [a; + H]?>* + [LaO(CH5CN),]* + CO
0 o)
+ Il N+
HsN—CH,—C—NH—CH,—C—NH=CH,
[az + HI?* of GGG
Scheme 6.1
Later, observations of §& H]?**and [a+ H]**ions of PPP and PP were also reported in the CID
of [La(PPP)(CHCN)\** and [La(PP)(CHCN)-** respectively. The high stabilities of these

dipositive ions are attributed to the secondary amine of the proline residue which is able to

accommodate the excess positive charges in the molecule (Scheme 6.2) [15].

o) H2 o]
|+ |+
@C_@ @ O
lag + H]?* of PPP [a, + HIZ* of PP

Scheme & Structures for the fa+ H]?* and [a + H]?* ions of PPP and PP.

Since CID of L&"/PPP and L:/PP complexes gave abundant dipositiveH{ad]** and [a +
H]?* ions, a further systematic study aiming for generating-higimdance fa+ H]?* ions (n = 2

or 3) from small peptides was carried §i] and it was found that most abundant fa HJ?>*
ionswere observed when proline residue was at theriinus of the peptides.

The [a + H]?*" ions (n = 2 or 3) being investigated in this work includes aliphatic, proline
containing, and tryptophatontaining peptides. In addition, the possibility of generating

unprecedented dipositive [k H]** ions and their fragmentations is also discussed.
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6.2 Result and Discussion

6.2.1 Chemistry of dipositively charged faH] >* and [a + H] " ions
a) [as+H]?" ions ofproline-containing peptides

Figure 6.1 shows the CID spectra[ab(PGG(CHsCN)]** (m/z 136.3),[CePGG(CH:CN)J**
(m/2136.7) and Ce(PGG(CDsCN)]** (m/z137.7). From Figure 6.1a and 6.1b, it is seen tmat t
fragmentation patterns dfa®*/peptide and CG&/peptide complexes argery similar. The major
product ion is thdas + H]?* ion of PGG (m/z92.5) in both spectra. The complementary ion,
[MO(CH3CN)]", is also observedr(/z195.9 when M = La anth/z196.9 when M = Ce). Thien

at m/z 155 corresponds to the[b ion, which is a fragmentation product fds + H]?>* (vide
infra). In addifon, the formation of the metal/deprotonated peptide complex [M(PGG]>*
(m/z183.5 when M = La anth/z184.0 when M = Ce) as well as its dissociations products are
also observed. The comparable CID spectra suggests thatH* ions can be generated by
both L&*- or Cé*-peptide complexesThe capability of generating dipositive ions from both
metal ions allows us to avoid isolation of isobaric ions. In the following context, theHd"

ions are producefilom either L&" or Ce** complexes, unless otherwise stated.

Deuterated acetonitrile (GON) has been used to further identify the fragment ions. Figure 6.1c
shows the fragmentations ¢§€Ce(PGG(CDsCN)]**. For the tripositive ions containing one
CD3CN, the masso-charge rab (m/2 is shifted by 10 relative to the CID spectrum of
[Ce(PGG(CHsCN)J**. For monopositive ions with one GON, the shift becomes 3r@/zwhile
them/zis unchanged when the ion does not contain anyGBD Thus, it is clear that the ions at

m/z92.5 aad 155.1 do not contain metal ion aaslolvent molecule.
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Figure 6.1 CID spectra of (a) Ua(PGG(CHsCN)]** (m/z 136.3) CE=11.3; (b)
[CE(PGGQ(CH:CN)J** (m/z 136.7) CE=11.5; (c)Ge(PGG(CDsCN)]** (m/z 137.7) CE=11.6.

The precursor ion is labelled with asterisk (*).
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In the previous works to study the fragmentation chemistry of the [d]?* ions, frontend
fragmentation techniques were used (carried out in a API3000 -duplérupole mass
spectrometer). A drawback to this technique is that the @aagrobably hot before being
introduced into the collision cell. In order to have a better understanding of the fragmentation
patterns of the fa+ H]?" ions, the hybrid linear ion trap Orbitrap Elite tandem mass spectrometry
was used in this study. Figure2é and 6.2b show the MS/MS spectra af{ad]?" ions derived
from [CePGG(CH:CN)J** and [CePG(®0)G)(CHsCN)J3* complexes, respectively, where the
second amide oxygen is labeled by isotéff@ in the latter complex. Identical fragmentation
patterns aréound in these spectr@he[as + H]?** ion dissociates to give b (m/z155.0 orm/z
157.0 in the labeled peptide in Figure 6.2b by losingNH=CH, from the Gterminus as the
major product ions. Also, theja ion atm/z127.0 is the subsequent fragmeion product by

the loss of CO from " (Scheme 6.3).

H 34.7(33.7) 136 9()(302)
N / CH
Q)‘\ /Y+\CH2 Q/Q Q)k sl

CH2—NH2
fa + HP?* e 30 [b]* [azl* B
m/z92.5 m/z 155 m/z 127 l]OO( 13.0)
0.0 (0.0) -36.6 (-46.6) -16.8 (-38.4)
nt
3340<31‘7>lk — CN\j +CO + CHyNH
m/z 30
H @ [a]*
E N/CH:C:O m/z 70
H 1.9 (-40.9)
[b2l*
m/z 155
-23.6 (-34.7)
Scheme 6.3Fragmentation mechanisms okfaH]** o f P GG. Rel at i%ad ent hal

free en énggin gaenthéstpCGare calculated at BBLYP/6-31++G(d,p) level. All

energies are in kcal méal

135



[b,]*
155.0
100 (a)

=40 [a;+H]2*
'?‘j 30 *
€ 50 92.5 (a,]*

10 127.0

0 LI L T ) INLILI L L T T TT T T r T voT

T T R R A RERER R R
70 80 90 100 110 120 130 140 1?“012160 70 180 190 200 210 220 230 240

[b,]*
157.1 (b)

100

240 [a;+H]2*

230 %

& 20 93.5 [a,]*
10 ' 127.0
0 "I"'1""[“"I"'I""\"']'I""I“"l“'I""I""I"‘I“'I"'\""T"'I""I

70 80 90 100 110 120 130 140 1_25‘312160 170 180 190 200 210 220 230 240

Figure 6.2 CID spectra of (aJas + H]** of PGG (n/z 92.5, CE=9)and (b)[as + H]*" of
PG#0)G (m/z 93.5), where GfO) denotes the amide oxygen of glycine containtf@-
labelling. The precwor ion is labelled with an asterisk (*).

Figure 6.3a shows the CID spectrum affaH]?* ion derived from [Ce(PAA)(CECN)]J3,
which hasvery similar fragmentation chemistry to that of PGG. Again, thE [bn (m/z169) is
the most abundant fragment ion together with a moderate abundanglé imi{#m/z141) and

small amount of [§" atm/z70.
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DFT calculations have been employed to investigate the energetics for the dissociatigtis of [a
H]?* by using PGG as aexample (Scheme 6.3). Loss ofNd=CH; from the [a + H]** ion is
facilitated by nucleophilic attack by the first amide oxygen on the second amide carbon resulting
in the cleavage of the second amide bond to lose HN=Ridton transfer from the newly

formed oxazolone ring to the HN=Glrhoiety leads to the formation of monopositive] [{m/z

155) and [g" ion (mM/z30, not shown in the CID spectrum). The barrier for the dissociation is
34.7 kcal mot. The oxazolone fy* ion can further lose CO to prodran [a]* ion atm/z127

with the barrier 0f2.2 kcal mot. Further proton transfer to the amide nitrogen weakens the
amide bond. Cleavage of the amide bond of thg [an resultsn the loss of CO and HN=CH

at the same time to produce agjaon atm/z70. Note that loss of NF=CH, from [as + H]?*

can also be facilitated by the formation of a ketene structure. The barrier to this dissociation is
33.0 kcal mot, slightly lower than for the formation of an oxazolone structure.

Figure 6.3b shas another example of{a H]?* ion which is derived from [Ce(PPP)(GEN)]>".

The [a]" ion (M/z70) is the base peak in the spectrum along with moderate abundancg$ of [a
and [B]" ions atm/z167.2 and 195.2, respectively. The iomdz126 is the sbsequent loss of
neutral pyrrolidine ring (69 Da) from theJb ion and it can further dissociate by loss of CO to
produce the ion an/z98. The fragmentation mechanisms of faH]** of PPP has been studied

previously [15] and those results are repitiand are summarized in Scheme 6.4.
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Figure 6.3 CID spectra of (a)g + H]** of PAA (m/z106.5,CE=12) andb) [a+ H]** of PPP

(m/z132.6,CE=15) The precursor ion is labelled with an asterisk (*).
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Scheme 6.4Fragmentation mechanisms of fa H]>* of PPP adpted from Ref15]. Relative
ent hal fo) eand pHr e e%gein paregthesisy are a@Glated at the B3LYP/6

311++G(d,p) level. All energies are in kcal mol
b) [as+H]?"ions of GGA

As mentioned in the previous section, early study on the dissociation-6HE* of GGG was
carried out by fronend fragmentation. To avoid overheating the ion, here, the fragmentation
chemistry of the dipositive ions of the aliphatic tripeptide i&xamined by using the iemap
mass spectrometer. In order to obtain more information from the CID spectrums thel]fa

ion of GGA has been studied (instead of GGG). The CID spectruns of %" of GGA is
summarized in Figure 6.4. Similar to that@GG, the major product ions are][aand [B]* ions

at m/z87 and 115, respectively. In addition, the formation of interngt jan atm/z101.0 is

also observed. This internalzJa ion is produced by the cleavage of the first amide bond

(Scheme 6.5).
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Figure 6.4 CID spectra ofas+ H]*" of GGA (m/z79.6). The precursor ion is labelled with an

asterisk (*).

y 4438 (43 9) 87(21.0) P 8.4 (-15.2) +
+\ HoN H2N /CHZ _ _
CHCHy N7 12— CH,=NH, + CO + CH,=NH
+
H

+
CH3CH NH2 [a4]

m/z 30
[as + HJ?* =4 [b,]* [a.I*
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N~ Y HT
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Scheme 6.5Fragmentation mechanisms ogfaH]** o f GGA. Rel ati%aendent hal

free en énggin paenthéstpCGare calculated at the B3LYPL6+G(d,p) level. All

energies are in kcal mal
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c) [as+H]?* ions of typtophancontaining peptides

In addition to the [a+ H]?*" ions derived from aliphatic peptides; fa H]?* ions containing an
aromatic residue have been successfully generated frofcGmplexes. Figure 6.5a 6.5¢
summarizes the CID spectra of [a H]?>* ions of GWG, GWA, and AWG, respectively. The
presence of the aromatic side chain makes the fragmentattboway more complicated. Both
monopositive and dipositive product ions are found in the spectra. In Figure 6.5a, the product
ions atm/z244.1 and 216.1 correspond to the] Thon (loss of HN*=CH,) and its dissociation
product [a]*, respectively withte latter being the base peak in the spectrum. Bhe F§2* ion

can also lose neutral HN=GHKR29 Da) to produce dipositive {& H]** ion (m/z122.5). Losses

of neutral NH and NH" ion from the [a + H]?" ion lead to the ion pairs at/z128.5 and 256,0
respectively. Those ions can further lose a CO molecule to produee{a NHz i COP* (m/z
114.5) and [a+ HT NHa4 7 COJ" (m/z228.1), respectively. Comparable fragmentation patterns
can be found in the CID spectra of faH]** of GWA and AWG (Figure 6.5b and 6.5c). Note
that the ion am/z230 in Figure 6.5b corresponds to the formatiomntgrnal [az]™ ion by the
loss of (RN*=CH, + CO) from the Nterminus. Thus, the ion at/z216 in Figure 6.5a probably
contains a mixture foregular andinternal [a2]" ion as they are isobaric for GWG. The same
dissociation channels leading to the losses of/NH4" and (NH + CO)/(NHs* + CO) from [a

+ H]?* of GWA and AWG producing ions at/z135.4, 270.1, 121.5, and 242.1, respectively are
observed in Figure 6.5b and 6.5c. The fragmentation pathways o th&l[& ion using GWG

as the model system are summarized in Scheme 6.6a.
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Figure 6.5CID spectra of (aas+ H]?>* of GWG (m/z137.0, CE=14); (b) g+ H]** of GWA

(m/z144.0, CE=13) and (c) §a& H]?** of AWG (m/z144.0, CE=16). The precursor ion is
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According to the DFTcalculations, the energy required to loseNH-CH; is 32.8 kcal mot

(TS-I) by using the amide oxygen as an attacking group. Alternatively, by using the indole ring
as an attacking group, loss ofNH=CH. can alsooccur (TS-II') and the energy barrier foihe
dissociation is smaller, 17.1 kcal rfolThe [a+ H]?* ion can also lose neutral HN=Gldgain

from the Gterminus. This results in the formation of the foH]?* ion (StructureVl) and the
energy required for this dissociation is the thermodynamerges of the products (18.9 kcal
mol?t). NHz could be lost from the Xerminus of the [a+ H]?* ion, facilitated by nucleophilic
attack by the icarwbo of¢he Karmmings T&-Hl ). THisewill l¢ad to the
formation of an 8nembered ringstructure Structure 1X). If the proton is transferred to the
NHs, loss of NH" is observed Structure X). The critical barrier for this fragmentation is
calculated to be 43.7 kcal mglwhich ismuch higher than the barrier to formatiorvbt

The lossof NHz is a common fragmentation pathway in monopositivg jans. Recent research
works showed that loss of NHrom [a)]" ion is mainly from the @erminus via cyclization [17

19]. It is further supported byN labeling experiment and IRMPD spectrgsgoCyclization of

[as+ H]?" ions is difficult if both positive charges are on the backbone. However, the presence of
the Trp residue in GWG can accommodate one of the positive charges on the aromais ring
proton transfer; the backbone of the peptten effectively becomes singly charged and
cyclization can take place (Scheme 6.6b). Calculations have shown that proton transfer from the
N-terminal amine to the C2 position of the indole ring is only 28.0 kcaf f¥s-1V). It results

in one of the pasive charges being delocalizexitothe aromatic system and the otheorsthe

imine at the @erminus (StructureXl). Nucleophilic attack by the {ierminal amine to the C
terminal imine leads to the cyclics[a H]?>* structure XII). Upon proton transfeand ring

opening, another linear structure of fa H]?* with the imine group at the #rminus and an
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amide in the @erminus is formed (StructugélV ). This imineamide structure is energetically
lower than the initial [e+ H]?* structure by 19.4 kcaiol ™.

Proton transfer from the indole ring to thet&minal amide nitrogen will produceprotonated
amide (Structur&V) thatcan easily lose N¢tvia nucleophilic attack by the indole rin§&-1Xx).

If the positive charge is transferred to jHtbss ofNH4" will be observed. The critical barrier to
lose NH/NH4" is 17.1 kcal mot relative to [@ + H]**; thus loss of NH/NH4" from the G
terminus via cyclization is energetically more favourable.

Isotopically labeled peptide, 8N)WG, where the Nlerminal amine is labeled ByN, has been
synthesized to examine the pathway leading to the loss efidi the [a + H]?* ion. The CID
spectrum (Figure 6.6) shows that fiN-label is retained in the product ions of faH i NH4]*
and [@ + Hi NH4 1 COJ' indicating that loss of Nkldoes not involve the aminen the N
terminus. This resuls in an excellent agreement Wibur theoretical predictionsoFmation of
theinternal [a2]" ion is facilitated by a 14roton transfer from the #&rminus to the first amide
nitrogen followed by the cleavage of the first amide boh8-XlI). A similar mechanism has
been found in the fragmentation of [a H]?** of GGA. The energy barrieo this dissociation

channel is calculated to be 46.1 kcal thol
d) [as+H]?*" ions of PWG

The previous sections have shown that the+{aH]?" ions can be generated in significant
abundance with the proline residue at theeNninus. In addition, the presence of the tryptophan
residue in the fa+ H]?* ion can lead to dissociation giving both monopositive and dipositive
product ions. Therefore, it is interesting to study the fragmentation of gheH¥" ion which
contains both Pro and Trp residues. Figure 6.7 illustrates the CID spectrum of+fé{aion

derived from PWG.
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Figure 6.7 CID spectrum ofas+ H]?>* of PWG, (/z157.1, CE=16).The precursor ion is labelled

with an asterisk (*).

The high abundance of4{b H]** (m/z142.5) and moderate amount of][(m/z284.1) suggests
the cleavage of the second peptide bond leading to the loss of NHHEF+=CH, from the G
terminus. More interesting are the fragment ions related to the loss #INNF from the [a +
H]?*ion, i.e., ions atm/z296.2 (loss of Nk, m/z148.5 (loss of Nk), m/z134.6 (loss of N&lI+
CO). Obviously, loss of NElcamot occurat the Nterminus from PWG. These losses must be
the consequence of the cyclization of the faH]?* ion and the formation c&n imine-amide
structure (Scheme 6.7). Op protonation on the amide, loss of }NH4" can be accomplished

by a similar mechanism as describ@dScheme 6.6.
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Scheme 6.%Btructural isomerizationf [as + H]>* of PWG.
e) [a+H]?"ions of PG and PA
The observatiorof [a + H]?* is more challenging than that ofs[& H]?* due to the stronger
Coulombic repulsion of the two positive charges in a smaller molecule. In the previously
reported example [15], the stability of the faH]?* ion derived from PRvas attributecto the
pyrrolidine rings at both ends of the molecule. Here, we have successfully observed even smaller
[az + H]?** ions derived from PG and PA
These [a + H]** ions were generated from CID ofhe [Ce(PG)(CHCN)]** and
[Ce(PA)(CHCN)J** complexes. Note that thez[& H]?>* of PG was also produced in the CID of
the yttrium(lll) complex, [Y(PG)(CHCN)J**. The fragmentation patterns of these faH]**
have also been investigated by tandem mass spectrometry. Figures 6.8a and 6.8b diS{ilay the

spectra of [a+ H]?** of PG and PA, respectively. TheJaion atm/z70 is the major product ion
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